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The low-temperature/high-pressure metamorphic rocks which are exposed as exotic blocks within the
serpentinite matrix of the NE Jiangxi ophiolitic mélange belt consist of enclave-bearing and -free meta-
plagiogranites. Both rock types are characterized by a metamorphic mineral assemblage consisting of Ab-rich
plagioclase+quartz+/− clinopyroxene+amphibole while rutile, titanite and zircon occur as accessories.
The former primary magmatic mineral parageneses for the meta-mafic enclaves and the meta-plagiogranites
are similar and consist of An-rich-plagioclase +hornblende+ilmenite+monazite+apatite. However, the
Ab-rich plagioclase abundance of the meta-mafic enclave is much lower and the hornblende and accessory
mineral abundances are higher compared with those of the meta-plagiogranite host rocks. Meta-
plagiogranites with mafic enclaves have a chemical composition similar to that of typical adakites, with
elevated Al2O3 (15.86 wt.%), Mg# (53.5) and Sr contents (485 ppm) and a positive Eu anomaly. The rare earth
element patterns are highly fractionated with ((La/Yb)NN12) and low Y (b4 ppm) and Yb (b0.4 ppm). The
mafic enclave has a basaltic composition with a negative Eu anomaly and has ca. 10 times higher HREE and Y
concentrations than the plagiogranite host rocks. Enclave-free meta-plagiogranites also have high Al2O3

(16.08 wt.%), Na2O (8.88 wt.%) and Mg# (52.3) values without obvious Eu enrichment or depletion. The Yand
Yb concentrations (13 and 1.33 ppm, respectively) are higher than those of the enclave-bearing meta-
plagiogranites and slightly lower than those of the mafic enclave. Zircon of the enclave-bearing meta-
plagiogranites gives a weighted mean 206Pb/238U crystallization age of 970±21 Ma. These meta-
plagiogranites have low 87Sr/86Sr value of ~0.7026 and high εNd(970 Ma) of 6.6 to 7.4. The meta-mafic
enclave has a similar isotope composition with a 87Sr/86Sr value of 0.7023 and a εNd(T) of 6.2. The enclave-
free meta-plagiogranites have relatively higher 87Sr/86Sr (0.7037 to 0.7045) and lower εNd(T) (−1.22 to
−1.28) values. Trace element data of the minerals and whole rocks suggest that Y and Yb are hosted in
amphibole, apatite and titanite, Nb in rutile, titanite and amphibole and Sr mainly in plagioclase. Petrographic
and geochemical evidence indicates that the meta-mafic enclaves are ‘schlieren’, which formed by the early
crystallization of accessory minerals and hornblende, in the meta-plagiogranites. The adakitic signature of
enclave-bearing meta-plagiogranites is interpreted to be due to fractional crystallization of hornblende and
accessory minerals such as apatite and ilmenite from the parent magmas, instead of the melting of subducted,
spilitized oceanic crust with residual garnet and amphibole. The plagiogranitic magmamay have evolved from
a basaltic parent magma which had originated in the mantle wedge beneath the Neoproterozoic (ca. 970 Ma)
island arc along the southern margin of the Yangtze block.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The origin of igneous rocks with an adakitic signature (elevated La/
Yb, high Sr (N400 ppm) and Al2O3 contents (≥15%), high Sr/Y ratios, Y
lemd@geol.uni-erlangen.de

ll rights reserved.
18≤ppm and Yb≤1.9 ppm; Defant and Drummond, 1990; Drummond
and Defant, 1990; Drummond et al., 1996) is the subject of an ongoing
debate among the geoscientific community. Originally, the generation of
adakitic magmas was restricted to subduction of very young (b25 Ma)
oceanic lithosphere (Defant and Drummond, 1990). However, many
adakitic igneous rocks are exposed in convergent margins where
subducting slabs are considered to be too old to have been derived by
partial melting in the subduction zone. In such cases alternative
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geodynamic models, such as subduction of the leading edges of newly
subducted slabs (Sajona et al., 1993; Yogodzinski et al., 2001) or slab-
window margins (Thorkelson and Breitsprecher, 2005), highly oblique
convergence (Yogodzinski and Kelemen, 1998) and flat subduction
(Gutscher et al., 2000) have been proposed in order to provide
mechanisms for the melting of cold oceanic crust. Models favoring the
melting of mafic, mantle-derived materials underplated at the base of
lower crust have also been proposed (e.g. Atherton and Petford, 1993;
Zhao et al., 2008).

In addition to the melting of young oceanic crust or mafic material
underplated at the lower crust, crystal fractionation of the requisite
mineral assemblage fromwet basaltic magmas has also been suggested
to produce evolved magmas with adakitic chemical characteristics
(Castillo et al., 1999; Garrison and Davidson, 2003; Kleinhanns et al.,
2003; Prouteau and Scaillet, 2003; Castillo, 2006; Macpherson et al.,
2006; Rodriguez et al., 2007; Petrone and Ferrari, 2008).

In either melting or crystal fractionationmodels, the HREE (i.e. Yb)
and Y-carrier minerals garnet and amphibole were suggested to be
responsible for the creation of the typical chemical characteristic of
adakites (e.g. Defant and Drummond,1990;Martin,1999;Macpherson
et al., 2006; Rodriguez et al., 2007). Here we present the petrography,
mineral and whole-rock chemistry of Neo-Proterozoic meta-plagio-
granites with an adakitic signature from the NE Jiangxi ophiolitic
mélange belt, South China (Fig. 1). Li and Li (2003) suggested low
degrees of partial melting of subducted, spilitized oceanic crust at
pressures high enough to stabilize garnet and amphibole to be
responsible for the formation of these adakitic meta-plagiogranites.
We alternatively propose that partial melting was not responsible for
the adakitic chemical signature, instead, fractionation of hornblende
and accessory minerals such as apatite and ilmenite lead to its
development.

2. Tectonic setting

The NE Jiangxi ophiolitic mélange belt extends between the
Yangtze and the Cathaysian (also called South China) blocks for
about 200 km in a NE–SW direction (Fig. 1a, b and c; Shu and Zhou,
1988; Shu et al., 1995; Chen et al., 1991; Xiao and He, 2005). The
ophiolitic mélange occurs near the southern margin of the Yangtze
plate and was tectonically emplaced within Banxi low-grade meta-
morphic slates and phyllites (Chen et al., 1991; Xu et al., 1992). It
mainly consists of exotic blocks (gabbro, basalt, diabase, diorite and
chert) as well as some low-temperature/high-pressure (LT/HP)
metamorphic granitic blocks enclosed within a serpentinite matrix
(Zhou,1989,1997). Sm-Nd isochron ages of 930±34Ma,1154±43Ma
and 1024±30 Ma were obtained for whole rock samples from the
igneous blocks (Xu and Qiao, 1989; Zhou, 1989; Zhou and Zhao, 1991).
Additionally, Sm–Nd mineral (plagioclase and pyroxene) and whole
rock isochron ages of 1034±24 Ma and 935±10 Mawere derived for
the gabbroic blocks (Chen et al., 1991). A K–Ar age of 866±14 Ma and
an Ar–Ar plateau age of 799 Mawere obtained for amphibole from the
high-pressure metamorphic granitic block (Hu et al., 1993; Shu et al.,
1994). A SHRIMP U–Pb zircon age of 968±24Mawas reported for the
high-pressure metamorphic plagiogranite within the serpentinite
matrix (Li et al., 1994). In addition, a SHRIMP U–Pb zircon age of 880±
19Mawas determined for a leucogranite, which had been interpreted
to be the product of partial melting of sedimentary rocks during
the obduction process of the ophiolite (Li et al., 2008). In
Fig. 1. (a) Schematic map showing the distribution of the Yangtze and Cathaysian blocks, (b)
mélange belt (modified after Xiao and He, 2005), (c) geological map of the southern segmen
map showing the locality of the high-pressure/low-temperature meta-plagiogranite bloc
Cretaceous Luotang Formation sandstones; 2 = Lower Cretaceous Shixi Formation volcanic
Holocene sediments; 6 = dip direction and angle; 7 = Lower Cambrian sedimentary rocks; 8
Group sedimentary rocks; 10=Meso-Proterozoic Shuangqiaoshan Group phyllites and phyl
13 = ophiolitic mélange belt; 14 = serpentinitic block; 15 = unconformity; 16 = fault; 17
block hosting the high-pressure meta-plagiogranites.
summary, the ophiolitic mélange was interpreted to constitute
fragments of a back-arc basin crust which has formed during
convergent tectonics between 1034 and 880 Ma at the margin of
the Yangtze plate (Zhao et al., 1995a; Li et al., 1997, 2008) prior to the
breakup of Rodinia (Li et al., 2003, 2004). It has also been interpreted
as part of Mesozoic overthrust tectonics associated with the collision
of the Yangtze and Cathaysian plates (Hsu et al., 1988). However, the
hypothesis is still amatter of discussion (e.g. Rowley et al.,1989; Chen
et al., 1991). Late Paleozoic radiolaria found in the chert blocks within
the serpentinitic matrix (Zhao et al. 1995b; He et al., 1996) and Ar–Ar
plateau ages varying between 232 and 266 Ma for plagioclase from
the gabbroic blocks (Zhao et al., 1997) support the Mesozoic tectonic
origin of the ophiolitic mélange (He et al., 1999; Xiao and He, 2005).

Jadeite, albite and sodic amphibole-bearing meta-granitic blocks
have been reported to occur within the Xiwan ultramafic block, which
is one of the largest ophiolitic blocks of the NE Jiangxi ophiolitic
mélange belt (Fig. 1c and d; Shu and Zhou, 1988; Zhou, 1989). About
ten granitic lenses or blocks, the plan view of which varies from
0.5×0.5 m2 to 1×2 m2, are exposed within the serpentinite matrix. A
sharp, recrystallized contact between the meta-granite and serpenti-
nite is exposed in the field and therefore the meta-granitic blocks are
considered to be exotic with regards to the ophiolite mélange, which
in turn is enclosed within the Mesoproterozoic Shuangqiaoshan low-
grade metamorphic sedimentary strata (Fig. 1d). The adakitic
signature of the meta-plagiogranites was first reported by Li and Li
(2003). The samples used in the present study were collected from 8
separate granitic blocks from the same area formerly sampled by Li
and Li (2003)—(Fig. 1d). A few dark mafic enclaves exposed as darker
planar-linear blades (Fig. 2a) or irregular lenses with a plain view
varying from 0.5×1 cm2 to 2×8 cm2 were observed within weakly-
foliated meta-plagiogranite, referred to as (mafic) enclave-bearing
meta-plagiogranite or meta-plagiogranite host rock in the following.
Similarly meta-plagiogranite without mafic enclaves is called (mafic)
enclave-free meta-plagiogranite. The mafic enclave-bearing and -free
meta-plagiogranites are exposed as separate blocks and are scattered
within the serpentinitic matrix.

