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High-Mg diorites were discovered in the southern part of the ca. 830 Ma Dongma Pluton, northern Guangxi
Province of southern China. The diorites (SiO2 = 59–65 wt%) are characterized by high MgO (6.7–8.9 wt%)
contents and Mg-number [Mg# = 100 × Mg/(Mg + Fe)] (69–73), in contrary to the associated medium-Mg
(MgO = 3.4–3.8 wt%, Mg# = 59–63) granodiorites in the Dongma main body and the low-Mg (MgO =
1.4–1.9 wt%, Mg# = 46–51) granodiorites in the Bendong Pluton to the north. Moreover, the high-Mg diorites
show surprisingly high Cr (595–640 ppm) and Ni (171–194 ppm) concentrations, which are beyond the ranges
of most coeval mafic rocks in the study area. Correspondingly, chromite crystals were separated from the high-
Mg diorites and some of the medium-Mg granodiorites, and they show high Cr# [100 × Cr/(Cr + Al)] (average
of 75), but low Mg# (0.34–2.51) and low Fe3+. The decoupling of Cr# and Mg# and the existence of quartz +
apatite mineral inclusion in chromites suggest Mg-Fe exchange that may be facilitated by the disequilibrium re-
sulted frommagmamixing. The high-Mg diorites show low La/Yb (6.8–8.5) and Sr/Y (2.1–3.1) ratios, significant
negative anomalies of Nb and Ti and positive anomaly of Pb, resembling the Setouchi high-Mg andesites, despite
of their relatively low Sr (71–100 ppm). All of the studied diorites and granodiorites show enriched Nd isotope
compositions, with εNd(t) values (−3.2 to −5.9) a bit higher than some of the associated mafic rocks. Some of
the high-Mg diorites showwhole-rock εHf(t) (−6.0 to−6.2) coupled with Nd isotopes, similar to the associated
mafic-ultramafic rocks in northern Guangxi, suggesting the metasomatism by melts of subducting sediments in
themantle source.Whereas, others show decoupled Nd-Hf isotopes that are similar to themedium- and low-Mg
granodiorites [εHf(t) = −1.8 to +0.05], probably indicating the late magma mixing with granitic magmas at a
crustal level for the dioriticmagmas.We propose a two-stagemodel for the petrogenesis of the high-Mg diorites:
1) the mantle source was firstly metasomatized by melts from partial melting of subducting terrigenous sedi-
ments to form the enriched Nd-Hf isotopic characteristics; and then 2) the mantle-derived high-Mg mafic
melts mixed with the crust-derived low-Mg granitic melts to form the high-Mg diorites andmedium-Mg grano-
diorites. The occurrence of high-Mg diorites implies the existence of Neoproterozoic subduction-relatedmetaso-
matism in the western part of the Jiangnan orogen.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

High-Mg intermediate magmas (including andesites and diorites)
are crucial to understanding the growth of continental curst that
shows andesitic bulk composition (Rudnick and Fountain, 1995;
Taylor andMcLennan, 1981). Over the past few decades, a considerable
number of studies have been made on the petrogenesis of high-Mg an-
desites (HMAs) (e.g., Tatsumi, 2006 and references therein; Qian and
neral Deposits Research, School
njing 210093, China. Tel.: +86
Hermann, 2010; Wood and Turner, 2009). The elevated MgO contents
and Mg-number (Mg#) compared to normal andesites suggest that
HMA magmas may be primitive and represent near-primary mag-
mas produced in equilibrium with the Earth’s mantle (Tatsumi et al.,
2006), whereas most andesites are derived from parental basaltic
magmas via complex and variable processes such as crystallization
differentiation, crustal contamination, anatexis of pre-existing basaltic
crust and magma mixing (e.g., Couch et al., 2001; Gill, 1981; Grove
et al., 2003; Hildreth, 1981; Hunter, 1998; Sakuyama, 1981; Tatsumi
et al., 2002; Temel et al., 1998).

The occurrence of HMAs has been reported, for example, in the
Bonin Islands, Baja California, Piip volcano in W Aleutians, and the
Setouchi volcanic belt in SW Japan (e.g., Kuroda et al., 1978; Saunders
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et al., 1987; Tatsumi and Ishizaka, 1981; Yogodzinski et al., 1994), and
they were generally named into four types, respectively, based on
their unusual chemical and petrographic signatures in different areas:
boninites (Kuroda et al., 1978), bajaites (Rogers et al., 1985), adakites
(Defant and Drummond, 1990; Kay, 1978), and sanukitoids (Koto,
1916; Tatsumi and Ishizaka, 1981). The four types of HMAs are all relat-
ed with subduction environments, requiring a melting of residual
mantle or subducting oceanic crust, (Crawford et al., 1989; Defant and
Drummond, 1990; Macpherson and Hall, 2001; Saunders et al., 1987;
Shimoda, 2009; Shimoda et al., 1998; Stern and Kilian, 1996; Taylor
et al., 1994; Yogodzinski et al., 1994, 1995) at convergent platemargins,
implying a hot slab subduction (e.g., Tatsumi andMaruyama, 1989). The
high geothermal gradients necessary for producing HMA magmas
would have been satisfied more commonly in the Archean than at
present. Indeed, Archean high-Mg diorite and volcanic equivalents,
and Archean analog of Cenozoic HMAs, are present in the Superior
Province and Pilbara Craton and were named ‘Archean sanukitoid’
(Shirey and Hanson, 1984; Stern et al., 1989). However, Archean high-
Mg diorites are volumetrically minor, and 60%–70% (Condie, 1981) of
exposed Archean continental rocks are composed of Archean TTG series
that formed during subduction by partial melting of hydrated oceanic
crust transformed into garnet amphibolite or eclogite, geochemically
similar to modern ‘adakites’ proposed by Defant and Drummond
(1990). Therefore, the role of high-Mg andesiticmagma in the continen-
tal crust growth is greatly discussed (e.g., Kawabata and Shuto, 2005;
Qian and Hermann, 2010; Tsuchiya et al., 2005) and the relations with
associated medium- to low-Mg igneous rocks remain to be resolved.

The HMA magmas solidify as high-Mg diorites when they intrude
into lower tomiddle crust. However, not all of high-Mg diorites are nec-
essarily solidified from HMA magmas because their intrusive feature
suggests alternatively the possibility of the mafic cumulates solidified
from a different magma to the HMAs. The primary high-Mg diorites
have the same geological implications as the HMAs and need to be con-
firmed by coupled geochemical indicators of whole rock compositions
and mineral chemistry (Kamei et al., 2004). Besides the Late Archean
times, high-Mg diorites have been widely observed in the Cenozoic
and Mesozoic blocks/cratons and their petrogenesis has been discussed
in terms of four main models: (1) partial melting of enriched mantle
(Tatsumi, 1982; Tatsumi and Ishizaka, 1981), (2) interaction of sub-
ducting slab-derived adakitic melts and mantle wedge (Tatsumi et al.,
2006; Tsuchiya et al., 2005), (3) partialmelting of delaminated thickened
lower crust (Gao et al., 2004; Moyen et al., 2003; Rapp et al., 2010; Xu
et al., 2010; Yogodzinski et al., 1995), and (4) interaction of felsicmagmas
with ultramafic rocks at crustal level (Qian and Hermann, 2010). In con-
trary to the huge documentation on Cenozoic HMA and their Archean
analogues, rare Neoproterozoic high-Mg diorites have been investigat-
ed (e.g., Zhao et al., 2010) and the subducting slabs at the time are com-
monly considered not very hot.More studies for the high-Mg diorites of
that periodwill shed light on the petrogenesis of HMAs and continental
crust growth.

