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The Songshugou ultramafic massif is located in the eastern segment of the Qinling orogenic belt, central China. It
is a large spinel peridotite body dominated by coarse-grained, porphyroclastic, and fine-grained dunite with
minor harzburgite, olivine clinopyroxenite, and banded/podiform chromitite. The compositions of the bulk-
rock dunite and harzburgite, and the constituent olivine and spinel, together with the textures and chemical
characteristics ofmultiphasemineral inclusions, point to the highly refractory nature of these rockswith complex
histories of high-temperature boninite melt generation and boninitic melt–rock reaction, probably in a young,
warm, and volatile-rich forearc lithospheric mantle setting. Additionally, a subsequent low-temperature fluid–
rock reaction is also recorded by TiO2-rich spinel with Ti solubility/mobility enhanced by chloride- or fluoride-
rich subduction-zone fluids as advocated by Rapp et al. (2010). The olivine clinopyroxenite, on the other hand,
was likely crystallized from a residual boninitic melt that had reacted with harzburgitic residues. The ubiquitous
occurrences of hydrousminerals, such as anthophyllite, tremolite, Cr-chlorite, and serpentine (stable at lower P–
T crustal conditions) in the matrix, suggest that further low-temperature fluid–rock reaction (or retrograde
metamorphism) has affected the original volatile-poor peridotites either in a mature and cool subduction
zone, or in a continental crust during their exhumation into the Qinling collisional orogeny at early Paleozoic
era, or both. The prolonged and intense ductile/brittle deformation can decrease the mineral grain size through
dynamic recrystallization and fracturing, and thus aid the fluid–rock reaction or retrograde metamorphism
andmineral chemical re-equilibration processes. Therefore, the Songshugou peridotites present a good example
for understanding the petrogenesis and evolution of themantlewedge,with the emphasis on the complex partial
melting and melt/fluid–rock interactions in the forearc setting.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The “tectonically emplaced”mantle rocks are generally referred to as
peridotites that were tectonically exhumed from lithospheric mantle
depths. They mainly occur as (1) dispersed ultramafic bodies in suture
zones and orogenic belts (i.e. orogenic peridotite; multiple prove-
nances), (2) basal sections of ophiolite or island arc complexes that
are obducted onto land (sub-oceanic and sub-arc provenance), and
(3) ultramafic rocks exhumed on the seafloor or above sea level by nor-
mal faults and/or serpentine diapirism (i.e. abyssal peridotite; sub-
oceanic provenance) (see review of Bodinier and Godard (2007) and
ratory, School of Earth and
151-747, Republic of Korea.

u.edu.cn (S. Song).
references therein). Among these tectonic environments, the forearc
mantle above a subducting slab is the site of great complexity, where
complicated interactions between partialmelting, melt/fluid–rock reac-
tion, and ductile deformation occur (e.g., Arai et al., 2007; Cao et al.,
2015; Dai et al., 2011; Ionov, 2010; Ishii et al., 1992; Kaczmarek et al.,
2015; Merle et al., 2012; Niu et al., 2003; Pal, 2011; Parkinson and
Pearce, 1998; Pearce et al., 2000; Saka et al., 2014; Song et al., 2009;
Soustelle et al., 2010; Uysal et al., 2015; Zhou et al., 2005). Therefore, un-
derstanding these diverse mantle processes and their interactions can
expand our knowledge about the geodynamics of subduction zones, es-
pecially the forearc mantle processes. However, owing to the rare expo-
sures of mantle peridotites in modern subduction zone, many above-
mentioned mantle processes remain poorly understood in the setting
of forearc region. As an alternative, the more common mantle perido-
tites derived from the ancient forearc mantle may be more informative
regarding mantle processes over geological time. Such information is
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particularly important petrologically to understand mantle evolution
from subduction initiation to subduction-zone magmatism, to closure
of ocean basins, and to continental collision.

The Songshugou ultramafic massif offers us insights into these vari-
ous processes. It was suggested to be tectonically emplaced into the
Qinling orogenic belt, central China during the early Paleozoic era
(e.g., Li et al., 2015; Tang et al., 2016). Over the past three decades, a
large number of petrological and geochemical studies have been con-
ducted on this ultramafic massif and its surrounding rocks (e.g., Dong
et al., 2008; Lee et al., 2010; Liu et al., 1995, 2007; Song et al., 1998; Su
et al., 2005; Tang et al., 2016; Wang et al., 2005; Yu et al., 2016;
Zhang, 1995). However, its petrogenesis and tectonic setting still re-
main ambiguous. For example, some proposed that it is a tectonically
emplaced Alpine-type (Li et al., 1991) or cumulate body (Song et al.,
1998; Wang et al., 2005), or a segment of a mid-ocean ridge (MOR)
ophiolitic mantle (either residue or cumulate or both) (e.g., Lee et al.,
2010; Zhang, 1995). Others claimed that it represents amelt–rock reac-
tion product associated with mantle plume activity without clarifying
its tectonic setting (Liu et al., 2007; Su et al., 2005).