3. Petrography of samples

3.1. Mafic enclave-bearing meta-plagiogranite

The host rock of the mafic enclaves (Fig. 2a) is a jadeite-bearing
meta-plagiogranite which mainly comprises albite (55%–75%), quartz
(11%–33%), clinopyroxene (0.5%–7%), amphibole (3%–14%) and acces-
soryminerals such as rutile, titanite, apatite and zircon (Sample JX153,
154, 158a; Table 1). In general, the mafic enclaves occur as dark
elongated lenseswith a gradational contact to their host rocks (Fig. 2a).
The long axes of the enclaves are parallel to the direction of the darker
mineral bands in the host rocks. The meta-plagiogranite host rocks
display a porphyroblastic texture which is recrystallized in places.
Albite porphyroblasts (1–3 mm) contain jadeite inclusions in the core
(Fig. 2b) and are surrounded by fine-grained recrystallized quartz
(0.02–0.04 mm). Rutile occurs either as inclusion in albite (Fig. 2c)
or as porphyroblastic matrix mineral rimmed by titanite (Fig. 2d).
Ilmenite and rutile aggregates are rimmed by titanite (Fig. 2e). Rare
monazite and apatite grains occur as inclusions in albite (Fig. 2c).
Clinopyroxene occasionally displays an amphibole rim, while titanite
and minor apatite occur as matrix minerals (Fig. 2b). Minor anorthite
schematic tectonic map of South China showing the location of the NE Jiangxi ophiolitic
t of the NE Jiangxi ophiolitic mélange belt (modified after He et al., 1999), (d) geological
ks within the Xiwan serpentinite matrix (modified after Li et al., 2008). 1 = Lower
s; 3 = Lower Jurassic Linshan Formation sandstones; 4 = Pleistocene sediments; 5 =
= Lower Sinian Zhitang Formation sedimentary rocks; 9 = Neo-Proterozoic Dengfeng

litic siltstones; 11=Mesozoic granite; 12 =Meso-Proterozoic granodioritic porphyrite;
= locality of high-pressure/low temperature meta-plagiogranites; 18 = serpentinitic



Fig. 2. (a) A meta-mafic enclave in the meta-plagiogranite host rock showing a planar-linear blade shape similar to that of typical ‘schlieren’ in granites (e.g., Best, 2003), (b) jadeite
inclusions in an albite porphyroblast and aegirine augites in the matrix of the meta-plagiogranite host rock (plane-polarized light, sample JX153), (c) rutile, apatite, monazite and
amphibole inclusions in an albite porphyroblast (plane-polarized light, sample JX153), (d) back-scattered electronic image showing a rutile grain rimmed by titanite (sample JX153),
(e) ilmenite and rutile aggregates in a titanite coexisting with apatite, zircon and aegirine augites (plane-polarized light, sample JX154), (f) winchite grains—with rutile and aegirine
augite inclusions—intimately intergrown with apatite (plane-polarized light, sample JX156), (g) the mineral paragenesis of the meta-mafic enclave: aegirine-augite +magnesio-
riebeckite +titanite+apatite (plane-polarized light, sample JX158b), (h) radiatingmagnesio-riebeckite in an enclave-freemeta-plagiogranite (plane-polarized light, sample JX182).
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and oligoclase was detected in the core of albite by microprobe
analyses. Ilmenite and rutile aggregates are rimmed by titanite
(Fig. 2e). Minor fine-grained zircons (b0.04 mm) occur as both
inclusions in albite and matrix minerals intergrown with quartz.
Oriented clinopyroxene and amphibole define weak foliation, which
varies in strength in the different blocks.Most albites in the host do not
contain relic jadeite inclusions (Sample JX14 and 152; Table 1). The
abundances of clinopyroxene and amphibole increase with distance
to the mafic enclave and eventually define the foliation of the host
meta-plagiogranites. Some oriented blue amphibole porphyroblasts



Table 1
Modal abundances of minerals in the meta-plagiogranite host rock, meta-mafic enclave and enclave-free meta-plagiogranite.

Sample Rock type Jd Cpx Na-Amp Amp Ab Qtz Tc Rt Ap Ttn Ilm Zr Mo

JX143 MGH 1.5 3 70 25 b0.2 b0.1 b0.1 b0.1
JX151 MGH 5.2 13 70 11 b0.5 b0.1 b0.1 b0.1
JX152 MGH 1.5 3 75 20 b0.3 b0.1 b0.1
JX153 MGH 1.6 7 1 75 15 b0.1 b0.1 b0.1 b0.1 b0.1
JX154 MGH 0.5 3 1 75 20 b0.1 b0.1 b0.1 b0.1 b0.1
JX155 MGH 5.6 14 70 10 b0.1 b0.1 b0.1 b0.1
JX156 MGH 1 10 55 33 b0.3 b0.1 b0.5 b0.1
JX157 MGH 0.5 10 74 15 b0.1 b0.1 b0.1 b0.1 b0.1
JX158a MGH 1.5 5 3 70 20 b0.1 b0.1 b0.1 b0.1 b0.1
JX158b MME 5 83 3 3 b0.1 1.5 4.5
JX182 MG 20 67 10 b0.2 b0.1 2.5 b0.1 b0.1
JX183 MG 14.5 70 12 b0.1 b0.2 b0.1 3 b0.1 b0.1

(i) MGH = meta-plagiogranite host; MME = meta-mafic enclave; MG = enclave-free meta-plagiogranite.
(ii) Jd, jadeite; Cpx, clino-pyroxene; Na-Amp, sodic amphibole; Amp, calc-sodic, Fe–Mn–Mg or calcic amphibole; Ab, albite; Qtz, qartz; Rt, rutile; Ttn, titanite; Ilm, ilmenite; Zr, zircon;
Tc, talc; Mo, Monazite.
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(0.1×0.8 mm2 to 0.3×1.5 mm2) contain a few rutile and pyroxene
inclusions (Fig. 2 f) and are rimmed by light color actinolite. A few
idiomorphic apatites (up to 0.2×0.4 mm2) are intergrown with blue
amphibole, quartz and albite.

3.2. Meta-mafic enclave

Few meta-mafic enclaves are exposed as dark planar-linear blades
(Fig. 2a) or irregular lenses. The long axis of enclaves is parallel to or
along the foliation of the meta-plagiogranite host rocks. The contact of
the mafic-enclaves and the host rocks is either gradational or sheared.
These enclaves are predominantly composed of amphibole (86%),
clinopyroxene (5%), plagioclase (3%), titanite (4.5%), apatite (1.5%)
and minor rutile (Table 1). Oriented amphiboles (0.1×0.5–
0.3×1.5 mm2) define a foliation parallel to the long axes of the
enclaves. Clinopyroxene occurs as inclusions in amphibole and as
irregular aggregates (Fig. 2g). Elongated titanite grains (0.05×0.2–
0.1×0.3 mm2) and apatite prisms (mainly 0.1×0.3 mm2) are
intergrown with the amphiboles. Rare rutile inclusions could be
detected in the core of titanite.

3.3. Mafic enclave-free meta-plagiogranites

This massive rock type mainly consists of amphibole (14.5%–20%),
albite (67%–70%), quartz (10%–12%) and accessory minerals such as
titanite, rutile, apatite and zircon (Table 1). Amphibole is intergrown
with albite porphyroblasts and occasionally occurs as acicular crystals
or as radiating aggregates (Fig. 2h). Unorientated albite porphyro-
blasts (0.3×0.8 mm2) are surrounded by fine-grained recrystallized
quartz. Titanite (up to 3%) is the main accessory mineral. The modal
amount of other accessory minerals is less than 0.1 vol.%. Occasionally
rare talc booklets are intergrown with amphibole.

4. Analytical method

The major element composition was obtained by X-ray fluores-
cence analysis (XRF; PHILIPS PW1480) using fused glass disks at the
Institute of Mineralogy of the Universität Würzburg. Uncertainties for
most major oxides are b2%, for MnO and b5% for P2O5, the totals are
within 100 ±1%. Loss on ignition (LOI) was measured after heating
the samples to 1000 °C. Trace element concentrations were analyzed
for samples JX143, JX151–157 and JX158, JX181–183 by inductively
coupled plasmamass spectrometry (ICP-MS; Finnigan Element) at the
Institute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS) and by a Perkin-Elmer Sciex ELAN 6000 ICP-MS at the
Guangzhou Institute of Geochemistry of CAS, respectively. The
detailed analytical procedure is described by Qian et al. (2008) and
Li and Li (2003). Relative standard deviations (RSD) are within ±10%
for most trace elements.

Sr and Nd isotopic compositions were determined on a Finnigan
MAT-262 mass spectrometer operated in static mode at the Isotope
Laboratory of IGGCAS and the Isotope Laboratory of the Chinese
Academy of Geological Sciences (CAGS), respectively. About 100–
150 mg of whole rock powder was completely decomposed in a
mixture of HF-HClO4. Sr and REE were separated using quartz
columns with a 5 ml resin bed of AG 50W-X12, 200–400 mesh. Nd
was separated from other REEs by quartz columns using 1.7 ml
Teflon® powder as cation exchange medium. Procedural blanks were
b200 pg for Sr and b50 pg for Nd. Nd was loaded as phosphates and
measured in a Re-double-filament configuration. 143Nd/144Nd ratios
were normalized to 146Nd/144Nd=0.7219 and 87Sr/86Sr ratios to 86Sr/
88Sr=0.1194, respectively.