In this work, we gave a synthetic geochemical study on the Neopro-
terozoic (ca. 830 Ma) high-Mg diorites in the western part of the
Jiangnan orogen (Wang et al., 2007; Zhou et al., 2009) that separates
the Yangtze Block from the Cathaysia (Fig. 1a). A petrogenetic link
between the diorites and the associated medium- to low-Mg granodio-
rites is investigated and their tectonic implications for the Neoprotero-
zoic subduction in the western part of the Jiangnan orogen are also
discussed.

2. Geological background

The nearly W-E-trending Jiangnan orogen divides the South China
Block (i.e., southern China) into the Yangtze Block to the northwest
and the Cathaysia Block to the southeast (Fig. 1a). It is composed
mainly of Neoproterozoic igneous (ca. 960–750 Ma) and sedimentary
(ca. 860–750 Ma) rocks (including the ‘basement sequences’ and the
‘overlying sequences’) metamorphosed to low-greenschist facies
(Wang et al., 2014). The orogenic belt can be divided into two parts
(eastern and western). The crust in the eastern segment is character-
ized by depleted Nd and Hf isotopes, while the western part is fea-
tured by enriched isotopic compositions (Wang et al., 2014). The ca.
960–860 Ma arc volcanic rocks and associated ophiolites were only
found in the eastern part and the Neoproterozoic magmatism in the
western part formed at ca. 830–800 Ma (Li et al., 2003a,b; Wang et al.,
2006; Zhou et al., 2009) and 770–750 Ma (Wang et al., 2008; Zhou
et al., 2007). The northern Guangxi Province is just located at the west-
ernmost end of the Jiangnan orogen and consists of most Neoprotero-
zoic igneous rocks in the western part of the Jiangnan orogen.

In the Baotan area of northern Guangxi (Fig. 1b), calc-alkaline mafic
rocks are coeval with peraluminous (aluminum saturation index N 1.1)
granitic rocks, with an age peak of ca. 820 Ma (Li et al., 2003b; Wang
et al., 2006; Zhou et al., 2004). The granitic rock is the dominant rock
type and can be divided into two main groups: coarse-grained biotite
granite and medium- to fine- grained granodiorite (Ge et al., 2001a;
Qiu et al., 2002; Wang et al., 2006). The biotite granites intruded the
granodiorites although their zircon U-Pb ages may be indistinguishable
within analytical errors. This intrusive relationship is evident at the con-
tact zone between the Sanfang Pluton (biotite granite) and the Bendong
Pluton (granodiorite) as seen in the field sketch Fig. 2 of Wang et al.
(2006).

The Dongma Pluton intrudes the slate and phyllite of the ‘basement
sequences’ (i.e., the Sibao Group) in the study area. It is just in contact
with the southernmost margin of the Bendong Pluton (Fig. 1c) but the
contact zone is not clear due to the poor outcrop. Wang et al. (1982)
considered the Dongma Pluton as a composite composed of some intru-
sions to the south of the Bendong Pluton, associated with some
hornblendites that intruded into the Sibao Group. The main rock types
of the Dongma Pluton are granodiorite and tonalite. The tonalite
(i.e., the high-Mg diorites of this study) is distributed at the southern
part of the Dongma Pluton (Fig. 1c) and sporadic major element analy-
ses of the high-Mg diorites have been shown in the published refer-
ences (Sun, 1982; Wang et al., 1982, 2006; Zhao et al., 1987). Recent
in situ U-Pb zircon dating suggested that the diorites formed at 837 ±
7Ma (Wang et al., 2014), consistent with the ages of other Neoprotero-
zoic granodiorites in the area.

3. Analytical methods

Electronic microscope composition and Backscatter Electron (BSE)
images were obtained with a JEOL JXA-8230 electron microprobe at
The Analytical Center of Shandong Bureau of China Metallurgy and
Geology. The analyses were performed under an accelerating voltage
of 15 kV and an electric beam of 10 nA focusing on a spot of 5 μm in di-
ameter (1 μm for smallerminerals). Analytical precisions of the analyses
are better than 0.1 wt%. The Fe3+ concentrations were calculated in ac-
cordance with spinel stoichiometry.

The samples were powered carefully to make grain size less than
200 meshes (equal to 74 μm) and then are ready for analyzing.
Whole-rock major elements were analyzed using a Thermo Scientific
ARL 9900 X-ray fluorescence spectrometer (XRF) at the State Key Labo-
ratory for Mineral Deposits Research (MiDeR), Nanjing University
(NJU). The analytical precision is generally less than 2%. Whole-rock
rare earth and other trace elements were analyzed using an ICP-MS
(Finnigan MAT-Element II) instrument at MiDeR-NJU. Each sample
was precisely weighted 30 mg and then was put into a 15 ml Savillex
digestion vessel. After being dissolved by HNO3 and the injection of
1 ml 500 ng/ml internal standard Rh solutions, the samples are ready
for analyzing. Analytical precision formost elements by ICP-MS is better
than 5%.