In this study, we present new mineral chemical data from the peri-
dotites that show different textural and lithological characteristics. In
particular, we characterized the texture and composition of multiphase
inclusions in olivine and spinel. These multiphase inclusions are com-
monly suggested to represent the crystallization products of melt
which is trapped during growth/crystallization of spinel and olivine
Fig. 1. (a) Geological map showing themajor tectonic units in China. The location of Songshugo
themajor structural and lithological unites. The study area ismarked in red box. (c) Enlarged geo
Song et al. (2013). (c) Modified after Su et al. (2005). (For interpretation of the references to c
(e.g., Renna and Tribuzio, 2011; Spandler et al., 2005). Owing to the pro-
tection by their competent host minerals, these inclusions are exempt
from post-entrapment alterations and can thus be used as an effective
tool for deciphering the parental magma compositions, so as to reveal
some complex magmatic processes, such as magma mixing, assimila-
tion and fractionation (e.g., Spandler et al., 2000, 2005). Combining
these data with previously reported whole-rock geochemical data, we
infer that the Songshugou ultramafic massif represents a highly refrac-
tory mantle remnant that was once situated in a young and warm (i.e.
infant) forearc setting. These results provide us new insights into man-
tle melting, melt/fluid–rock interaction, and retrogrademetamorphism,
as well as their relationships with deformation in response to subduc-
tion and/or continental collision.

2. Geological setting

The Qinling orogen is a major NWW–SEE-trending orogenic belt in
central China, separating the North China Craton to the north and the
Yangtze Craton to the south (Fig. 1a). Connected eastwards with
Dabie orogen, the Qinling–Dabie evolution comprises multiple and
prolonged subduction–accretion–collision events in the Grenvillian
(e.g., Chen et al., 1991), Neoproterozoic (e.g., Wang et al., 2003), Paleo-
zoic (Cambrian: e.g., Yang et al. (2003), Carboniferous: e.g., Sun et al.
(2002), and Triassic (e.g., Okay et al., 1993) (see recent review by
Dong and Santosh (2016)). The Qinling orogen can be divided into the
u area is denoted by red box (b) Regional geological map of the Songshugou area showing
logicalmap showing themain types of ultramafic rock in the study area. (a)Modified after
olor in this figure legend, the reader is referred to the web version of this article.)
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north and south Qinling belts by the Shangdan Fault zone (e.g., Meng
and Zhang, 2000; Ratschbacher et al., 2003). The Songshugou ultramafic
massif is a large (~20 km2;maximumwidth ~ 2 kmand length ~ 20 km),
fault-bounded, lentoid, NW–SE-trending spinel peridotite massif. It is sit-
uated in the core region of the Qinling Complex within the Shangdan su-
ture zone, which is a Paleozoic subduction-zone complex consisting of
garnet-amphibolite, garnet-pyroxenite, and high-pressure granulite
(e.g., Liu et al., 1995; Tang et al., 2016; Fig. 1b). The boundaries between
the ultramafic massif and its surrounding meta-mafic rocks are tectonic
and are characterized by intense ductile deformation and mylonitization
(Dong et al., 2008). The meta-mafic rocks are thought to have
retrogressed from an eclogitic protolith by decompression during conti-
nental collision, based on the occurrence of symplectitic omphacite and
estimated eclogite-facies P–T conditions (P ~ 2.2–2.5 GPa, T ~ 500 °C)
(Bader et al., 2012; Liu et al., 1995). These rocks also record a high-
pressure granulite-facies overprinting (P ~ 1.5–2.0 GPa, T ~ 750–880 °C)
probably as a result of contact heating by the warm uplifting/uplifted ul-
tramafic rocks (Bader et al., 2012; Li et al., 2009; Liu et al., 1995; Tang et al.,
2016).

The formation age of the Songshugou ultramafic massif was poorly
constrained hitherto, despite some metamorphic ages of surrounding
rocks reported in the literatures. Recent U–Pb dating of zircons in
high-pressure granulite and garnet pyroxenite yielded metamorphic
ages of 480–515 Ma (Chen et al., 2004; Li et al., 2009; Liu et al., 2009;
Su et al., 2004; Tang et al., 2016; Yu et al., 2016), which ismost likely co-
eval with the ultramafic massif emplacement (because it resulted in
contact heating and metamorphism of the surrounding mafic rocks,
see above). These ages thus indicate that the exhumation of this ultra-
mafic massif probably resulted from continental collision during the
early Paleozoic era.