The major and minor element compositions of silicate minerals
and rutile were analyzed on a JEOL JXA 8100 Superprobe at IGGCAS,
using an accelerating voltage of 15 kV, beam current of 1×10−8 A and
spot diameter of 1 μm. Apatite analyses were performed on a Cameca
SX50 electron microprobe at the Institute of Mineralogy of the
Universität Würzburg. For apatite analyses, the instrument is usually
operated with a 10 kV acceleration voltage and a 15 nA beam. Sample
spot sizes were ca. 10 μm.

The in situ trace element contents of the various minerals were
measured at the Institute of Mineralogy, Universität Würzburg using a
LA-ICP-MS (Agilent 7500i, NewWave LUV 266x). The ablation
patterns were single spots (40 μm) with a repetition rate of 5 Hz.
For silicates, a laser energy of 0.40 to 0.56 mJ and a laser density of
~44 J/cm2 were used; for apatites, the laser energy was reduced to
0.13 to 0.3 mJ and a laser density of ~10 J/cm2 resulting in smaller
spots (30 μm)was used. For the apatite measurements, the Ca content
of the respective minerals obtained by the electron microprobe acted
as the internal standard. For silicates and titanite Si and for rutile Ti
were used as internal standards. In order to establish the analytical
accuracy analyses of minor elements in all minerals were compared to
the respectivemicroprobe results and, in addition, synthetic rutile and
titanite (supplied by T. Zack, 2005) were analyzed and used for
comparison of trace elements. The calculation of the trace element
concentrations was conducted by the GLITTER Version 3.0 on-line
interactive data reduction for LA-ICP-MS Program by Macquarie Res.
(2000). The 1σ error based on counting statistics from signal and
background is b10%.

The SHRIMP (Sensitive High Resolution Ion Microprobe) analyses
were performed on the SHRIMP II instrument at the Beijing SHRIMP
Center of CAGS. Zircon grains were separated from the crushed rocks
by a combined heavy liquid and magnetic separation technique.
Individual crystals were mounted in epoxy resin discs together with

http://dx.doi.org/10.1007/s00531-0268


Table 2
Representative major element composition of minerals in the meta-plagiogranite host rock, meta-mafic enclave and enclave-free meta-plagiogranite.

Sample JX153 JX153 JX153 JX153 JX158a JX158a JX153 JX153 JX153 JX154 JX154 JX158b JX158b JX158b JX158b

Rock Meta-plagiogranite host Meta-mafic enclave

Location In albite In matrix In matrix

Mineral Jd-I Jd-I Jd-I Jd-I Jd-I Jd-I Aug-C Aug-M Aug-R Aug-C Aug-R AAug AAug AAug MRie-C

SiO2 59.51 60.19 59.74 59.70 60.32 60.66 53.37 54.21 54.42 53.95 55.43 53.46 54.42 53.88 58.91
TiO2 0.00 0.00 0.02 0.02 0.00 0.04 0.54 0.18 0.59 0.36 0.46 0.51 0.16 0.15 0.07
Al2O3 24.65 24.68 24.28 24.19 23.76 23.92 2.12 1.89 2.41 0.22 3.57 0.31 0.92 0.28 0.88
Cr2O3 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.03 0.00 0.00 0.12
FeO⁎ 0.34 0.18 0.36 0.47 1.01 0.93 11.20 9.82 10.29 11.97 9.58 18.63 19.56 17.64 11.16
NiO 0.00 0.00 0.00 0.00 0.04 0.00 0.04 0.07 0.07 0.00 0.03 0.00 0.01 0.01 0.07
MnO 0.00 0.02 0.00 0.00 0.00 0.00 0.09 0.11 0.13 0.16 0.03 0.31 0.19 0.36 0.39
MgO 0.28 0.16 0.35 0.28 0.47 0.28 9.92 11.13 10.12 10.35 9.57 6.29 5.86 7.09 17.89
CaO 0.48 0.27 0.51 0.59 0.92 0.44 17.27 19.68 17.59 19.69 16.12 12.73 10.85 14.94 0.96
Na2O 15.52 14.67 14.39 15.20 15.14 14.64 4.45 3.37 4.39 2.59 5.20 6.99 8.20 5.64 6.71
K2O 0.00 0.27 0.40 0.00 0.01 0.05 0.00 0.00 0.02 0.00 0.01 0.03 0.00 0.00 0.07
P2O5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cl n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 100.79 100.44 100.04 100.46 101.67 100.94 99.00 100.46 100.04 99.29 100.03 99.29 100.16 99.98 97.23

Si 1.99 2.03 2.02 2.01 2.01 2.04 1.98 1.99 2.00 2.03 2.02 2.00 2.01 2.02 8.00
Al 0.97 0.98 0.97 0.96 0.93 0.95 0.09 0.08 0.09 0.01 0.15 0.01 0.04 0.01 0.14
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.17 0.18 0.09 0.15 0.46 0.52 0.36 1.27
Fe2+ 0.01 0.01 0.00 0.01 0.03 0.03 0.12 0.13 0.14 0.28 0.15 0.13 0.08 0.20 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.c.
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.05
Mg 0.00 0.01 0.02 0.01 0.02 0.01 0.55 0.61 0.55 0.58 0.52 0.35 0.32 0.40 3.62
Ca 0.02 0.01 0.02 0.02 0.03 0.02 0.69 0.77 0.69 0.80 0.63 0.51 0.43 0.60 0.14
Na 1.00 0.96 0.95 0.99 0.98 0.96 0.32 0.24 0.31 0.19 0.37 0.51 0.59 0.41 1.77
K 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
P n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
Cl n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
Cation 3.99 4.00 3.99 4.00 4.00 4.00 4.00 4.00 3.99 4.00 4.00 4.00 4.00 4.00 15.01
O 6 6 6 6 6 6 6 6 6 6 6 6 6 6 23
WEF 1.98 1.19 2.38 2.38 2.83 2.83 67.90 75.96 68.89 81.51 63.84 49.60 41.70 59.52
JD 98.02 98.81 97.62 97.62 95.88 97.17 7.87 6.80 11.24 1.75 18.54 1.48 4.16 1.36
AE 0.00 0.00 0.00 0.00 0.00 0.00 24.23 17.24 19.87 16.74 17.62 49.92 54.14 39.12

Table 3
Average trace element data of the rock forming minerals of the meta-plagiogranite host rock, meta-mafic enclave and the enclave-free meta-plagiogranite.

Sample JX153 JX153 JX158b JX158b JX158b JX158b JX182 JX182 JX156 JX156

Mineral Jd Aug AAug MFM MRie Win MRie MRie Win Act

Position Inclusion In matrix In matrix Core CR Rim Core Rim Core Rim

Rock type MGH MGH MME MME MME MME MG MG MGH MGH

n 4 6 5 1 7 2 1 4 1 1

Sr 805 150 101 92.3 82.5 51.5 58.8 25.8 99.7 127
Y 0.242 2.34 15.7 5.93 7.07 4.92 15.9 12.8 5.89 5.82
Ti 230 7262 9386 4406 8693 974 3413 5097 1995 4128
Nb 0.107 2.53 4.57 2.33 4.58 0.497 13.2 22.3 7.58 9.91
Ta bdl bdl 0.107 bdl bdl bdl 2.39 2.86 0.240 0.244
Zr 1.15 43.9 103 4.22 11.2 7.19 116 137 3.79 5.79
Hf bdl 1.46 2.54 0.232 0.518 0.368 4.80 7.37 bdl 0.436
La 1.22 5.34 158 2.64 4.94 0.748 12.8 1.08 4.29 1.87
Ce 1.98 8.96 239 4.10 8.02 1.580 36.3 1.76 4.49 2.44
Pr 0.199 0.922 38.3 0.760 1.62 0.202 4.51 0.243 0.640 0.418
Nd 0.753 3.52 142 2.56 6.40 0.850 14.8 1.35 1.90 1.92
Sm bdl 0.619 17.0 0.649 1.58 0.446 3.19 0.898 0.651 0.485
Eu 0.179 0.635 3.28 0.279 0.534 0.102 0.86 0.288 0.491 0.414
Gd bdl bdl 8.46 0.846 1.42 0.910 3.44 1.34 0.946 1.50
Tb bdl 0.06 0.847 0.134 0.211 0.127 0.684 0.312 bdl bdl
Dy bdl bdl 3.35 1.03 1.36 0.783 4.51 2.69 1.54 1.24
Ho bdl bdl 0.455 0.192 0.273 0.154 0.631 0.49 0.297 0.260
Er bdl bdl 1.07 0.539 0.735 0.673 0.908 1.12 0.964 0.503
Tm bdl bdl 0.155 0.087 0.146 0.127 0.116 0.188 0.087 0.116
Yb bdl bdl 1.18 0.630 1.11 0.779 1.19 1.32 1.23 0.741
Lu bdl bdl 0.15 0.116 0.150 0.121 0.230 0.268 bdl bdl

(i) Pl, plagioclase; Aug, augite; AAug, aegirine-augite; MRie, magnesio-reibeckite; MFM, Mg–Fe–Mn amphibole; Jd, jadeite; Ab, albite; Win, winchite; Act, actinolite; Ap, apatite; Rt,
rutile; Ttn, titanite; Ilm, ilmenite. (ii) MGH = meta-plagiogranite host; MME = meta-mafic enclave; MG = enclave-free meta-plagiogranite. (iii) CR = core or rim.