The Sr-Nd-Hf isotopes were determined using a Neptune (plus)MC-
ICP-MS (Finnigan MAT Triton TI) at MiDeR-NJU, following the methods
similar to Chu et al. (2009) and Yang et al. (2010). For Sr-Nd isotopes,
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Fig. 1. Geological map of (a) southern China Block; (b) Bendong and Dongma plutons (modified after GXRGST, 1987, 1995). NCC, North China Craton; QL-DB belt, Qinling-Dabie belt.
1, first-stage diorites and granodiorites; 2, second-stage biotite granites; 3, Neoproterozoic mafic volcanic rocks; 4, Neoproterozoic mafic rocks; 5, Neoproterozoic ultramafic rocks;
6, Neoproterozoic Sibao Group; 7, Neoproterozoic Danzhou Group; 8, Sinian to Quaternary system; 9, faults; 10, sampling location.
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about 50–100mg of powdered samplewas dissolved and purified. NIST
SRM-987 and JNdi-1-Nd were used as reference standards, yielding
average 87Sr/86Sr ratio of 0.710251 ± 13 (n = 4, 2sd) and 143Nd/144Nd
ratio of 0.512106 ± 0.000016 (n = 3, 2 sd), identical to certified value
of 0.71034 ± 0.00026 (NIST certificate) and in agreement with the
commonly accepted value of 0.71025 ± 0.00026 (e.g., Nyquist et al.,
1994; Stein et al., 1997). The εNd(t) values were calculated based
on the Nd isotopic compositions of 143Nd/144Nd (CHUR) = 0.512638
and 147Sm/144Nd (CHUR) = 0.1966 for CHUR (Carlson et al., 2007;
Hamilton et al., 1983; Jacobsen and Wasserburg, 1984). For the Hf iso-
tope analyses, about 50 mg of powdered sample was placed in a stain-
less lined PTFE bomb, and 1 ml of HF and 1 ml of HNO3 were added to
dissolve the samples. 500 ng of Re was added as an internal standard.
0.4 mL of 3 mol/L of HCl was pipetted into a 15 ml centrifuge tube and
make up to 8 ml for measuring the concentration of Lu (175Lu) and Hf
(178Hf) by ICP-MS using Re as internal standard. The remnant solution
was loaded onto a pre-conditioned 0.5 mL Ln Spec resin column. The
matrix elements (including Ti) and Rare Earth Elements (including Lu
and Yb) were eluted with 20 ml of 6 M HCl + 0.5% H2O2. Finally, Hf
(+Zr) was extracted from the columnwith 5 mL of 2 MHF and collect-
ed in a 10mL PFA beaker. The solutionwas gently evaporated to dryness
and dissolved with 1 ml of 5% HNO3. The average value of the standard
JMC-475 is 0.282159 ± 14 (n = 7, 2sd).
4. Petrography and Mineralogy

The high-Mg diorites are fine-grained with plagioclase, biotite and
quartz as the dominant minerals (Table 1). Plagioclase is mainly re-
placed by sericite, and biotite is replaced by chlorite with Fe-oxide pre-
cipitation within the biotite (Fig. 2a). The medium-Mg granodiorites
have similar mineral assemblage (Table 1) and alterations in minerals
(e.g., plagioclase and biotite), but the quartz minerals are relatively big
(versus the recrystallization of quartz in the high-Mg diorites) in size
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(Fig. 2b). The electron microscope analyses for representative minerals
are shown in Table S1–2 in Appendix.
4.1. Plagioclase

Plagioclase crystals in the studied three types of rocks are mostly al-
tered. Some of themwere transformed to albite and are spatially associ-
ated with other secondary minerals (e.g., ilmenite, chlorite, sericite).
The altered plagioclases have decreased CaO (0.2–1.8wt%) and elevated
FeO (0.08–0.37wt%) andNa2O (7.7–10.7wt%) contents relatively to the
primary plagioclase (Table S1). In contrast, fresh plagioclase domains
mostly show CaO of 3.1–5.7 wt%, yielding anorthite (An) composition
ranging 15 to 28, indicating oligoclase in the fresh diorite and granodi-
orite rocks. One analysis from the core of one plagioclase gave An of
62 (Table S1), indicating normal zonings in the mineral.
4.2. Biotite

Biotite in the high-Mg diorites is mostly altered to secondary chlo-
rite, in which MgO contents are up to 22 wt%. However, the secondary
chlorite in the medium-Mg granodiorites has relatively low MgO
contents (5.9–6.7 wt%). They have high Al2O3 (30.7–32.6 wt%) and
low FeO (1.5–2.6 wt%) and MgO (1.5–2.2 wt%) contents, yielding Fe-
numbers ([100 × Fe2+/(Fe2+ + Mg2+)]) of 29–42 (Table S1). No bio-
tites from low-Mg granodiorites were analyzed.
Table 1
Percentage (%) of minerals in the studied rocks.

Rock type Pluton Sample Quartz Feldspar Biotite

High-Mg diorite Dongma 04-DM-20 20 50 15
High-Mg diorite Dongma 04-DM-21 25 43 15
Medium-Mg granodiorite Dongma 11GB-4-1 35 45 15
Medium-Mg granodiorite Dongma 11GB-5-1 35 50 7
Medium-Mg granodiorite Dongma 04-DM-22 30 50 12
Medium-Mg granodiorite Dongma 04DM-24 30 50 15
Low-Mg granodiorite Bendong 11GB-1-1 35 50 5
Low-Mg granodiorite Bendong 11GB-1-2 40 35 13
Low-Mg granodiorite Bendong 11GB-2-1 25 57 15
Low-Mg granodiorite Bendong 11GB-2-2 30 50 13
4.3. Fe-oxides

Ilmenite is the dominant opaque Fe-oxides that are commonly asso-
ciated with chlorite and other secondary minerals. The analyzed ilmen-
ites from the high-Mg diorites and medium-Mg granodiorites show
TiO2 of 47.9–52.9 wt% and total FeO of 40.7–47.9 wt% (Table S1). They
also have minor MnO (1.2–4.3 wt%) and MgO (0.02–1.2 wt%). Some il-
menite minerals are surrounded by or associated with perovskite
(Fig. 3a, b) which does not generally occur in diorite and granodiorite.
The SEM images suggest the perovskites are not euhedral, but as the
surroundings of the ilmenite, or as patches within the ilmenite crystals
(Fig. 3a, b), indicating the formation by alteration. No magnetites were
observed during the study, suggesting theses diorites and granodiorites
are similar to typical ilmenite-type granitoids.

4.4. Chromite

Chromite minerals were separated by heavy-liquid and hand-
picking from the high-Mg diorites and some of the medium-Mg grano-
diorites. They are mostly simple in crystal texture under BSE images
(Fig. 3c, d). One chromite mineral includes a tiny inclusion composed
of quartz + apatite (Fig. 3d). There are no significant chemical varia-
tions between the chromites from the two different rock types. The
chromites can be divided into two groups according to their TiO2

concentrations. Relative to the low- TiO2 (TiO2 N 1.0 wt%) chromites,
the high-TiO2 (TiO2 b 0.5 wt%) chromites have low Al2O3 (4.0–7.6 wt%
vs. 7.7–22 wt%) and high Cr2O3 (55.7–62.4 wt% vs. 36.0–52.1 wt%). In
Sericite Chlorite Zoisite Other opaque
minerals

Alteration mineral assemblage

4 10 0 1 Sericite + Chlorite + Zoisite
10 5 0 2 Sericite + Chlorite + Zoisite
0 5 0 0 Sericite + Chlorite + Zoisite
0 7 0 1 Sericite + Chlorite + Zoisite
0 5 1 2 Sericite + Chlorite + Zoisite
0 2 3 0 Sericite + Chlorite + Zoisite
7 3 0 0 Sericite + Chlorite + Zoisite
8 1 2 1 Sericite + Chlorite + Zoisite
1 0 2 0 Sericite + Chlorite + Zoisite
0 3 4 0 Sericite + Chlorite + Zoisite
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addition, the high TiO2 chromites tend to have low FeO and ZnO and
high MgO. All the chromite minerals have high Cr-number (Cr# =
50–85, average of 75) but low Mg-number (100 × Mg2+ / (Mg2+ +
Fe2+)) (Mg#= 0.3–2.5) (Table S2).