3. Petrography

The Songshugou ultramafic massif mainly consists of fresh dunite
with minor harzburgite, olivine clinopyroxenite, and banded/podiform
chromitite (Lee et al., 2010) (Fig. 1c). On the basis of field and petro-
graphic characteristics, these ultramafic rocks can be roughly divided
into four categories (e.g., Song et al., 1998; Su et al., 2005), discussed
as follows. Mineral inclusions in these rocks are also described at the
end of this section.

3.1. Fine-grained and porphyroclastic dunites

The fine-grained and porphyroclastic dunites are the dominant rock
type and occupies up to 85% of themassif area. They consist of ~90 vol.%
fine-grained (~150–250 μm) olivine with minor amphibole (mostly
anthophyllite + minor tremolite), chlorite, serpentine, talc, and spinel.
The specimens are strongly deformed with foliation clearly defined by
well olivine layering and oriented acicular olivine-penetrating amphi-
bole crystals (Fig. 2a). Occasionally, large olivine porphyroclasts or ag-
gregates occur as relic lenses in the foliated and fine-grained matrix,
which is composed of olivine, amphibole, serpentine, and talc
(Fig. 2b). The spinel crystals are intensively fractured and elongated
with a shape-preferred orientation subparallel to the foliation (Fig. 3a).

3.2. Coarse-grained dunite

This rock type crops out as lentoid blocks of various sizes andmakes
up ~10% of the massif area (Fig. 1c). In contrast to fine-grained and
porphyroclastic dunite, most coarse-grained dunite has large
(~600–1000 μm) and weakly oriented olivine grains (Fig. 2c and d).
Some coarse-grained dunite samples also contain spinel-rich layers
(thus locally disseminated chromitite) (Fig. 2d). Undulatory extinction
and subgrain boundaries are observed in some olivine crystals
(Fig. 2c). Euhedral amphibole (mostly anthophyllite+minor tremolite)
crystals crosscut olivine grains randomly (Fig. 2c), and occasionally
form orientated amphibole-rich layers. The amphibole mode is highly
variable between samples, ranging from nearly amphibole-free to
amphibole-rich (up to ~15 vol.%) compositions (i.e. amphibole dunite).
The spinel grains are mostly euhedral to subhedral with uniform com-
position in the core and mantle (Fig. 3b). Anhedral spinel crystals are
also observed (Fig. 3d).

3.3. Harzburgite

Similar to coarse-grained dunite, harzburgite occurs as lenses or
boudins in the matrix of fine-grained dunite (Fig. 1c). Both coarse-
and fine-grained harzburgites were reported in the literatures (Chen,
2004; Lee et al., 2010; Liu et al., 2007; Su et al., 2005; Wang et al.,
2005). The mineral assemblage is composed of olivine, orthopyroxene
(Opx), and amphibole (mostly anthophyllite) with minor spinel. The
Opx grains show few exsolution lamellae (Fig. 2g and h), which is con-
sistent with their low CaO content (see Section 4.3). The Opx mode is
highly variable and it can reach up to ~80 vol.% in some samples. The
shape of spinel crystals is similar to those in the coarse-grained dunite,
while some spinel crystals show patchy compositional pattern (Fig. 3c).
Only one coarse-grained sample was analyzed in this study. Amphibole
grains (~40 vol.%, mostly anthophyllite) either crosscut olivine and Opx
crystals randomly or form oriented amphibole-rich layers (Fig. 2e). In
the weakly amphibolitized regions, the Opx grains have irregular
boundaries surrounded by fine-grained olivine or fine-grained amphi-
bole crystals (Fig. 2g), and some Opx crystals have olivine “inclusions”
(olivine possibly penetrated along the fractures of Opx) (Fig. 2g). In
some samples previously analyzed by Su et al. (2005), a poikilitic tex-
ture for Opx was also observed (Fig. 2h).

3.4. Olivine clinopyroxenite

Olivine clinopyroxenite occurs as 1–5 m-wide dykes within the
northern part of the fine-grained dunite (Fig. 1c). It is weakly deformed
and shows amosaic texture. Themineral assemblage is characterized by
clinopyroxene (Cpx), olivine, amphibole (mostly tremolite) with minor
chlorite, serpentine and spinel. The Cpx grains occur as megacrysts (up
to ~1 cm) in the fine-grained matrix, and commonly have Opx rhombs
that are indicative of exsolution texture (Fig. 2f).