(i) FeO⁎ as total Fe. (ii) WEF, wollastonite-enstatite-ferrosilite; JD, jadeite; AE, aegirine; Ab, albite; Aug, augite; AAug, aegirine-augite; MRie, magnesio-reibeckite; MFM, Mg–Fe–Mn
amphibole; Win, winchite; Act, actinolite;Ap, apatite; Rt, rutile; Ttn, titanite; Ilm, ilmenite; An, anothite; Pl, plagioclase. (iii) I, inclusion mineral; C, the core of mineral; M, the
middle of mineral; R, the rim of mineral. (iv) n.d., not determined; n.c., not calculated.
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Table 2
Representative major element composition of minerals in the meta-plagiogranite host rock, meta-mafic enclave and enclave-free meta-plagiogranite

JX158b JX158b JX158b JX158b JX182 JX182 JX183 JX183 JX156 JX156 JX153 JX153 JX156 JX156 JX158b JX158b

Meta-mafic enclave Enclave-free meta-plagiogranite Meta-plagiogranite host Mata-enclave

In matrix In matrix In Act In Ab In matrix

MRie-R MFM-C Win-R Win-R MRie-C MRie-R MRie-C MRie-R Win-C Act-R MRie-I Act Ap Ap Ap Ap

56.15 55.81 56.11 53.13 55.38 55.40 55.15 56.15 57.16 54.44 56.41 55.44 0.10 0.02 0.07 0.11
0.03 0.05 0.30 0.13 0.56 0.57 0.77 1.10 0.03 0.00 0.03 0.05 n.d. n.d. n.d. n.d.
1.19 0.75 0.87 1.72 0.36 0.30 0.87 2.31 0.70 0.16 1.14 1.13 n.d. n.d. n.d. n.d.
0.01 0.02 0.05 0.01 0.05 0.03 0.02 0.01 0.13 0.32 0.03 0.05 n.d. n.d. n.d. n.d.
16.52 18.79 15.53 14.53 24.55 25.10 21.70 20.34 12.35 12.96 8.04 11.42 0.05 0.03 0.15 0.12
0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.02 0.09 0.00 0.02 0.08 n.d. n.d. n.d. n.d.
0.17 0.45 0.17 0.11 0.09 0.12 0.08 0.08 0.26 0.12 0.18 0.18 0.08 0.04 0.07 0.01
13.32 20.27 13.71 14.55 8.27 7.89 9.77 10.23 18.64 15.91 18.79 16.46 0.02 0.93 0.00 0.00
2.03 0.62 5.82 8.93 0.13 0.15 0.08 0.09 3.06 11.52 5.57 12.04 56.33 56.05 55.31 55.17
7.22 0.60 4.62 3.09 7.06 7.11 6.43 6.88 4.30 1.14 5.86 0.83 0.05 0.08 0.09 0.09
0.14 0.01 0.66 0.40 0.04 0.06 0.04 0.04 0.17 0.16 0.18 0.05 n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 43.35 42.58 43.06 43.13
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.15 0.21 0.14 0.07
96.79 97.40 97.85 96.60 96.48 96.73 94.90 97.25 96.89 96.74 96.23 97.72 100.12 99.93 98.89 98.69

7.83 7.98 7.93 7.61 8.06 8.07 8.10 7.99 7.93 7.86 7.69 7.88 0.01 0.00 0.01 0.01
0.20 0.13 0.15 0.29 0.06 0.05 0.15 0.39 0.12 0.03 0.18 0.19 n.c. n.c. n.c. n.c.
0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 n.c. n.c. n.c. n.c.
0.00 0.01 0.03 0.01 0.06 0.06 0.09 0.12 0.00 0.00 0.00 0.01 n.c. n.c. n.c. n.c.
1.93 0.06 1.08 1.25 1.67 1.68 1.30 1.29 1.13 0.54 0.92 0.26 n.c. n.c. n.c. n.c.
0.00 2.18 0.76 0.49 1.32 1.37 1.37 1.13 0.31 1.03 0.00 1.10 0.00 0.00 0.01 0.01
n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. 0.00 0.00 0.00 0.00 n.c. n.c. n.c. n.c.
0.02 0.05 0.02 0.01 0.01 0.02 0.01 0.01 0.03 0.02 0.02 0.02 0.01 0.00 0.01 0.00
2.77 4.32 2.89 3.11 1.80 1.71 2.14 2.17 3.86 3.43 3.82 3.49 0.00 0.11 0.00 0.00
0.30 0.10 0.98 1.37 0.02 0.02 0.01 0.01 0.45 1.78 0.82 1.83 4.75 4.75 4.72 4.70
1.95 0.17 1.27 0.86 1.99 2.00 1.83 1.90 1.16 0.32 1.55 0.23 0.01 0.01 0.01 0.01
0.03 0.00 0.12 0.07 0.01 0.01 0.01 0.01 0.03 0.03 0.03 0.01 n.c. n.c. n.c. n.c.
n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. 2.89 2.85 2.90 2.91
n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. 0.04 0.06 0.04 0.02
15.03 14.99 15.22 15.07 15.01 15.00 15.01 15.01 15.03 15.03 15.03 15.01 7.70 7.78 7.69 7.66
23 23 23 23 23 23 23 23 23 23 23 23 12 12 12 12

Table 3
Average trace element data of the rock forming minerals of the meta-plagiogranite host rock, meta-mafic enclave and the enclave-free meta-plagiogranite

JX153 JX154 JX156 JX158b JX153 JX156 JX154 JX158b JX182 JX154

Ab Pl Ap Ap Rt Rt Ttn Ttn Ttn Ilm

Rim Core CR CR CR In matrix Rim CR Core Core

MGH MGH MGH MME MGH MGH MGH MME MG MGH

2 1 6 6 7 3 1 5 1 2

735 13,590 869 1491 nd nd 797 900 431 nd
0.092 0.239 257 462 3.41 10.1 21.7 198 269 1.47
41.1 282 779 1358 nd nd nd nd nd nd
bdl 0.137 2.13 0.47 2764 4419 169 184 9761 23.2
bdl 0.075 bdl bdl 89 234 13.9 7.19 618 1.96
1.85 bdl 23.4 4.11 323 466 100 211 877 2.72
bdl bdl bdl bdl 14.1 31.3 4.95 5.98 32.4 bdl
0.77 11.6 240 143 7.68 8.57 16.1 512 597 3.18
1.00 16.3 936 468 6.71 19.6 23.9 447 880 2.36
bdl 1.32 97.4 108 0.683 3.74 4.04 153 102 bdl
0.38 4.75 472 574 bdl bdl 17.5 512 439 bdl
bdl 0.755 112 190 bdl bdl 5.22 124 100 bdl
0.249 2.82 22.9 28.1 bdl bdl 4.78 35.7 24.1 bdl
bdl 0.647 116 195 bdl bdl 6.72 97.4 76.9 bdl
bdl 0.058 11.0 23.9 bdl bdl 0.993 12.4 20.9 bdl
bdl bdl 57.0 125 bdl bdl 2.75 57.7 83.9 bdl
bdl bdl 9.00 19.6 bdl bdl 0.767 8.67 13.8 bdl
bdl bdl 20.4 43.9 bdl bdl 1.10 20.8 28.0 bdl
bdl bdl 2.14 5.01 bdl bdl 0.21 2.67 4.22 bdl
bdl bdl 10.3 24.4 bdl bdl 1.58 14.6 11.7 bdl
bdl bdl 1.41 3.08 bdl bdl 0.19 1.75 1.10 bdl

(continued on next page)
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Table 2
Representative major element composition of minerals in the meta-plagiogranite host rock, meta-mafic enclave and enclave-free meta-plagiogranite

Sample JX153 JX153 JX153 JX153 JX153 JX153 JX154 JX154 JX154 JX158b JX158b JX153 JX153 JX154

Rock Meta-plagiogranite host Mata-enclave Meta-plagiogranite host

Location In matrix In Ttn In matrix In Ab Rim In Ab

Mineral Rt-C Rt-M Ttn-R Ilm-C Rt-M Ttn-R Ilm-C Rt-M Ttn-R Rt-I Ttn-R An-I Ab-R Pl-I

SiO2 0.09 0.30 30.85 0.02 0.12 25.24 0.02 0.17 30.88 0.57 31.22 45.10 67.70 59.77
TiO2 98.44 98.99 40.72 51.29 98.45 50.59 54.05 96.02 39.11 96.19 38.09 0.03 0.00 0.00
Al2O3 0.00 0.02 0.12 0.00 0.02 0.47 0.05 0.00 0.12 0.00 0.80 31.58 20.06 24.04
Cr2O3 0.16 0.16 0.04 0.01 0.42 0.10 0.00 0.30 0.18 0.01 0.10 0.02 0.00 0.00
FeO⁎ 0.13 0.13 0.01 46.93 0.85 0.19 43.67 0.37 0.39 0.15 0.42 0.94 0.05 0.20
NiO 0.00 0.03 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.01 0.05 0.00 0.00
MnO 0.00 0.00 0.00 1.69 0.00 0.04 1.67 0.00 0.01 0.01 0.01 0.00 0.00 0.00
MgO 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.92
CaO 0.38 0.83 28.14 0.40 0.80 23.39 0.00 0.81 27.89 1.38 27.57 19.98 0.03 7.30
Na2O 0.03 0.03 0.21 0.00 0.03 0.00 0.00 0.01 0.11 0.00 0.10 2.27 11.71 7.96
K2O 0.01 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.01 0.01 0.04 0.05 0.03 0.06
P2O5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cl n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 99.23 100.49 100.1 100.6 100.70 100.08 99.46 97.69 98.67 98.33 98.35 100.00 99.80 100.262

Si 0.00 0.00 1.00 0.00 0.00 0.83 0.00 0.00 1.02 0.01 1.03 2.12 2.97 2.67
Al 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.03 1.74 1.04 1.26
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Ti 0.99 0.99 1.00 0.98 0.98 1.25 1.02 0.99 0.97 0.98 0.97 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.00 0.00 0.00 0.99 0.01 0.01 0.92 0.00 0.01 0.00 0.01 0.04 0.00 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.04 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.06
Ca 0.01 0.01 0.98 0.01 0.01 0.82 0.00 0.01 0.99 0.02 0.98 1.00 0.00 0.35
Na 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.21 1.00 0.69
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
Cl n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
Cation 1.00 1.00 3.00 2.03 1.01 2.92 1.98 1.00 3.01 1.01 3.04 5.11 5.02 5.04
O 2 2 5 3 2 5 3 2 5 2 5 8 8 8
WEF
JD
AE

Table 2 (continued)

Fig. 3. Composition of clinopyroxene in the meta-plagiogranite host rocks and the
meta-mafic enclave.
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pieces of the Canberra standard TEMORA (417 Ma; Black et al., 2003).
The discs were polished and zircons were half sectioned, followed by
cleaning and gold-coating. Cathodoluminescence (CL) images were
taken by the Hitachi S-3000N Scanning Electron Microscope at CAGS.
Spot sizes for the SHRIMP analyses averaged 30 μm and mass
resolution was at about 5000 for the measurements of the Pb/Pb
and Pb/U isotopic ratios. The 238U concentrations were normalized to
the standard SL13 (238U=238 ppm; age: 572 Ma). The analyses of
standard TEMORA and samples were alternated (1:3) for correcting
Pb+/U+ discrimination. The data reported in this study were
corrected by assuming 206Pb/238U–208Pb/232Th age-concordance.
The SQUID (Version 1.03d) and ISOPLOT (Version 3.00) programs of
K.R. Ludwig (1991) were used to process the data.