5. Whole-rock geochemistry

5.1. Major elements

The studied rocks can be divided into three groups according to their
sampling localities and whole-rock geochemistry (Table 2; Fig. 4).
Group-1 is the high-Mg diorites (MgO = 6.7–8.9 wt%) and they are
from the southern part of the Dongma Pluton; group-2 is the
medium-Mg granodiorites (MgO = 3.4–3.8 wt%) from the Dongma
main body; and group-3 is the low-Mg granodiorites (MgO =
1.4–1.9 wt%) from the Bendong Pluton.

The high-Mg diorites show lowest SiO2 (59–65 wt%), FeO*/MgO,
Al2O3 and K2O (1.6–3.3 wt%) (Table 2; Fig. 4). They are characterized
by high MgO (6.7–8.9 wt%) concentrations and Mg-number (69–73)
(Table 2). Their TiO2 concentrations (0.43–0.56 wt%) are higher
than those of boninites and other group rocks. The high-Mg diorites
are peraluminous in geochemistry, with aluminum saturation index
(ASI = molarAl2O3/molar(CaO + Na2O + K2O)) of 1.4–2.2 (except
one sample at 1.04) (Table 2), whichmay resulted from the Camobility
during alteration.

The medium- and low-Mg granodiorites have elevated SiO2

(65–69 wt%), Al2O3 (14.5–15.9 wt%) and K2O (mostly of 2.6–4.0 wt%)
(Table 2; Fig. 4). The MgO contents of the medium-Mg granodiorites
range from 3.4 to 3.8 wt%, while the low-Mg rocks show MgO of
1.4–1.9wt% (Table 2). Correspondingly, they havehigh FeO*/MgO ratios
(1.03–2.07, versus 0.14–0.75 of the high-Mg diorites) and low Mg#
(46–63). These rocks are also strongly peraluminous (ASI = 1.2–1.7)
(Table 2).

5.2. Trace elements

The high-Mg diorites are characterized by high Cr (595–640 ppm)
and Ni (171–194 ppm) concentrations. Along with the increasing
of SiO2 contents, the Cr and Ni concentrations decrease from the
medium-Mg Dongma granodiorites to the low-Mg Bendong granodio-
rites (204–348 ppm versus 43–61 ppm, and 47–99 ppm versus
15–18 ppm) (Table 2; Fig. 4). The other difference between the high-
Mg diorites and themedium- to low-Mg granodiorites is their relatively
small negative Eu anomalies (average of 0.74 versus 0.64; Fig. 5a, b) and



Table 2
Major element contents (wt%) and trace element concentrations (ppm) in samples from the Dongma and Bendong plutons.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13

Pluton Dongma Dongma Dongma Dongma Dongma Dongma Dongma Dongma Dongma Bendong Bendong Bendong Bendong

Rock type High-Mg diorites Medium-Mg granodiorites Low-Mg graodiorites

Sample 10GB3-1 04DM-20 04DM-21 G-151 B57-12 11GB4-1 11GB5-1 04DM-223 04DM-24 11GB1-1 11GB1-2 11GB2-1 11GB2-2

SiO2 61.90 60.84 59.21 62.08 65.05 64.99 65.76 66.55 64.75 68.75 68.19 67.61 67.5
TiO2 0.48 0.56 0.54 0.46 0.43 0.44 0.44 0.46 0.43 0.32 0.37 0.39 0.36
Al2O3 13.33 13.3 13.76 12.93 12.59 15.88 15.3 15.49 15.21 15.36 14.55 15.01 15.24
Fe2O3