3.5. Mineral inclusions

Two types of mineral inclusions were recognized: (1) monophase
mineral inclusions, and (2) multiphase (or polymineralic) inclusions.
The monophase inclusions are frequently observed, such as oblate Opx
inclusion in olivine (Fig. 4a) and acicular amphibole and chlorite inclu-
sions in olivine and spinel (Fig. 4a, d and e). In contrast, the multiphase
mineral inclusions are less common and mainly found in olivine and
spinel in both coarse- and fine-grained dunite (especially spinel-rich
coarse-grained dunite (SSG-2) and spinel-poor coarse-grained dunite
(S03-2A)). The multiphase inclusions are mostly round, oval and elon-
gated in shape (10–100 μm in max. Length) (Figs. 3d and 4b–f), and
contain silicate minerals (e.g., olivine, Opx, Cpx, tremolite, and chlorite)
with minor carbonate minerals (e.g., dolomite and magnesite) and ox-
ides (e.g., spinel and magnetite). Despite difference in the identity of
their included phases, similar morphology of multiphase inclusion (es-
pecially those round ones) was also documented in spinel and olivine
grains from chromitite and peridotites within layered mafic-ultramafic
intrusions (Li et al., 2005; Spandler et al., 2005; Veksler et al., 1998)
and ophiolites (Arai et al., 1997; Renna and Tribuzio, 2011; Schiano
et al., 1997).

4. Mineral chemistry

Mineral compositionswere analyzed using a JEOL JXA-8100 electron
probe micro-analyzer (EPMA) at Peking University. The measurement



Fig. 2. Photomicrographs showing the textures of (a–d) dunite, (e, g, and h) harzburgite and (f) olivine clinopyroxenite. (a) Fine olivine grains and acicular amphibole (mostly
anthophyllite) crystals forming a well-developed foliation in fine-grained dunite (S91-03). (b) Large lentoid olivine porphyroclasts occurring in the fine-grained and hydrated olivine
matrix in porphyroclastic dunite (S-05). (c) Large columnar amphibole (anthophyllite) randomly crosscutting olivine grains in the spinel-poor coarse-grained dunite (08S-32).
Subgrain boundaries in olivine are indicated by white arrow heads. (d) Spinel-rich coarse-grained dunite exhibiting elongated olivine grains (lower left domain) and spinel layers
(SSG-2). (e) A coarse-grained harzburgite showing two distinct domains (S03-2B): upper left domain — amphibole crystals crosscutting the Ol + Opx assemblage randomly; lower
right domain — amphibole crystals (anthophyllite) oriented and aggregated into an amphibole-rich layer. (f) Cpx megacrysts occurring in the fine-grained matrix, which is composed
of olivine, amphibole (tremolite), serpentine, and chlorite in olivine clinopyroxenite (S91-32). (g) An irregularly shaped Opx crystal (outlined with the red dotted line) penetrated by
small Amp (Anth) + Ol grains and embayed by fine-grained olivine grains in a harzburgite sample (S-27). (h) Poikilitic Opx texture in a coarse-grained harzburgite sample (S-249)
(Su et al., 2005). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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was conducted using SEM conditions of 15 kV acceleration voltage, a
10 nA beam current, 1 μm beam spot and 20s counting time. The rele-
vant standard minerals (from SPI corp. US) were used for calibration.
The final results were corrected using the PRZ method (Goldstein
et al., 2003). The chemical compositions of major constituent minerals
and inclusions were measured in the core region of grains, to minimize
the effect of mineral composition re-equilibrium during the cooling
process. The formulae of minerals were calculated using the AX 2.0 pro-
gram (details of AX program can be obtained from Tim Holland's web
page https://www.esc.cam.ac.uk/research/research-groups/holland/
ax). Additional compositional data of olivine and spinel from 5
harzburgite and 4 olivine clinopyroxenite samples were taken from
Wang et al. (2005). The complete mineral compositional data are
given in supplementary file (Table S1).

https://www.esc.cam.ac.uk/research/research-groups/holland/ax
https://www.esc.cam.ac.uk/research/research-groups/holland/ax
Image of Fig. 2