5. Results

5.1. Mineral chemistry

The representative major and trace element composition of
minerals which are presented in Table 2 and Table 3, respectively,
were obtained from three enclave-free meta-plagiogranites, two
enclave-bearing meta-plagiogranites and one meta-mafic enclave.

5.1.1. Clinopyroxene group
Jadeite inclusions in albite porphyroblasts of enclave-bearing

meta-plagiogranite have high jadeite (N97 mol%) and minor WEF
components (wollastonite–enstatite–ferrosilite; cf. Morimoto, 1988;
Fig. 3). Matrix clinopyroxene is classified as aegirine augite to augite
with an average WEF component of 75.4 mol%, jadeite component of
6 mol% and aegirine component of 18.6 mol%. The clinopyroxene of
the meta-mafic enclave is classified as aegirine augite (Fig. 3) with an
average aegirine component of 43.5 mol%, WEF of 51.4 mol% and
jadeite of 5.1 mol%. Jadeite contains 805 ppm Sr and 230 ppm Ti while
the concentration of other trace elements is less than 2 ppm. The



Fig. 4. Composition of amphiboles in the meta-plagiogranite host rocks, the meta-mafic
enclave and the enclave-free meta-plagiogranites. (a) Classification for alkali, sodic-
calcic, calcic and Fe–Mg–Mn groups, (b) classification for alkali amphiboles,
(c) classification for sodic-calcic amphiboles. 1—amphibole rims in the matrix of
meta-plagiogranite host rocks, 2—amphibole rims in the meta-mafic enclave, 3—
amphibole cores in themeta-mafic enclave, 4—amphiboles in the matrix of enclave-free
meta-plagiogranites.

Fig. 5. Chondrite-normalized REE diagrams for amphibole (a), apatite (b) and titanite
(c) of the meta-plagiogranite host rocks, the meta-mafic enclave and the enclave-free
meta-plagiogranites. Normalization values are after Taylor and McLennan (1985).
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aegirine augite of the meta-mafic enclave displays a higher trace
element concentration than the matrix clinopyroxene of the meta-
plagiogranite host rocks (relative average compositions are 9386 ppm
vs. 7262 ppm Ti, 15.7 ppm vs. 2.34 ppm Y, 103 ppm vs. 43.9 ppm Zr,
158 ppm vs. 5.34 ppm La, 3.28 ppm vs. 0.635 ppm Eu, 1.18 ppm vs.
below detection limit Yb).

5.1.2. Amphibole group
The compositional range of the amphiboles includes sodic, sodic-

calcic, calcic and Mg–Fe–Mn groups on the basis of Leake's (1997)
classification (Fig. 4a). Sodic amphiboles predominantly occur as
matrix minerals in the meta-mafic enclave and the enclave-free meta-
plagiogranites. Occasionally, it occurs as inclusions in the core of
aegirine–augite in the enclave-bearing meta-plagiogranites. The sodic
amphibole is magnesio-riebeckite in the mafic enclave (Fig. 4b) while
that in the enclave-free meta-plagiogranites has a lower sodic content
and Fe3+/Fe3++AlVI ratio and a higher Mg/Mg+Fe2+ ratio. Sodic-
calcic amphibole occurs as the rims of magnesio-riebeckite in the
meta-mafic enclave and aegirine-augite in the meta-plagiogranite
host rocks. Na2O ranges from 3.09 wt.% to 4.84 wt.%, displaying a
winchite or barroisitic composition (Fig. 4c). The calcic amphibole has
an actinolitic composition and also occurs as the rims of magnesio-
riebeckite and aegirine-augite. Na2O of actinolites ranges from
0.72 wt.% to 1.82 wt.%, CaO from 10.77 wt.% to 12.04 wt.%. Mg–Fe–
Mn amphibole is rare and predominantly occurs as inclusions in the
core of magnesio-riebeckite in the meta-mafic enclave and in albite
and aegirine-augite cores in the enclave-bearing meta-plagiogranites.
It is classified as anthophyllite, magnesio-cummingtonite or cum-
mingtonite-anthophyllite with an average composition of 1.09 wt.%
Na2O, 1.02 wt.% CaO, 1.35 wt.% Al2O3, 20.24 wt.% MgO, 17.58 wt.% FeO,
and 0.66 wt.% MnO. Magnesio-riebeckite in enclave-free meta-
plagiogranites has relatively lower concentrations of LREEs and higher
concentrations of HREEs compared with the magnesio-riebeckite in
the meta-mafic enclave and the sodic-calcic amphiboles in meta-
plagiogranite host rocks (Fig. 5a; Table 3). Concentrations of Ti, Nb, Ta,
Zr and Hf increase while LREEs and Y decrease from core to rim.
Moreover, the average composition of Ti increases from 3413 to
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5097 ppm, Nb from 13.2 to 22.3 ppm, Zr from 116 to 137 ppm,whereas
La decreases from 12.8 to 1.08, Eu from 0.850 to 0.288 ppm and Y from
15.9 to 12.8 ppm from core to rim (Table 3). The trace element
contents of actinolite and Mg–Fe–Mn amphibole are relatively low,
with REE below 1 ppm, Y below 6 ppm, Nb below 10 ppm and Zr
below 6 ppm.

5.1.3. Plagioclase group
Albite occurs as porphyroblasts in themeta-plagiogranite host rock

and enclave-free meta-plagiogranite. Compositional inhomogeneities
of the albite porphyroblasts are displayed by rare anorthite-rich
Table 4
Major, trace element and Sr-Nd isotopic compositions of the meta-plagiogranite host rock,

Sample JX143 JX151 JX152 JX153 JX154 JX155

Rock type Meta-plagiogranite host

SiO2 70.87 65.03 70.69 69.39 69.23 67.28
TiO2 0.24 0.54 0.34 0.23 0.23 0.20
Al2O3 15.09 16.74 14.65 16.28 15.81 16.53
Fe2O3T 1.78 2.81 1.93 1.63 2.17 2.61
MnO 0.01 0.03 0.02 0.01 0.02 0.02
MgO 1.30 1.15 0.89 0.80 0.94 1.50
CaO 1.16 2.92 2.10 1.57 1.76 1.99
Na2O 8.44 9.62 8.16 8.79 8.87 8.67
K2O 0.28 0.30 0.25 0.45 0.39 0.52
P2O5 0.06 0.13 0.16 0.06 0.06 0.06
LOI 0.25 0.14 0.10 0.19 0.10 0.26
Total 99.48 99.41 99.29 99.40 99.58 99.64
A/CNK 0.93 0.78 0.84 0.91 0.87 0.90
Mg# 61.9 47.7 50.7 52.2 49.1 56.1
Be 0.813 0.738 0.832 0.81 0.837 0.766
Sc 2.2 2.4 0.7 0.6 1.42 0.779
V 13.1 33.9 14.8 11 10.9 14.4
Cr 24.1 7.94 23.3 17.7 25.6 42.1
Co 4.72 4.68 3.69 3.14 4.2 6.08
Ni 29.5 24.4 17 77.7 35.2 34.4
Ga 18 16.3 14.7 15.4 17 18.8
Rb 2.77 3.46 2.13 3.22 2.81 4.20
Sr 272 570 308 728 526 511
Cs 0.169 0.224 0.046 0.51 0.253 0.081
Ba 412 103 62.1 144 124 89.9
Y 2.6 3.71 3.21 2.02 1.71 1.23
Nb 1.24 4.49 2.85 2.42 2.41 1.48
Ta 0.189 0.518 0.204 0.2 0.247 0.157
Zr 102 107 74.2 69.2 52.4 65.7
Hf 3.02 2.44 2.11 1.96 1.50 1.92
Pb 1.31 7.86 0.372 1.89 1.39 0.793
Th 1.6 0.709 0.736 1.24 0.936 1
U 0.227 0.382 0.199 0.19 0.145 0.131
La 10.6 6.31 6.62 9.35 6.67 8.42
Ce 21.1 12.4 12.6 14.7 12.1 13.7
Pr 2.51 1.52 1.69 1.93 1.44 1.77
Nd 9.40 6.00 6.93 7.44 5.12 6.78
Sm 1.62 1.47 1.45 1.12 0.866 0.929
Eu 0.488 0.550 0.603 0.468 0.420 0.343
Gd 1.30 1.22 1.31 0.924 0.794 0.696
Tb 0.152 0.151 0.171 0.112 0.097 0.082
Dy 0.624 0.751 0.780 0.429 0.376 0.304
Ho 0.103 0.134 0.138 0.081 0.075 0.055
Er 0.261 0.352 0.325 0.205 0.185 0.151
Tm 0.041 0.054 0.049 0.029 0.026 0.020
Yb 0.238 0.352 0.270 0.172 0.147 0.115
Lu 0.031 0.051 0.039 0.027 0.023 0.018
∑REE 48.457 31.27 33.000 36.940 28.362 33.407
Eu/Eu⁎ 1.03 1.26 1.34 1.40 1.55 1.30
Sr/Y 105 154 96.0 360 308 415
(La/Yb)N 30 12 17 37 31 49
87Rb/86Sr 0.0128 0.0154 0.0238
(87Sr/86Sr)m 0.702892 0.702896 0.702907
2σ error 0.000018 0.000018 0.000020
(87Sr/86Sr)i 0.7027 0.7027 0.7026
147Sm/144Nd 0.09128 0.10230 0.08284
143Nd/144Nd 0.512344 0.512377 0.512270
2σ error 0.000008 0.000009 0.000007
ɛNd(970 Ma) 7.37 6.64 6.97

(i) Total iron as Fe2O3; (ii) Mg#=Mg/(Mg+Fe2+), assuming FeO/Fe2O3T=0.80; (iii) A/CN
plagioclase (AnN 80 vol.%) inclusions, which were detected during
microprobe analyses in the albite core. Thus the original igneous
plagioclase probably had a higher An content which was lost during
recrystallization under LT–HP metamorphism. Apart from Sr, Ti, La
and Eu, the concentration of most trace elements is very low, usually
below the detection limit. Plagioclase with a high An content displays
much higher Sr and Eu concentrations than pure albite (13,590 ppm
vs. 735 ppm Sr, 2.82 ppm vs. 0.249 ppm Eu; Table 3).