t 5.99 7.08 7.13 1.38 1.04 4.36 4.27 4.73 4.54 3.1 3.61 3.64 3.44
FeO 4.54 4.43
MnO 0.12 0.12 0.14 0.13 0.08 0.08 0.07 0.08 0.11 0.07 0.08 0.07 0.07
MgO 8.29 8.5 8.92 7.63 6.65 3.8 3.43 3.37 3.5 1.35 1.84 1.94 1.56
CaO 0.76 1.23 1.93 2.74 2.13 1.08 1.35 2.73 2.19 1.54 1.19 1.62 2.2
Na2O 1.48 2.1 1.05 2.38 1.75 2.22 3.24 2.75 2.58 2.88 2.73 2.5 2.9
K2O 2.02 1.55 1.97 3.26 2.24 3.3 2.68 1.94 3.01 3.97 3.99 3.86 3.7
P2O5 0.06 0.1 0.1 0.13 0.08 0.08 0.09 0.13 0.12 0.16 0.14 0.1 0.11
LOI 4.50 4.88 5.06 2.95 3.41 4.51 2.27 1.66 2.14 1.64 1.9 2.07 1.83
SUM 98.93 100.26 99.81 100.6 99.88 100.73 98.89 99.89 98.64 99.14 98.59 98.82 98.92
ASI4 2.22 1.8 1.87 1.04 1.37 1.73 1.43 1.34 1.32 1.3 1.32 1.34 1.19
Na2O + K2O 3.50 3.66 3.02 5.64 3.99 5.51 5.92 4.69 5.59 6.85 6.72 6.36 6.60
FeO⁎/MgO5 0.65 0.75 0.72 0.16 0.14 1.03 1.12 1.26 1.17 2.07 1.77 1.69 1.98
Al2O3/TiO2 27.5 23.7 25.5 28.1 29.3 35.8 35.2 33.7 35.4 48.1 38.8 38.1 42.3
Mg#6 73 70 71 70 69 63 61 59 60 46 50 51 47
Li 75.7 60.4 87.1 48.2 44.1 27.9 48.0 39.3 53.3 35.2 29.7
Be 1.74 1.64 1.16 2.31 1.85 0.98 2.06 1.85 1.64 1.94 2.09
Sc 16.8 15.9 16.4 14.0 12.6 10.5 5.56 10.8 12.8 12.7 11.8
V 68.8 113 22.6 34.7 33.9 42.8 24.3 34.4 40.3 40.0 40.1
Cr 629 640 595 241 204 343 348 46.3 61.5 51.6 43.3
Co 24.6 29.1 32.5 12.5 10.3 15.8 15.8 7.51 8.50 7.61 7.08
Ni 170 187 194 51.1 47.2 59.6 98.8 15.3 18.4 16.8 15.1
Cu 20.5 30.0 21.8 5.58 6.96 6.44 104 89.9 8.17 6.74
Zn 79.7 119 81.4 66.0 66.5 101 104 49.0 59.9 82.7 65.7
Ga 18.3 17.0 16.5 22.5 21.0 19.2 13.0 20.6 20.7 19.5 20.9
Rb 123 105 121 179 128 83.5 24.1 217 235 182 172
Sr 70.8 99.5 88.2 165 167 217 32.8 138 133 140 150
Y 22.6 37.7 42.2 20.5 21.5 22.1 13.3 22.5 22.4 24.4 24.5
Zr 155 175 132 211 191 200 186 148 152 192 178
Nb 6.57 6.83 6.15 9.98 9.49 9.87 9.97 10.2 11.7 11.1 10.6
Mo 0.63 0.41 0.29 0.47 0.62 0.61 7.6 2.75 0.20 0.21
Cd 0.26 0.16 0.27 0.24 0.25 0.18 0.22 0.30
Sn 2.14 1.87 1.85 2.74 2.62 6.63 1.08 11.7 5.31 8.76 7.20
Cs 7.66 7.22 9.80 7.40 5.74 6.47 5.78 16.2 18.1 6.59 6.21
Ba 385 225 375 522 371 383 106 339 377 542 497
La 18.9 28.0 25.6 20.5 32.3 31.7 32.6 14.8 23.9 26.4 35.5 32.9
Ce 38.2 48.3 50.9 42.3 67.7 59.8 53.7 23.6 54.4 57.9 76.6 73.5
Pr 4.35 6.78 6.57 7.28 7.71 6.99 6.42 5.10 5.6 5.88 7.73 7.41
Nd 17.5 27.5 26.1 17.5 30.2 27.2 26.0 19.4 21.7 23.1 30.3 29.3
Sm 3.62 5.91 5.89 4.14 5.39 5.11 5.48 3.95 4.31 4.37 6.19 5.66
Eu 0.87 1.28 1.66 0.85 0.95 1.01 1.16 0.78 0.9 0.86 1.17 1.20
Gd 3.55 5.99 5.86 2.95 4.72 4.42 3.95 3.51 3.82 3.96 5.25 5.05
Tb 0.51 0.88 1.16 0.79 0.64 0.62 0.64 0.57 0.58 0.59 0.72 0.67
Dy 3.76 5.97 7.48 2.27 4.23 4.02 3.62 3.19 3.66 3.99 4.80 4.27
Ho 0.83 1.38 1.52 0.62 0.78 0.86 0.82 0.59 0.78 0.79 0.95 0.96
Er 2.49 3.92 4.20 1.75 2.51 2.47 2.14 1.73 2.4 2.51 2.84 2.94
Tm 0.37 0.53 0.64 0.29 0.35 0.35 0.35 0.24 0.33 0.39 0.41 0.40
Yb 2.22 3.37 3.79 2.72 2.27 2.20 2.07 1.57 2.09 2.39 2.43 2.53
Lu 0.35 0.57 0.63 0.25 0.33 0.32 0.36 0.24 0.3 0.35 0.35 0.37
Hf 4.10 4.83 3.57 5.45 4.87 5.80 5.45 4 3.94 4.88 5.16
Ta 0.55 0.56 0.56 0.77 0.72 0.90 0.58 1.1 1.25 1.00 1.25
W 1.40 1.12 1.63 2.07 1.79 1.30 1.08 14.6 4.84 1.60 1.77
Pb 10.4 5.51 14.1 13.6 12.6 26.0 18.9 15.5 20.3 22.0 25.0
Bi 0.05 0.08 0.11 0.11 0.12 0.18 0.08 0.98 4.24 0.24 0.25
Th 6.42 8.22 7.02 10.3 9.90 12.7 6.16 8.31 8.82 12.0 12.1
U 1.29 1.42 1.41 2.21 1.94 2.27 1.07 3.11 3.64 2.63 2.60

1 Zhao et al. (1987); Fe2O3
t of this sample is just Fe2O3.

2 Sun (1982); Fe2O3
t of this sample is just Fe2O3.

3 Wang et al. (2006).
4 ASI = molarAl2O3 / molar(CaO + Na2O + K2O).
5 FeO* is the total ion shown as FeO.
6 Mg# = (Mg2+/(Mg2++Fe2+))*100.
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low (La/Yb)N ratios (4.9–6.1 versus 6.8–11.3; Table 2; Fig. 5a, b). The
other incompatible elements show similar compositions in all the stud-
ied rocks, as indicated by similar normalized REE (Fig. 5a, b) and trace
element patterns (Fig. 5c, d). These rocks are enriched in light REE
(Fig. 5a, b) and the heavy REE is not low (Yb = 2.2–3.8 ppm for the
high-Mg diorites; Table 2). All the samples show strong enrichment in
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Fig. 4. Harker diagrams showing the variation of major and trace elements versus SiO2 concentrations.
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Pb and depletions in Nb and Ti (Fig. 5c,d). In general, the high-Mg dio-
rites are geochemically similar to the Setouchi HMAs and different
from the adakites and BoninHMAs (Fig. 5c). In addition, the high-Mg di-
orites show low Sr/Y (2.1–3.1) ratios, which are significantly different
from typical adakites and boninites but similar to typical normal arc vol-
canic rocks (Fig. 6a).

5.3. Sr-Nd-Hf isotopes

The high-Mg diorites and medium- to low-Mg granodiorites show
high Rb/Sr ratios (0.77 to 1.77, except one at 0.38; Table 3), but their ini-
tial 87Sr/86Sr (ISr) ratios are slightly different. Four samples show ISr
lower than 0.700, which may have been resulted from their high Rb/Sr
ratios. The other analyses show large variation of ISr (0.7028–0.7125;
Table 3), which possibly resulted from the alteration and indicates
that the Sr isotopes may be not reliable for these analyses.

Nd isotopes also showvariationswithin the three types: thehigh-Mg
diorites show the lowest εNd(t) (−4.9 to −5.4) while the medium-
to low-Mg granodiorites tend to show lightly higher εNd(t) (−3.2
to −5.9 and −4.2 to −5.2; Table 3). Hf isotopes show contrasting
compositions between the high-Mg diorites and other granodiorites.
The high-Mg diorites show lightly higher 176Hf/177Hf (0.282440 –

0.282497) and 176Lu/177Hf ratios (0.015–0.026), yielding enriched
εHf(t) (−6.03 to −6.22, except for 11GB-3-1 at −1.96) (Table 3).
However, the medium-Mg granodiorites have 176Hf/177Hf ratios of
0.282393–0.282415 and 176Lu/177Hf ratios of 0.009–0.011, which
yielded relatively depleted εHf(t) values (−1.07 to +0.05) (Table 3).