Fig. 3. Backscattered electron images showing the textures of spinel grains. (a) Extensively fractured and dismembered spinel grain infine-grained dunite (S91-03). Intensive alteration by
hydrous minerals (mostly chlorite) along the fractures, cleavage and rims of spinel. This spinel grain is fairly homogeneous in composition and oriented conformably with the overall
foliation. (b) Euhedral rhomb-shaped spinel in spinel-poor coarse-grained dunite (08S-32). This spinel grain shows homogeneous compositions in the core and mantle, and a bright
rim characterized by higher Fe and lower Cr, Al, and Mg contents owing to the chemical re-equilibrium or alteration at subsolidus conditions. Abundant cleavages filled with Cr-
chlorite (Cr-Chl) are also observed in the rim. (c) A subhedral spinel grain showing a patchy pattern of composition variations in coarse-grained harzburgite (S03-2B). (d) An anhedral
spinel grain characterized by large voids filled with multiphase inclusions and by irregularly corroded grain boundary in spinel-poor coarse-grained dunite (08S-32). Inset in
(d) shows a rounded multiphase inclusion consisting of dominant tremolite (Tr) with minor Cpx and dolomite (Dol).
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4.1. Olivine

Olivine shows a narrow compositional variation of Fo# (~91–93) in
spinel-poor coarse-grained, porphyroclastic, and fine-grained dunites,
as well as harzburgite, with NiO content ranging from 0.2 to 0.4 wt.%
(Fig. 5a and b). In contrast, olivine in spinel-layered (spinel-rich)
coarse-grained dunite has a higher Fo# of 93–95, probably as the result
of subsolidus Fe–Mg exchange between olivine and spinel (Irvine,
1965). These olivines also have awider variation of NiO content ranging
from 0.15 to 0.5 wt.%. Olivine in the olivine clinopyroxenite shows dis-
tinctly lower Fo# (84–90) and NiO contents (avg. ~0.22 wt.%) than oliv-
ine in other rock types (Table 1).
4.2. Spinel (chromite)

The spinel is Cr-rich and has a wide range of chemical compositions
amongdifferent peridotite types (Table 2). In coarse-grained dunite and
harzburgite, spinel has a fairly homogenous composition in the core and
mantle of most grains, whereas the rims show conspicuously higher Fe
and lower Cr, Al, and Mg contents (Fig. 3b and c, see also Lee et al.,
2010). In contrast, spinel in fine-grained dunite is fairly homogeneous
across the entire grains, and similar to the rim composition of
spinel in coarse-grained dunite (Fig. 3a). The Fe3+–Cr–Al and
Y(Fe3+)[=Fe3+/(Fe3++Cr + Al)] versus X(Fe2+)[=Fe2+/(Fe2+ +
Mg)] diagrams (Fig. 5c and d) show that the spinel composition in
the studied peridotites overall follows the Fe–Ti trend that is charac-
terized by an increasing Fe2+/(Fe2+ + Mg) ratio and Fe3+ content
toward magnetite, from coarse-grained dunite and harzburgite,
through porphyroclastic dunite, to fine-grained dunite and olivine
clinopyroxenite. According to the compositional classifications, spinel
belongs to chromite in the coarse-grained dunite and harzburgite, but
it changes to ferri-chromite in the fine-grained dunite and olivine
clinopyroxenite. The spinel-layered coarse-grained dunite has much
lower X(Fe2+) values than the spinel-poor coarse-grained dunite. The
average Cr#[=100 ∗ Cr/(Cr + Al)] of spinel increases from ~81 in
coarse-grained dunite, through ~86 in porphyroclastic dunite, to ~91
in fine-grained dunite. The average Cr# of spinel in the harzburgite
(~78) and olivine clinopyroxenite (~90) are similar to those in the
coarse- and fine-grained dunite, respectively (Fig. 5a, e and f). The
TiO2 content in spinel is higher in fine-grained dunite and olivine
clinopyroxenite (0.2–1.0 wt.%) than those in harzburgite and coarse-
grained and porphyroclastic dunite (b0.2wt.%) (Fig. 5e). Notably, spinel
in porphyroclastic dunite has the largest variations of Cr# and Fe2+ con-
tents, which cover the main compositional ranges of spinel in other pe-
ridotite types (Fig. 5f).

4.3. Pyroxenes

The Opx in harzburgite is highly refractory as indicated by low Al2O3

(0.19–0.26 wt.%) and CaO contents (0.05–0.07 wt.%), and high Mg#

(~92). The Cpx in olivine clinopyroxenite is diopside and shows high
Mg# (~94–99) and Cr2O3 content (0.34–0.40 wt.%), and low Al2O3

(0.8–1.0 wt.%), TiO2 (b0.01 wt.%), and Na2O (0.1–0.3 wt.%) contents.