Apatite in the meta-plagiogranite host rocks has similar CaO and
P2O5 contents to that in the meta-mafic enclave; the former has an
average CaO content of 56.2 wt.% and P2O5 of 42.9 wt.%, whereas the
meta-mafic enclave and enclave-free meta-plagiogranite.

JX156 JX157 JX158b JX181 JX182 JX183

Meta-mafic enclave Enclave-free meta-plagiogranite

72.33 67.22 52.14 67.89 65.25 69.96
0.20 0.24 4.63 0.38 0.28 0.28

14.38 17.43 5.94 16.27 16.23 15.73
1.63 1.87 13.12 3.98 3.70 2.30
0.02 0.02 0.22 0.02 0.02 0.01
1.26 0.75 8.45 1.44 2.94 0.97
1.64 2.05 5.34 0.40 0.23 0.27
7.39 8.97 6.52 7.24 10.08 9.32
0.35 0.64 0.57 0.89 0.10 0.10
0.06 0.07 1.21 0.15 0.08 0.11
0.33 0.39 0.95 1.08 0.38 0.12

99.59 99.65 99.09 99.74 99.29 99.17
0.93 0.91 1.20 0.95 0.99

63.3 47.2 58.9 44.6 63.9 48.4
0.7869 0.834 0.987 1.15 1.66 1.09
1.08 1.42 17.9 2.49 1.88 1.48
6.5 38 208 23.0 23.6 13.2

21.3 12.5 78.8 2.60 6.50 14.20
4.78 5.27 40.9 4.39 2.77 4.30

36.3 33.6 181 1.76 10.5 17.3
15.4 18.3 10.1 16.3 17.3 14.3
2.80 5.23 1.98 25.2 3.45 2.42

429 535 363 417 123 255
0.192 0.228 0.126 1.41 0.202 0.064

85.0 137 40.2 322 94.8 176
1.77 2.35 24.4 13.4 12.6 13.0

13.7 2.33 19.0 19.5 21.6 18.7
0.946 0.194 0.62 1.31 1.67 1.24

70.9 81.0 697 188 198 176
2.19 2.36 15.9 4.52 5.06 4.57
0.756 2.28 4.32 4.99 6.36 3.23
2.13 1.88 1.03 7.01 9.31 11.0
0.222 0.222 1.04 1.75 2.24 2.50

16.7 12.2 14.4 34.4 40.8 41.5
28.3 21.1 37.4 66.0 72.9 72.5
3.28 2.56 6.40 7.45 8.38 8.18

10.3 8.84 33.1 26.3 26.3 25.6
1.34 1.39 9.48 4.17 3.94 4.01
0.499 0.608 1.64 1.08 1.04 1.28
1.13 1.11 7.73 3.01 2.98 3.21
0.115 0.132 1.13 0.447 0.410 0.445
0.428 0.520 5.04 2.28 2.27 2.37
0.072 0.098 0.852 0.422 0.418 0.459
0.196 0.247 2.15 1.21 1.18 1.26
0.026 0.035 0.272 0.180 0.179 0.195
0.169 0.218 1.95 1.33 1.33 1.34
0.027 0.034 0.316 0.219 0.219 0.213

62.532 49.099 121.858 148.434 162.336 162.494
1.24 1.49 0.59 0.93 0.92 1.09

242 228 15 31 10 20
67 38 5 17 21 21
0.0190 0.0158 0.1748 0.0247
0.702847 0.702534 0.706159 0.704908
0.000020 0.000012 0.000012 0.000014
0.7026 0.7023 0.7037 0.7045
0.07930 0.17340 0.09590 0.09490
0.512248 0.512807 0.511931 0.511928
0.000008 0.000007 0.000010 0.000012
6.98 6.2 −1.28 −1.22

K=molar ratio of Al2O3/(CaO+Na2O+K2O).
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latter has 55. 2 wt.% and 42.9 wt.%, respectively. The Cl content of
apatite is very low (b0.21 wt.%). However, apatite contains high
concentrations of almost all trace elements except Nb, Ta, Zr and Hf
(Table 3; Fig. 5b). Apatite in the meta-mafic enclave has lower
concentrations of La and Ce and higher concentrations of all other REE
and Y than that in the meta-plagiogranite host rocks, i.e. 143 vs.
240 ppm La, 468 vs. 936 ppm Ce, 108 vs. 97.4 ppm Pr, 574 vs. 472 ppm
Nd, 24.4 vs. 10.3 ppm Yb, and 462 vs. 257 ppm Y.

5.1.4. Rutile, titanite and ilmenite
Trace element concentrations of rutile inclusions in titanite were

not determined due to their small grain size. Rutile in meta-
plagiogranite host rocks contains high concentrations of high field
strength elements (HFSE) such as Nb, Ta, Zr, Hf and LREEs such as La,
Ce and Pr. However, the concentrations of all other REEs are below the
detection limit. Two rutiles in samples JX153 and JX156 have
Nb=2764 and 4419 ppm, Ta=89 and 234 ppm, Zr=323 and
466 ppm and Hf=14.1 and 31.3 ppm, respectively.

Titanite in the meta-mafic enclave has higher SiO2 and Al2O3

contents and lower TiO2 contents than that in the meta-plagiogranite
host rocks (e.g., 31.22 vs. 30.83 wt.% SiO2, 0.80 vs. 0.12 wt.% Al2O3, and
38.09 vs. 40.72 wt.% TiO2). It contains high concentrations of both
HFSE and REE (Table 3; Fig. 5c). Titanite in the meta-mafic enclave has
much higher concentrations of REEs and Y than that in the meta-
plagiogranite host rocks (Fig. 5c); e.g., 512 vs. 16.1 ppm La, 447 vs.
23.9 ppm Ce,14.6 vs. 1.58 ppm Yb, and 198 vs. 21.7 ppm Y. The REE and
Y concentrations of titanite in enclave-free meta-plagiogranites are
similar to those in the meta-mafic enclave, but the former has much
higher Nb (9761 vs. 184 ppm), Ta (618 vs. 7.2 ppm), Zr (877vs.
211 ppm) and Hf (32.4 vs. 6 ppm) concentrations.
Fig. 6. Harker-type chemical variation diagrams for the meta-plagiogranite hos
Ilmenite has an average composition of 49.1 wt.% TiO2, 47.7 wt.%
FeO and 1.5 wt.% MnO. Apart from minor Nb (23.2 ppm), Ta
(1.96 ppm) and Zr (2.72 ppm), no other trace elements were detected.

5.2. Whole rock chemistry

Major and trace elements and Sr–Nd isotopic compositions are
presented in Table 4. The mafic enclave-bearing meta-plagiogranites
have an average SiO2 content of 69 wt.% and are granites based on the
classification of Middlemost (1994), or trondhjemites and albite
granites according to Li and Li (2003). Al2O3 ranges from 14.38 to
17.43 wt.%, Na2O from 7.39 to 9.62 wt.%, K2O from 0.28 to 0.52 wt.%,
TiO2 from 0.20 to 0.54 wt.% and Mg# from 47.7 to 63.3. They are
metaluminous with A/CNK values varying from 0.78 to 0.93. In
general, Al2O3 and Na2O decrease with increasing SiO2 (Fig. 6). They
display a strongly REE fractionated pattern (Fig. 7a), with a slight
LREE-enrichment, strong HREE-depletion and positive Eu anomalies.
Their (La/Yb)N ranges from 12 to 67, (Gd/Yb)N from 2.8 to 5.4 and Eu/
Eu⁎ from 1.03 to 1.55. The Yb (0.216 ppm) and Y (2.33 ppm)
concentrations of the enclave-bearing meta-plagiogranites are lower
than those of chondrite and primitive mantle, respectively (Taylor and
McLennan,1985), and thus are significantly depleted in HREE and Y in
the primitive normalized spidergram (Fig. 7b). These rocks display a
strong Sr anomaly and are weakly depleted in Nb and Ta. Their Sr
concentration varies between 272 and 728 ppm. The Sr and Ba
concentrations display no linear trend with increasing SiO2 (Fig. 6).

The mafic enclave has a basaltic composition with SiO2=52 wt.%,
Na2O=6.52 wt.%, TiO2=4.63 wt.%, and P2O5=1.21 wt.%. It displays a
flat REE distribution pattern with a negative Eu anomaly (Eu/
Eu⁎=0.59; Fig. 7a). The HREE and Y concentrations are about 10
t rocks, the meta-mafic enclave and the enclave-free meta-plagiogranites.
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times higher relative to those of the host meta-plagiogranites. In the
primitive-normalized spidergram, it displays a slight depletion in Sr
and Eu and a slight enrichment in Nb and Zr (Fig. 7c).

The enclave-free meta-plagiogranite is weakly metaluminous with
an A/CNK=0.97 or weakly peraluminous with an A/CNK=1.2. It is
also characterized by high Al2O3 (16.08 wt.%), Na2O (8.88 wt.%) and
Mg# (52.3), and low K2O (0.36 wt.%) and TiO2 (0.31 wt.%). It further
displays a slight enrichment of LREE with (La/Yb)N= 20.2. Eu/Eu⁎
ranges from 0.92 to 1.09. In the primitive mantle-normalized
spidergram, this rock type displays a slight depletion in Sr and Nb
(Fig. 7c). The Y and Yb concentrations (average 20 and 1.33 ppm,
respectively) are much higher than those of the enclave-bearing
meta-plagiogranite and lower than those of the mafic enclave.