6. Discussion

6.1. Crustal contamination versus mantle metasomatism

Since Neoproterozoic mafic rocks are developed in northern
Guangxi, it is necessary to discuss the possibility of crustal contamina-
tion of mantle-derived mafic magma to form the high-Mg diorites.
The enriched Nd-Hf isotope characteristics of the high-Mg diorites and
associated mafic rocks seem to support the possibility. Similarly, Ge
et al. (2001b) suggested that some of the mafic–ultramafic rocks in
northern Guangxi have experienced significant crustal contamination.
However, it should be noted that the contaminated crust endmember
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is yet to be determined. No sedimentary sequences older than the Sibao
Group have been found in thewestern part of the Jiangnan orogen. If we
consider the Neoproterozoic granitic rocks as the product of partial
melting of lower to middle crust, their source rocks could represent
the crust endmember. However, these granitic rocks generally show
similar Nd isotope features as the associated mafic rocks. In particular,
some mafic rocks even show more enriched Nd isotopes than the
high-Mg diorites and the granitic rocks (i.e., lower initial Nd isotope
ratios) (Table 3; Fig. 7), which suggest that the source rocks for the gra-
nitic rocks are inadequate to be the crustal endmember for contamina-
tion. If we adopt the most depleted sample from northern Guangxi
(98GX-6-3 from the Yuanbaoshan area; εNd(t) = 5.24; Ge et al.,
2001b) as the depleted mantle endmember and the average composi-
tions of metasediments of the intruded Sibao Group as the crust
endmember, a simple modeling by Nd isotopes and Nd concentrations
suggests that the high-Mg diorites can be generated from the 40%–
70% crustal contamination of the depleted mantle-derived magmas
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(Fig. 7). This large proportion of crustal contamination is unlikely to
happen. Moreover, the high MgO, Ni and Cr contents are inconsistent
with significant crustal contamination. Especially, the MgO contents of
the high-Mg diorites are evidently higher than those of the diorites
(MgO= 4.5–5.5 wt%; Ge et al., 2000) that formed by fractional crystal-
lization of mafic magmas and are even higher than the values of most
mafic rocks in northern Guangxi (Zhou et al., 2004). In addition, if we
consider the Hf isotopes, the significant crustal contamination should
result in increasing Hf isotopes which, however, are absent in the
high-Mg diorites and the associated mafic rocks.

In contrast, we propose the enriched Nd-Hf isotopes of the high-Mg
diorites and some of the associatedmafic rocks resulted from themeta-
somatism by the subducting terrigenous sediments. Similar metasoma-
tism has also been found in the Setouchi HMAs in SW Japan (Shimoda
and Tatsumi, 1999; Shimoda et al., 2003). The metasomatism by melts
from subducting sediments can be evidenced by the Ba/Th versus (La/
Sm)N plot (Fig. 8). It is possible that the subducted sediments are rather
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Table 3
Whole-rock Sr-Nd-Hf isotope analyses for the studied rocks from northern Guangxi.

No. 1 2 3 4 5 6 7 8 9 10

Sample 04DM-201 04DM-21 11GB-3-1 04DM-22 11GB4-1 11GB5-1 11GB-1-12 11GB-1-2 11GB-2-1 11GB-2-2

Pluton Dongma Dongma Dongma Dongma Dongma Dongma Bendong Bendong Bendong Bendong

Rock type high-Mg
diorite

high-Mg
diorite

high-Mg
diorite

Medium-Mg
granodiorite

Medium-Mg
granodiorite

Medium-Mg
granodiorite

Low-Mg
granodiorite

Low-Mg
granodiorite

Low-Mg
granodiorite

Low-Mg
granodiorite

t = Age (Ma) 830 830 830 830 830 830 830 830 830 830
Rb (ppm) 105 121.0 123.2 83.5 179 128 217.1 235.0 182.0 171.8
Sr (ppm) 99.5 88.15 70.77 217 165 167 138.3 133.0 140.0 150.0
Rb/Sr 1.05 1.37 1.74 0.38 1.09 0.77 1.57 1.77 1.30 1.14
87Rb/86Sr 3.05 3.97 5.03 1.11 3.14 2.22 4.54 5.11 3.76 3.31
87Sr/86Sr 0.74661 0.74256 0.75245 0.72571 0.73586 0.73210 0.76088 0.76811 0.74345 0.74206
±2 SE 0.00008 0.00006 0.00008 0.00010 0.00010 0.00010 0.00004 0.00008 0.00010 0.00008
(87Sr/86Sr)i 0.7105 0.6955 0.6928 0.7125 0.6986 0.7058 0.7071 0.7076 0.6989 0.7028
Sm (ppm) 5.91 5.89 3.62 5.48 5.39 5.11 4.31 4.37 6.19 5.66
Nd (ppm) 27.49 26.11 17.49 26.0 30.2 27.2 21.73 23.13 30.31 29.33
147Sm/144Nd 0.12998 0.13637 0.12501 0.12748 0.10817 0.11359 0.12003 0.11436 0.12347 0.11669
143Nd/144Nd 0.512 0.512059 0.511994 0.511962 0.511992 0.511946 0.511982 0.511978 0.511972 0.511970
±2 SE 6 18 16 32 8 8 12 12 16 10
(143Nd/144Nd)i 0.511292 0.511317 0.511314 0.511268 0.511403 0.511328 0.511329 0.511356 0.511300 0.511335
TDM(Nd) (Ma) 2090 2143 1982 2094 1670 1830 1896 1795 1985 1850
TDM2(Nd) (Ma) 1935 1894 1900 1971 1758 1877 1876 1833 1921 1866
εNd (t) −5.40 −4.90 −4.97 −5.85 −3.22 −4.70 −4.68 −4.15 −5.24 −4.56
±2 SE 0.12 0.36 0.32 0.64 0.16 0.16 0.24 0.24 0.32 0.20
Lu (ppm) 0.503 0.557 0.316 0.274 0.314 0.303
Hf (ppm) 3.170 2.972 2.930 3.947 4.178 3.783
176Lu/177Hf 0.022 0.026 0.015 0.010 0.011 0.011
176Hf/177Hf 0.022 0.282497 0.282442 0.282415 0.282396 0.282414
±2 SE 7 6 6 5 8 5
(176Hf/177Hf)i 0.28209 0.28208 0.28220 0.28226 0.28223 0.28224
εHf(t) −6.03 −6.22 −1.96 0.05 −1.07 −0.79 −1.8
±2 SE 0.25 0.21 0.21 0.18 0.28 0.18 0.9
TDM (Hf) (Ma) 2644 3267 1833 1542 1622 1627
TDM2 (Hf) (Ma) 2097 2109 1840 1713 1783 1766

1 The Sm-Nd isotopic data of 04DM-20 is from Wang et al. (2013a).
2 The εHf(t) was from the average εHf(t) value of magmatic zircons form the Bendong Pluton (Zheng et al., 2007).
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old and show enriched isotopes. The variation of Nd isotopes in the
Neoproterozoic mafic rocks in northern Guangxi may have been result-
ed from the heterogeneous metasomatism in the mantle source.