4.4. Amphibole

Both ortho-amphibole and clino-amphibole were recognized in the
studied peridotites. The ortho-amphibole is Mg-anthophyllite
(Mg# ~ 90) which is the dominant amphibole phase in dunite and
harzburgite. In contrast, the clino-amphibole belongs to tremolite (Ca-
rich) which is the dominant amphibole phase in the Ca-rich olivine
clinopyroxenite. The tremolite is also characterized by relatively low
Na2O (0.05–0.56wt.%) and Al2O3 (0.5–1.4wt.%) contents. The alteration

Image of Fig. 3


Fig. 4. Optical photomicrographs and backscattered electron images showing representativemono- andmulti-phase inclusions in olivine and spinel. (a) Monophase inclusions: an oblate
Opx crystal and small acicular amphibole needles in olivine in spinel-poor coarse-grained dunite (S03-2A). (b) A spindle-like Cr-spinel-bearing Cr-chlorite multiphase inclusion in olivine
in spinel-poor coarse-grained dunite (S03-2A). (c) An ovalmultiphasemineral inclusion consisting of tremolite, dolomite, and Cr-chlorite in the core of spinel in spinel-rich coarse-grained
dunite (see upper-right inset) (SSG-2). (d) A prolate multiphase inclusion consisting of Cr-chlorite, Opx, and minor tremolite in the rim of a rhombic spinel grain in spinel-poor coarse-
grained dunite (see upper-right inset) (08S-32). Notably, the spinel grain is altered by Cr-chlorite as indicated by abundant minute acicular inclusions in the rim and platy corona in the
neighboring matrix. (e) A fish-like multiphase inclusion in olivine in porphyroclastic dunite (S-05). It contains mainly Cr-chlorite and small crystals of magnesite, magnetite, and olivine.
Nearby, a columnar olivine-penetrating amphibole crystal is observed. (f) Numerous ovoid multiphase inclusions containing olivine and Cr-chlorite in olivine in spinel-poor coarse-
grained dunite (S-11). Mineral abbreviations: amphibole (Amp), anthophyllite (Anth), Cr-chlorite (Cr-Chl), dolomite (Dol), magnesite (Mgs), magnetite (Mag), olivine (Ol),
orthopyroxene (Opx), spinel (Sp), and tremolite (Tr). Figure (e) and (f) were modified after Su et al. (2005).
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texture in which large columnar tremolite crystals peripherally altered
to fibrous anthophyllite is also occasionally observed.

4.5. Chlorite

The chlorite has a close association with spinel. It mostly occurs in
the immediate vicinity of spinel (Fig. 4d), and resides along fractures
in spinel (Fig. 3a and b). They display high Cr2O3 (1.6–3.3 wt.%) and rel-
atively low Al2O3 (12.0–16.8 wt.%) contents, which classifies them as
chromium chlorite (Cr# ~ 6–12). Besides, the chlorite commonly has
high MgO (32.1–34.6 wt.%) and low FeO (2.0–4.3 wt.%) contents,
resulting in a very high Mg# of 93–97.

4.6. Mineral inclusions

The compositional analyses show that amphibole in multiphase in-
clusion mostly belongs to tremolite, similar to the tremolite in the ma-
trix (Table 3). Chlorite forms two types of inclusions and also shows
similar compositions to those in thematrix (Table 3). TheMg# of olivine
and Opx inclusions is similar to those in the matrix. The carbonate
inclusions are either magnesite or dolomite. In comparison to chlorite
and olivine, other included phases appear to have a slightly higher
Cr2O3 content than their counterparts in the matrix.

4.7. Sub-solidus equilibrium temperature

The sub-solidus equilibrium temperatures of the Songshugou peri-
dotites were estimated using the olivine–spinel Mg–Fe2+ exchange
thermometer (Ballhaus et al., 1991). This temperature was calculated
at an arbitrary pressure of 1.5 GPa which conforms with the stability
of spinel-facies peridotite. The estimated temperatures show a descend-
ing order: spinel-rich coarse-grained dunite (955 ± 107 °C), spinel-
poor coarse-grained dunite (826 ± 13 °C), coarse-grained harzburgite
(809 ± 17 °C), porphyroclastic dunite (799 ± 29 °C), fine-grained du-
nite (757 ± 52 °C), and olivine clinopyroxenite (661 ± 34 °C).

5. Whole-rock major and trace element compositions

The major and trace element compositions of the Songshugou peri-
dotites (excluding spinel-rich coarse-grained dunite) were taken from
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previous studies (Chen, 2004; Lee et al., 2010; Liu et al., 2007; Su et al.,
2005). The compositions were measured using X-ray fluorescence
(XRF) and inductively coupled plasma mass spectrometry (ICP-MS). In
this study, these original data were recalculated on a volatile-free
basis, to correct for the dilution effect caused by later hydration or retro-
grade metamorphism processes (Parkinson and Pearce, 1998;
Parkinson et al., 1992). The complete data of whole-rock compositions
are given in the supplementary file (Table S2).