The mafic enclave-bearing meta-plagiogranite has a 87Sr/86Sr
value of 0.7026 to 0.7027 and a high εNd(T)) of 6.6 to 7.4, similar to
those of MORBs (Fig. 8). An age of 970Ma is chosen for the calculation
Fig. 7. (a) Chondrite-normalized REE diagrams and (b) primitive mantle-normalized
spidergrams for the meta-plagiogranite host rocks, the meta-mafic enclave and the
enclave-free meta-plagiogranites. Normalization values are after Taylor and McLennan
(1985).

Fig. 8. Sr vs. Nd isotope ratio plots of the meta-plagiogranite host rocks, the meta-mafic
enclave and the enclave-free meta-plagiogranites. The Sr and Nd isotope ratios of
geochemical reservoirs are after White (2007).
on the basis of the SHRIMP zircon U–Pb ages obtained in this study
and by Li et al. (1994). The initial Sr and Nd values of the meta-mafic
enclave are similar to those of its host meta-plagiogranites (87Sr/
86Sr=0.7023 and εNd(T)=6.2; (Fig. 8)). The mafic enclave-free
meta-plagiogranite has 87Sr/86Sr ratios between 0.7037 and 0.7045
and an εNd(T) between −1.22 and −1.28 (Fig. 8).

5.3. SHRIMP age dating results for zircons

U–Pb analyses were conducted by the SHRIMP method on zircon
grains separated from one enclave-bearing meta-plagiogranite sample
(Sample JX154). The results are presented in Table 5. Zircon grains are
usually either elongated or display short prisms and range in size from
100 to 500 μm. They are colorless to light brown, transparent and
euhedral with well-developed concentric oscillatory zoning, indicating
amagmatic origin (Fig. 9a). Among 15 spots analyzed, eight concordant
points give a weighted mean 206Pb/238U age of 970±21 Ma (Fig. 9b).
Other discordant points were not considered since they were inter-
preted to reflect to the disturbance of the U–Pb isotopic system i.e.
multiple Pb loss during later-stage deformational events which may
account for the younger ages (Li et al., 1994). The result corresponds
well with the 968±23 Ma age previously obtained by Li et al. (1994).

6. Discussion

6.1. Metamorphic processes and primary magmatic mineral paragenesis
of high-pressure rocks

The mineral assemblages and textures of the meta-plagiogranite
host rock, the meta-mafic enclave and the mafic enclave-free meta-
plagiogranite have undergone recrystallization during LT/HP meta-
morphism. The relevant PTconditions were estimated to be ca.12 kbar
at 300–400 °C (Zhou, 1997; Gao, 2001). The critical mineral
assemblages in the meta-mafic enclave and the host meta-plagio-
granites have preserved the textures revealing the metamorphic
process. The jadeite and rutile inclusions in albite and titanite
respectively in the meta-plagiogranites are considered to represent
peak-metamorphic conditions. Albite, magnesio-riebeckite, aegirine-
augite and the titanite rims of rutile are related to post-peak



Table 5
U–Pb isotopic data obtained by SHRIMP method for zircons from meta-plagiogranite host rocks.

Grain spot U
(ppm)

Th
(ppm)

206Pb⁎
(ppm)

232Th/
238U

206Pbc
(%)

238U/
206Pb

±1σ 207Pb⁎/
206Pb⁎

±1σ 207Pb⁎/
235U

±1σ Age (Ma)
206Pb/238U ±1σ 207Pb/206Pb ±1σ 208Pb/232Th ±1σ

JX15-4-1.1 104 79 14.6 0.79 4.57 6.456 3.2 0.0708 17 1.51 18 928 27 951 358 870 137
JX15-4-2.1 508 618 12.3 1.26 – 38.52 3.5 0.0125 147 0.045 148 165.2 5.7 – – 73 22
JX15-4-1.2 106 77 16.1 0.75 1.54 5.9 3.1 0.0513 20 1.198 21 1009 29 253 471 778 128
JX15-4-1.3 168 14 18.5 0.09 4.87 8.365 3.1 0.0524 12 0.864 12 728 22 303 270 – –

JX15.4-1.4 82 53 11.7 0.67 5.04 6.41 3.3 0.0634 25 1.363 25 935 29 721 522 878 161
JX15-4-3.1 134 124 18.9 0.95 1.81 6.24 2.8 0.067 10 1.481 10 958 25 839 200 927 61
JX15-4-4.1 287 227 41.1 0.82 0.95 6.113 2.6 0.0693 5.8 1.562 6.3 977 24 906 118 905 49
JX15-4-5.1 103 77 11.8 0.77 3.53 8.057 3.4 0.0323 46 0.553 46 754 25 – – 549 124
JX15-4-4.2 212 32 33.6 0.15 1.56 5.591 2.8 0.0546 12 1.347 12 1061 28 397 262 384 376
JX15-4-6.1 147 101 21 0.71 – 6.16 2.8 0.0616 11 1.378 12 970 25 659 242 448 104
JX15-4-7.1 41 12 6.2 0.3 7.78 7.045 5.6 – – – – 856 45 – – – –

JX15-4-8.1 63 20 8.9 0.32 3.09 6.484 3.5 0.0488 33 1.038 33 925 30 138 764 426 381
JX15-4-9.1 72 28 10.9 0.4 6.48 6.11 3.5 0.0686 24 1.548 24 977 31 887 488 860 322
JX15-4-10.1 171 49 20.1 0.3 1.13 7.572 2.8 0.0618 11 1.126 11 800 21 669 237 383 163
JX15-4-11.1 142 218 13.3 1.59 – 9.816 3.2 0.0503 26 0.706 26 625 19 207 602 227 50

Pbc Pb⁎ indicate the common and the radiogenic portions respectively; the common Pb corrected using measured 204Pb.
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metamorphism. The augite rims of aegirine-augites, the winchite,
barroisite and actinolite alteration rims and matrix apatite were the
youngest retrograde products. On the other hand, the ilmenite
inclusions in rutile and amphibole, the Mg–Fe–Mn amphibole and
riebeckite inclusions in albites or aegirine-augites and high anorthite-
bearing plagioclase, apatite inclusions in albites possibly represent
relics of the former magmatic mineral paragenesis.

Although themineral modal abundances of themeta-plagiogranite
host rocks and the meta-mafic enclave are quite variable (Table 1),
theirmineral parageneses are similar. Both themeta-mafic enclave and
meta-plagiogranite host rocks are interpreted to have had the same
primary magmatic mineral paragenesis consisting of plagioclase+
hornblende+apatite+monazite+ilmenite+zircon. However, the
plagioclase modal amount in the meta-mafic enclave is much lower,
while the hornblende and apatite mineral abundances are higher
compared with those of the meta-plagiogranite host rocks.

6.2. Generation of the adakitic signature

The enclave-bearing meta-plagiogranite has a chemical composi-
tion similar to that of modern adakites (Drummond et al., 1996;
Fig. 9. (a) Representative cathodoluminescence images of zircon grains from the meta-pl
plagiogranite host rocks.
Martin,1999), with highMg# (53.5) as well as high Al2O3 (15.86 wt.%)
and Sr (485 ppm) and a positive Eu-anomaly. The high Sr/Y (238) and
(La/Yb)N (35) ratios and low Y and Yb contents (2.33 and 0.210 ppm,
respectively) seem to indicate garnet to be a refractory phase. In the
(La/Yb)N–YbN and Sr–Y diagrams, all meta-plagiogranite host rocks
plot into the adakite field (Fig. 10a and b). This is in agreement with
the results of Li and Li (2003), who interpreted the adakitic signature
to be due to melting of subducted, spilitized oceanic crust at pressures
high enough to stabilize garnet and amphibole. The high εNd(970Ma)
between 6.6 and 7.4, supports a MORB source for these meta-
plagiogranites (Fig. 8). However, low 87Sr/86Sr (0.7026 to 0.7027)
precludes melting of subducted, spilitized oceanic crust since altered
oceanic crust from both modern oceanic floor and ophiolite suite has
higher 87Sr/86Sr from 0.70364 to 0.70744 (e.g. Coleman, 1977;
Staudigel et al., 1995).

As noted earlier themeta-mafic enclave has low 87Sr/86Sr (0.7023)
and εNd(970 Ma) (6.2) values similar to those of the meta-
plagiogranite host rocks (Fig. 8). This suggests that both the enclave
and the host rocks were generated from the same depleted mantle
source. Compared with the meta-plagiogranite host rocks, the meta-
mafic enclave has a negative Eu anomaly, lower Sr/Y (15) and (La/
agiogranite host rocks, (b) U–Pb concordia diagram for zircon grains from the meta-



Fig. 10. (La/Yb)N vs. YbN (a; Martin, 1986) and Sr/Y vs. Y (b; Drummond and Defant, 1990) diagrams for the meta-plagiogranite host rocks, the meta-mafic enclave and the enclave-
free meta-plagiogranites.
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Yb)N (5) ratios and higher concentrations of all HREEs, and plots into
the island arc rock field (Fig. 10a and b). These compositional
characteristics are complementary to those of the meta-plagiogranite
host rocks, and combined with the similar isotopic signature suggest
that these rocks share a genetic relationshipwith themeta-mafic enclave.

Generally, three types of mafic magmatic enclaves have been
recognized in granite intrusions: residues of crustal rock melting (i.e.,
restite model), cognate segregation (i.e., autolith model) and mafic
end-members resulting from magma mixing (i.e., magma mixing
model)—(Barbarin and Didier, 1991). The magma mixing model can
be excluded in the present study since the mafic-enclave and the
meta-plagiogranites were derived from the same source as is
indicated by the Sr and Nd isotopic data. Although the generation of
the granites through the melting of subducted, spilitized oceanic crust
seems to be precluded by the low 87Sr/86Sr value, the meta-
plagiogranite host rocks could still have been generated by the
melting of unaltered oceanic basalts represented by the meta-mafic
enclave. However, the major and trace elements of the meta-
plagiogranite host rocks and meta-mafic enclave do not display any
correlation (Fig. 6) arguing against the restite model (cf. Chappell and
White, 1991). In addition, garnet and hornblende have been suggested
to represent residual phases during the generation of adakiticmagmas
related to melting of a basaltic rock at relatively high pressure (e.g.
Defant and Drummond, 1990; Martin, 1999). The experimental results
on metabasalts further suggest that adakitic magmas are generated
by partial melting of a wet mafic protolith in the garnet stability field
(e.g., Rapp et al., 1991). The meta-mafic enclave in this study is
predominantly composed of recrystallized amphibole, clinopyroxene,
titanite and apatite. This mineral assemblage indicates that the meta-
mafic enclaves were not generated in the garnet stability field and
thus excludes the restite model. In summary, the textural, miner-
alogical and geochemical data do not support the restite model in
which the meta-mafic enclave is the residual phase and the meta-
plagiogranite host rock is the product of melting of the oceanic crust.