6.2. Formation of the chromites: implications for magma mixing

Chromite [(Fe, Mg)Cr2O4] is a common accessory mineral in ultra-
mafic and some mafic rocks (especially ophiolites), and it is very rare
in diorites and more felsic rocks because Cr is highly incompatible ele-
ment, the Cr value in mantle and lower crust is higher than in middle
and upper crusts (McDonough and Sun, 1995; Rudnick and Gao,
2004). Even for the formation of differentiated felsic rocks, chromium
concentration in themelt will decrease significantly due to the fraction-
ations of early mafic mineral phases (e.g., olivine, pyroxene). Therefore,
the chromite minerals in the high-Mg diorites in northern Guangxi are
exclusively from mantle-derived melts.

There are two possible mechanisms for the origin of chromites in
the high-Mg diorites: (1) they formed directly from primary mantle-
derivedmelts, and (2) theywere assimilated from themetasedimentary
wall rocks that have received detrital chromites from the exhumation
of ultramafic-mafic precursors during the ascending and solidification
of felsic magmas. Because the diorites are also characterized by high
MgO contents, coupled with the increasing Ni and Cr concentrations,
simple crustal contamination could not explain the MgO contents
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because the chromite minerals do not have much MgO (Table S2) and
no other primary Mg-enriched accessory minerals were found in
the rocks. In addition, melting of eclogite, amphibole eclogite or am-
phibolite source rocks will not produce melts of high Mg# [Mg# N 45]
(Rapp et al., 2003). Therefore, only the first mechanism is possible,
and the occurrence of chromiteminerals suggests the significant contri-
bution of mantle-derivedmagmas in the formation of high-Mg diorites.

Note theMg# is decoupled from the Cr# for the chromites. Especial-
ly, the Mg# is decoupled from the bulk rock Mg#, which suggests
that the chromites are not primary minerals in equilibrium with the
high-Mg dioritic magmas. There are two possible explanations for the
decoupling: 1) alteration, and 2) diffusion. The alteration of chrome spi-
nel has been investigated about fifty years ago (e.g., Beeson and Jackson,
1969;White, 1966), although this type ofmineral is commonly refracto-
ry (Barnes and Roeder, 2001). The alteration product is enriched in
Fe (sometimes along with Cr) at the expense of Al and Mg, with the
transition of chromite to ‘ferritchromit’ (Beeson and Jackson, 1969).
The alteration is commonly accompanied with the replacement of
olivine and orthopyroxene by chlorite. However, the studied chromites
have consistently low Fe3+/Fe2+ ratios, which are unlikely to happen
during alteration except the alteration fluids were extremely reductive.
Generally, ilmenite tends to have lower Fe3+/Fe2+ ratio than chromite.
However, the Fe3+/Fe2+ ratios of ilmenites which associated with
the chromites even show Fe3+/Fe2+ ratios comparable to those of the
chromites, which preclude the existence of reductive fluids. Different
from the alteration process, diffusion can lead to a low Fe3+/Fe2+ at a
given Fe3+ by the increase of Fe2+ at the expense of Mg2+. Similar dif-
fusion has been often found at the contact zone between Cr-spinel and
other silicate (olivine, orthopyroxene, and clinopyroxene) (Li et al.,
1997a). It is possible that the diffusion has taken place within the
whole chromite minerals of the studied rocks since we did not find sig-
nificant core-to-rim variations in compositions. The diffusion, if existed,
implies that the primary high-Mg magmas encountered a
disequilibrium condition which resulted from the injection of rela-
tively low-Mg magmas. During the magma mixing process, the early
mineral phase (probably Cr-spinel and other Mg-enriched minerals)
was re-equilibrated with the mixed magmas by the diffusion of Mg.
The squeezed Mg has entered into the lattice of chlorite, since its per-
centages in high-Mg diorites are generally higher than other rocks
(Table 1). The quartz + apatite mineral inclusion (Fig. 3d) assemblage
within chromite provides another line of evidence for the magma
mixing because the twominerals are characteristics of graniticmagmas.

6.3. Coupling and decoupling of Nd-Hf isotopes

Note the different geochemical behaviors between Sm-Nd and Lu-Hf
isotopic systems. Sm/Nd differentiates a little between different
minerals, rock types and crustal reservoirs. However, Lu/Hf varies a
lot. That’s why sometimes we can see decoupling between Nd and Hf
isotopes in some rock types (e.g., Carpentier et al., 2009; Tang et al.,
2014; Vervoort et al., 2000; Wu et al., 2006; Zheng et al., 2008). The
medium-Mg granodiorites show whole-rock εHf(t) values of −1.07 to
+0.05, which are decoupled from whole-rock εNd(t) (−3.2 to −5.9)
(Fig. 8). Nowhole-rock analyseswere carried out for the low-Mg grano-
diorites from the Bendong Pluton, but the magmatic zircons from this
type of rocks yielded similar neutral εHf(t) (−1.8 ± 0.9) (Zheng et al.,
2007), which is also decoupled from the whole-rock εNd(t) (−4.2
to −5.2). It should be noted that the high SiO2 contents of the
medium- to low-Mg granodiorites are not consistent with an origin
from a metasomatized mantle source. Therefore, it is possible that
the partial melting of restitic granulite-facies lower crust accounted
for the decoupling of Nd-Hf isotopes in the medium- to low- granodio-
rites. The presence of residual garnet is consistent with the depleted
heavy REE (Fig. 5b). However, the depletions are not as significant as
typical adakites, indicating the garnet is not a major residue phase in
the source.
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Among the three analyses of high-Mg diorites, one sample (11GB-3-
1) yielded εHf(t) at−2.0, which is very close to the values of medium-
to low-Mg granodiorites and is decoupled from its εNd(t) (−5.0). The
other two samples show roughly coupled Nd-Hf isotopes, similar to
the associated mafic rocks in northern Guangxi (Fig. 8). Different from
Nd isotopes that could not change The Hf isotope variation of the
high-Mg diorites suggest the changing of melt composition that proba-
bly resulted from the mixing of mantle-derived magmas with granitic
magmas. The presence of chromites within some of the medium-Mg
granodiorites is also the result of magma mixing.

6.4. The high-Mg diorites: a metasomatized mantle origin via mixing with
crustal melts

The Cr, Al and Ti compositions of the chromites from the high-Mg
diorites are similar to the spinels from island-arc basalts and boninites
and are different from the spinels from intra-plate and mid-ocean ridge
settings (Fig. 9). As indicated above, the high-Mg diorites from northern
Guangxi are geochemically (i.e., similar incompatible element patterns,
high MgO, Ni and Cr contents, low Sr/Y and La/Yb ratios) similar to the
Setouchi sanukitoids in SW Japan, despite their relatively high Y contents
that may result from the lack of garnet as the residual phase. As for the
petrogenesis of the sanukitoids, some workers considered as the partial
melt of ametasomatizedmantle source, while others favored an interac-
tion between mantle and melt from subducting slab or delaminated
lower crust (see Tatsumi, 2006; Yin et al., 2010 and references therein).
In either hypothesis, a metasomatized mantle source is required.