5.1. Major elements

In order to characterize the original mineral modal proportions in
anhydrous ultramafic rocks, we calculated the olivine, orthopyroxene,
clinopyroxene and spinel modes in their CIPW norm in low-pressure
spinel-facies peridotite using whole-rock major element compositions
(Niu, 1997). This CIPW norm calculation converts the modes of later-
formed hydrous silicates such as amphibole and chlorite to those of
their original anhydrous precursors such as pyroxene, olivine and spi-
nel, and thus enables the comparisons of original mineral assemblages
between anhydrous and various-degreed hydrated rocks. Because, for
instance, Ca and Al (and Cr) are mainly transferred from clinopyroxene
to tremolite and from spinel to chlorite, respectively (see Section 6.5.3),
the estimated normative Cpx and Sp modes depend exclusively on the
whole-rock concentrations of CaO and Al2O3. In other words, although
the principle of CIPW norm calculation is conventionally based on the
mineralogy precipitated from an anhydrous melt, it is still reliable to
apply it for reconstructing the anhydrous mineral assemblage from
those hydrated rocks such as this work.

It is important to note that many dunite samples actually fall in the
harzburgitefield (Fig. 6a). Therefore, it implies that a significant amount
of Opx must have been consumed by low-T fluid–rock reactions or ret-
rograde metamorphic reactions (see Sections 6.5.2 and 6.5.3) and that
many “so-called” dunite samples are originally harzburgite. The mode
of clinopyroxene is very low (b2.3%) in most recalculated dunite and
harzburgite, except for one sample that plots in the olivine websterite
field. Excluding two harzburgite samples that plot far away from the
rest of the dunites and harzburgites, the harzburgite and dunite samples
show a discernible trend of decreasing olivine mode with whole-rock
magnesium number (Fig. 6b). All the olivine clinopyroxenite samples
are located close to or within the field of olivine clinopyroxenite
(Fig. 6a).

As shown in Fig. 6e and f, the Al2O3 and CaO contents are very low
(b0.7 wt.%) in most harzburgite and dunite. Negative MgO–SiO2,
MgO–Al2O3, MgO–CaO, and positive MgO–FeOt trends are obvious
when the two off-trend harzburgite samples are neglected (Fig. 6c–f).
The MgO–SiO2 and MgO–FeOt trends deviate remarkably from the
melting curves, and they bridge the end of the melting curves and the
region of olivine composition in the peridotites (see also Niu, 1997;
Song et al., 2004).

5.2. Trace element characteristics

The chondrite-normalized REE patterns of the Songshugou perido-
tites are presented in Fig. 7a–e. Two subsets of coarse-grained dunite
can be distinguished in terms of their REE patterns. Subset 1 shows
Fig. 5. The compositions of olivine and spinel in the studied peridotites. (a) Olivine Fo# vs spine
olivine–spinel mantle array as proposed by Arai (1994). (b) Olivine NiO vs. olivine Fo#. The com
et al. (1992), respectively. Compositions of mantle olivine are also shown (Mantle Olivine Ar
unknown NiO contents in olivine clinopyroxenite were taken from Wang et al. (2005) (vert
dark shading regions represent 90% and 50% of the entire terrestrial spinel data points, respect
spinel data points from boninite, respectively (Barnes and Roger, 2001). (d) Spinel Fe3+/(Fe3

lines denote the spinel compositions in Mg-rich magmas which were originated from differen
melting of a fertile MORB (FMM) source (in fractional melting mode, 5–30%) are shown in th
temperature boninitic melt–rock reaction, (#2) low-temperature TiO2-rich fluid–rock reaction
(f) Spinel Cr# vs. spinel Fe2+/(Fe2+ + Mg). The compositional fields of spinel in mid-ocean r
Dick and Bullen (1984), Ishii et al. (1992), and van der Laan et al. (1992), respectively. Sample
very low REE abundances (REE concentration less than 0.1 chondrite),
gentle U-shaped REE patterns, and a positive Eu anomaly, whereas sub-
set 2 displays significantly higher REE concentrations (N0.1 chondrite),
prominently elevated LREE, and flat MREE–HREE patterns with a weak-
to-moderate negative Eu anomaly (Fig. 7a). Fine-grained dunite is over-
all similar to the subset 1 coarse-grained dunite in terms of their REE
patterns, with or without the Eu anomaly (Fig. 7b). The REE patterns
of coarse-grained harzburgite mimic those of the subset 2 coarse-
grained dunite, without a discernible Eu anomaly (Fig. 7c). In contrast,
the REEs define a pronounced U shape pattern without Eu anomaly in
fine-grained harzburgite (Fig. 7d).