The isotopic andmineralogical similarity of themafic-enclave and
the host rocks rather suggests a coeval and cognate relationship
based on the early crystallization or aggregation of mafic and
accessory minerals as in the autolith model (e.g., Barbarin and
Didier, 1991). This is further supplemented by the elongated and
lenticular shape of the meta-mafic enclaves and their gradational
contacts to the host rocks (Fig. 2a), which are very similar to those of
typical ‘schlieren’ (Didier and Barbarin, 1991; Best, 2003). Although
the mineral modal abundances of the meta-mafic enclave and the
meta-plagiogranite host rocks are variable (Table 1), the meta-
morphic and the deduced primary magmatic mineral assemblage are
similar. Therefore, the meta-mafic enclaves are regarded as schlieren
in the meta-plagiogranite host rocks. In summary, the mineralogical,
textural and isotopic data support the autolith model for the
generation of the meta-mafic enclaves, whereby they resulted from
the crystallization of hornblendes and accessory minerals (apatite
and ilmenite) from the same magma source of the meta-plagio-
granite host rocks (see below).

The unfractionated REE distribution pattern of the meta-mafic
enclave and the strongly REE fractionated pattern of host meta-
plagiogranites are complementary (Fig. 7a) and indicate that
fractional crystallization was involved during the formation of the
meta-mafic enclave and the meta-plagiogranite host rocks. The
segregation of minerals into the enclave is thought to have caused
its HREE and Y enrichment and the corresponding depletion of these
elements in the meta-plagiogranite host rocks. Mass balance calcula-
tions for Sr, Nb, Y, and Yb are based on the trace element
concentrations of the whole rocks and minerals (Sample JX158b;
Tables 3 and 4) and the modal amounts of minerals in the enclave
(Table 1). The results (Fig. 11) indicate that the Y and Yb are hosted in
amphibole, apatite and titanite; Nb in rutile, titanite and amphibole
and Sr in plagioclase, amphibole and titanite. For example, Na-
amphibole in the meta-mafic enclave displays ca. 25% Y and 48% Yb,
apatite ca. 28% and 19% and titanite ca. 37% and 33%. However, Na-
amphibole, albite, apatite and titanite in the meta-mafic enclave are
metamorphic minerals, which (re)crystallized from the primary
magmatic assemblage hornblende+plagioclase+apatite+ilmenite+
monazite+zircon during LT–HP metamorphism.

Therefore, the generation of the adakitic signature (i.e., low Y and
Yb contents, high Sr/Yand La/Yb ratios) in the enclave-bearing meta-
plagiogranites is thought to have been controlled by fractional
crystallization of primary magmatic hornblende and apatite/ilmenite
from the granitic parent magma. A plagioclase-controlled fractiona-
tion would decrease Sr and SiO2 contents (Castillo et al., 1999;
Garrison and Davidson, 2003; Petrone and Ferrari, 2008). The MgO
and Ni concentrations of the meta-adakitic granite host rocks are
almost constant with increasing SiO2, indicating that orthopyroxene
and olivine were not involved in the fractional crystallization process.
Quantitative modeling has been employed to interpret the generation
of Quaternary adakitic volcanics from parent basaltic magma (Castillo
et al., 1999; Garrison and Davidson, 2003; Petrone and Ferrari, 2008).
However, in the present study the investigated rocks have a
metamorphic mineral assemblage which makes it impossible to
deduce the exact modal amount of primary magmatic minerals or to
identify a possible protolith rock.

6.3. Tectonic environments and origin of high-pressure metamorphic
rocks

Plagiogranites are usually a minor leucocratic component of most
ophiolite complexes (e.g. Coleman, 1977; Floyd et al., 1998) or are
exposed as small intrusive bodies spatially related to island-arc



Fig. 11. Diagram showing the mass balance calculation results for Sr, Nb, Y, and Yb of the
meta-mafic enclave (Sample JX 158b). Calculation was based on the trace element
concentrations of whole rocks (Table 4), average trace element concentrations of
minerals (Table 3) and modal abundance of minerals (Table 1).
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granitoids in the axial part of volcanic arcs (e.g. Pavlis et al., 1988;
Maeda and Kagami,1996; Luchitskaya et al., 2005). The former usually
occur as veins, dykes or small bodies and always show an intimate
relationship with the surrounding gabbros, sheeted diabase dykes or
pillow lavas and breccias (Bebien, 1991; Floyd et al., 1998). The latter
usually intrude into other granitoids, volcanic rocks or sedimentary
sequences of an island-arc volcanic belt (e.g. Luchitskaya et al., 2005).
Li and Li (2003) negated the possibility that the Xiwan meta-
plagiogranites were formed by extensive fractional crystallization of a
Fig. 12. Tectonic discrimination diagrams for the meta-plagiogranite host, the meta-mafic enc
Y vs. Nb (b).
basaltic magma as a leucocratic component of ophiolite complexes (e.g.,
Floyd et al., 1998). They further dismissed a generation related to
anatexis of amphibolites near a spreading center as shear-type granites
(Pedersen and Malpas, 1984) or of the sedimentary rocks beneath
ophiolite thrust sheets as obduction-type granites (Skjerlie et al.,
2000).

Various kinds of exotic blocks comprising a gabbroic, MORB-type
basaltic, island-arc type basaltic diabasic, dioritic and chert-like composi-
tion are present in the NE Jiangxi ophiolitic mélange, (Zhou, 1989; Shu
and Zhou,1988; Shu et al., 1995; Chen et al., 1991; Xu et al., 1992; Li et al.,
1997). In addition high-pressure adakitic meta-plagiogranite (Zhou,
1997; Li and Li, 2003), meta-non adakitic plagiogranite and obduction-
type leucogranitic blocks (Li et al., 2008)were reported from this locality.
Although the formationof themeta-plagiograniteprotoliths tookplace in
the Neoproterozoic (at ca. 970 Ma; Li et al., 1994 and this study), the
formation of the mélange belt is poorly constrained. The ca. 880 Ma
obduction-type granites may provide a petrological constraint on the
timing of the ophiolite obduction onto the continental crust (Li et al.,
2008). It should be noted that the Xiwan high-pressure meta-
plagiogranite may have been introduced into the serpentinite matrix
after high-pressure metamorphism (at ca. 866–799 Ma; Hu et al., 1993;
Shuet al.,1994). Thegeneration of the plagiogranites cannot be related to
theophiolite suite sincenogabbros, sheeteddiabasedykesorpillow lavas
and breccias were observed as country rocks of the meta-plagiogranites.
In addition, the structure of the meta-mafic enclaves and the meta-
plagiogranite host rocks differs from that of the enclaves occurring in
typical ophiolitic plagiogranite (Bebien, 1991).

As discussed earlier, the enclave-free meta-plagiogranite plots into
the field of classic island arc rocks in the Sr–Y diagram (Fig. 10b). Their
high 87Sr/86Sr ratios (0.7037–0.7045) and εNd(970Ma) values (−1.22
to −1.28) suggest significant crustal reworking or contamination by
subducted sediments, continental crusts, or fluids derived from the
dehydration of sediments. Both the enclave-free meta-plagiogranites
and the meta-plagiogranite host rocks are volcanic arc-type granite in
the Rb–Y+Nb and Nb–Y diagram (Fig. 12; Pearce et al., 1984). The
87Sr/86Sr ratios and εNd(970 Ma) values of the meta-mafic enclave
and the meta-plagiogranite host rocks indicate the generation from a
depleted mantle source without a contribution from continental
components. The upper mantle wedge beneath the Neoproterozoic
island arc along the southern margin of Yangtze block (Li et al., 1997)
may be a suitable source for the generation of the parent basaltic
magmas for these rocks. During the ascent of such magmas, fractional
crystallization of hornblende and accessory minerals such as apatite
may have controlled the decrease of Yand Yb concentrations in certain
parts of the magma and thereby created the adakitic signature of its
host rock (i.e. enclave-bearing meta-plagiogranite).
lave and the enclave-free meta-plagiogranite (Pearce et al., 1984). Y+Nb vs. Rb (a) and
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7. Conclusion

1. The high-pressure metamorphic rocks which are exposed within
the NE Jiangxi ophiolitic mélange consist of enclave-bearing and -
free meta-plagiogranites.

2. The enclave-bearing meta-plagiogranite host rock has a chemical
composition similar to that of modern adakites with high Al2O3 and
Sr contents as well as a high Mg number. Strongly fractionated REE
pattern ((La/Yb)N N12) are associated with low Y and Yb concen-
trations and a positive Eu-anomaly. The meta-mafic enclave has a
basaltic composition with higher concentrations of REEs and Y. The
composition of the enclave-free meta-plagiogranite resembles that
of classic island arc rocks. Both the mafic enclave and the meta-
plagiogranite host rocks have low 87Sr/86Sr and εNd(970 Ma)
values indicating derivation from a depleted mantle source. The
enclave-free meta-plagiogranite has relatively higher 87Sr/86Sr and
negative εNd(970 Ma) values suggesting contamination by con-
tinental crust.

3. The meta-mafic enclaves are interpreted to represent ‘schlieren’
which were formed by early fractional crystallization of accessory
minerals and hornblende, thereby generating the adakitic signa-
ture in the meta-plagiogranite host rocks.

4. The granitic magma was derived from a basaltic parental melt
generated from the mantle wedge beneath the Neoproterozoic
island arc along the southern margin of Yangtze block. Therefore,
adakitic rocks may be produced by means of fractional differentia-
tion of island arc basaltic magmas.
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