The experimental data demonstrate that the addition of H2O alone
cannot explain the increases in both SiO2 and MgO contents (on an an-
hydrous basis) required to shift from basaltic to (high-Mg) andesitic
melts in equilibrium with lherzolite residue (Wood and Turner, 2009).
Many researchers have favored a mechanism for high-Mg andesitic
(HMA) magma production that involves partial melting of the sub-
ducting lithosphere and interaction of these slab-derived, hydrous, silic-
ic melts with the overlying mantle wedge peridotite, as originally
proposed by Kay (1978). The partial melting of subducted oceanic
crust or thickened mafic continental lower crust and the possible fol-
lowing interaction with mantle peridotite cannot be employed to ex-
plain the origins of the high-Mg diorites in northern Guangxi, because
their relatively low Sr/Y and La/Yb ratios (Fig. 6a; Table 2) preclude
the sources of eclogite or garnet-bearing amphibolite. On the other
hand, their high HREE contents are in disequilibriumwith great amount
of residual garnet during partial melting. This precludes the role of di-
rect oceanic crust derived melt in their genesis (Shimoda and Tatsumi,
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1999; Shimoda et al., 1998, 2003). In agreement with experimental re-
sults, the geochemical features of the high-Mg diorites are best ex-
plained by a low degree of partial melting of refractory mantle
(harzburgite) that has been fluxed by slab-derived hydrous melts/
fluids. This is in agreement with the model proposed by Shirey and
Hanson (1984) for the origin of high-Mg diorites from the Superior
Province and consistent with the high pressure melting experiments
(Wood and Turner, 2009).

The subduction component, whichmetasomatizes the original man-
tle wedge to form the characteristic arc magma sources, can be derived
from at least two chemically different slab materials: basaltic altered
oceanic crust and more silicic sediments (Tatsumi, 2006). The relative
contribution of these two components to magma generation may be
identified by using abundances of and/or ratios between particular ele-
ments. Fig. 6b suggests that the sediment-derived component, rather
than the oceanic crust-derived component, is the major metasomatic
agent for the high-Mg diorite magma generation. This is consistent
with the high 18O observed in igneous zircons (δ18Ozircon = 8.44)
from the high-Mg diorites (Wang et al., 2013a) although these zircons
can be alternatively explained by themixingwith crust-derived granitic
magmas. The incorporation of subducting sediment-derivedmelts had a
high whole-rock δ18O values and the exchange with themantle perido-
tite may have changed significantly the oxygen isotope compositions of
the generated andesitic melts.

We propose therefore, that formation of the high-Mg diorites from
northern Guangxi followed a subduction where the subducted sedi-
ments of the oceanic crust melted and metasomatized the overlying
mantle wedge. The associated fluids triggered partial melting of refrac-
tory mantle (harzburgite) which generated the parental magma of the
HMA (high contents of MgO, Cr, Ni and HREE leading to low ratios of
La/Yb). In the same time, the underplatedmaficmagmaheated themid-
dle to lower continental crust, leading to the granitic melts. Thesemafic
magmas ascended and mixed with some of the granitic melts (i.e., the
medium- to low-Mg granodiorite melts), generating a disequilibrium
for the primary spinels with surrounding granitic melts that facilitated
the Mg-Fe exchange as recorded in the chromites from the rocks.

6.5. Implications for the assembly between the Yangtze and Cathaysia
blocks

The assembly of the Yangtze and Cathaysia blocks has been one of
the key issues in the reconstruction of supercontinent Rodinia (see
Zhao and Cawood, 2012 and references therein). The Jiangnan orogen
connected the two blocks and undoubtedly played an important role
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in understanding the amalgamation processes (e.g., Wang et al., 2007).
Although there are some different models (e.g., “plate-rift”, “slab-arc”,
“plume”) for the Neoproterozoic tectonic evolution of the Jiangnan
orogen (e.g., Li et al., 2003a,b, 2009; Wang et al., 2004a, 2004b, 2006;
Wu et al., 2006; Zheng et al., 2008; Zhou et al., 2004, 2009), there is a
consensus on the oceanic crust subduction at the Early Neoproterozoic
despite of that the termination time of subduction is greatly debated.
The definite subduction-related arc volcanic rocks are believed to have
occurred in the eastern part of the Jiangnan orogen, as represented by
the 965–855 Ma Shuangxiwu arc-related rocks in the northwestern
Zhejiang Province (e.g., Li et al., 2009; Wang et al., 2007, 2013b; Zheng
et al., 2008) and supported by the ophiolites in southern Anhui Province
and northeastern Jiangxi Province (e.g., Li et al., 1997b; Zhang et al.,
2012a).

The tectonic settings of ca. 830–800 Ma Neoproterozoic igneous
rocks in the western part of the Jiangnan orogen were greatly debated.
Some scholars suggested that they represented the arc-related and
post-collisional magmatic activities (Wang et al., 2006; Zhou et al.,
2004, 2009), while other scholars interpreted them as the product of
initiation of the ascending of a (super-) plume that finally led to the
breakup of supercontinent Rodinia (Li et al., 2003a,b). If the latter tec-
tonic setting were true, the Neoproterozoic subduction at the western
part of the Jiangnan orogen would be questionable. The controversy re-
sulted mainly from the different interpretations (i.e., island arcs versus
crustal contamination) on the arc-like geochemical features of the
mafic–ultramafic rocks in northern Guangxi (Li et al., 2004; Zhou et
al., 2004). The discovery of the 830 Ma high-Mg diorites, as well as the
high-Mg andesites in the Yiyang area of northern Hunan Province
(Zhang et al., 2012b), provides solid evidence for the existence of
Neoproterozoic subduction at the western part of the Jiangnan orogen,
suggesting that they are part of the subduction system along the south-
eastern margin of the Yangtze Block. Therefore, the amalgamation be-
tween the Yangtze and Cathaysia blocks at the western Jiangnan
orogen has not been terminated at ca. 830 Ma, which is consistent
with the results of detrital zircons in the Sibao Group and equivalent
sedimentary sequences (Li et al., 2011; Wang et al., 2007, 2010, 2012,
2014; Zhou et al., 2009).

7. Conclusions

(1) High-Mg diorites (MgO = 6.7–8.9 wt%) were discovered in
the southern part of the ca. 830 Ma Dongma Pluton, northern
Guangxi Province of southern China. They show high Mg-
number, Cr and Ni concentrations and enriched and varied Nd-
Hf isotopes, contrasting to the associated medium- to low-Mg
granodiorites.

(2) The high-Mg diorites are geochemically similar to the arc vol-
canic HMAs (boninites and Setouchi high-Mg andesites) but
different from typical adakites. They are generated from the
mixing of melts from partial melting of metasomatized refracto-
ry harzburgite mantle and crust-derived low-MgO melts.

(3) The occurrence of high-Mg diorites implies the existence of
subduction-related metasomatism in the western part of the
Jiangnan orogen at ca. 830 Ma.
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