For comparison, we plot chondrite-normalized trace-element dia-
grams using the element incompatibility order from Parkinson et al.
(1992) (Fig. 7f–j). As a whole, all peridotite samples exhibit spiked pat-
terns on the left side of the diagram, in which Cs, Ba, U, and Ta are
enriched relative to Rb, Th, and Nb. However, the most conspicuous ex-
ception to this generalization is that Th is not depleted but enriched in
most coarse-grained dunite and harzburgite. Pronounced positive Sr
anomalies andweak-to-moderate enrichments of Zr and Hf are also ob-
served in most harzburgite and dunite. A strong Nb–Ta fractionation is
also present in dunite and harzburgite (i.e. chondrite-normalized ratio
Nb/Ta≪1). These geochemical characteristics bear some similarities to
the refractory harzburgite from the East Pacific Rise (EPR), as reported
by Niu and Hekinian (1997). In addition, Y displays enrichment in
fine-grained dunite and harzburgite, but shows no anomaly in coarse-
grained dunite and harzburgite.
6. Discussion

6.1. Highly refractory residue after high-degree partial melting

Several lines of evidence suggest that the Songshugou harzburgite
and dunite most likely represent a refractory mantle residue after a
large extent of melt extraction. First, the nature of the melting residue
can be inferred from the anhedral shape of spinel, which indicatesmelt-
ing or dissolution of spinel crystals, whereas euhedral spinel is more
likely crystallized from a percolating melt (e.g., Dare et al., 2009). In
the studied harzburgite and dunite samples, anhedral spinel can be ob-
served (Fig. 3d). Second, because (1) the olivine shows a narrow Fo#

range (~91–93) in all spinel-poor harzburgite and dunite, and (2) an ex-
pected lower Fo# (b90) olivine suite is absent from the harzburgites or
lherzolites (Fig. 5a and b; see alsoWang et al., 2005) and the latter were
not found in the field, it is not reasonable to interpret these rocks as the
products from fractional crystallization. Third, the inverse relationship
between the olivine modes and whole-rock Mg# (approximate to Fo#)
may favor neither a simple fractional crystallization nor a solely cumu-
late origin for the harzburgite and dunite (Fig. 6b).

Themain evidence for their high-degreemelting, residual nature in-
cludes the following:

First, very low whole-rock CaO, Al2O3, and TiO2 contents are ob-
served in harzburgite and dunite. The whole-rock CaO, Al2O3, and TiO2

can be progressively depleted with an increasing extent of melting,
which enables their concentrations to be a good indicator of the extent
of melting (Ishiwatari, 1985; Pearce et al., 1992). In most Songshugou
harzburgites and dunites, the very low concentrations of whole-rock
l Cr#. Dashed arrow indicates the trend of increasing Cr# and decreasing Fo#. OSMA is the
positional fields of olivine in abyssal and forearc peridotite are from Dick (1989) and Ishii
ray) (Takahashi et al., 1987). The olivine compositions of Fo# in the range of 84–87 and
ical dashed line and black arrow). (c) Spinel Fe3+–Cr–Al ternary diagram. The light and
ively. The light dash-dotted line and heavy dashed line enclose 90% and 50% of the entire
++Cr + Al) vs. spinel Fe2+/(Fe2+ + Mg). (e) Spinel TiO2 content vs. spinel Cr#. Dashed
t tectonic settings (Arai, 1992). The spinel compositions after variable degrees of partial
e labeled curve (Pearce et al., 2000). Large gray arrows indicate sequentially (#1) high-
, and (#3) chlorite-forming retrograde reaction that increases the Cr# of remnant spinel.
idge (MOR) peridotite, supra-subduction zone (SSZ) peridotite and boninite were from
symbols are shown in (a) and (b).
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Al2O3 (b0.7 wt.%) and CaO (b0.7 wt.%), thus indicate 30–33% melting
(in batch melting mode), and the low TiO2 (b0.01 wt.%) corresponds
to over 20% melting (in fractional melting mode). Because the concen-
trations of TiO2 are below the detection limit of XRF analysis and more
precise data measured by ICP-MS are not available, the whole-rock
TiO2 content used in this study can only be considered as an upper
limit and 20% fractional melting should thus be considered as a lower-
bound estimate.

Second, the whole-rock composition data from dunite and
harzburgite samples link the melting curves at the high-degree end
(~25% partial melting in both batch and fractional melting modes)
with compositions of olivine in MgO–SiO2 and MgO–FeOt diagrams
(Fig. 6c andd). This characteristic implies that these harzburgite and du-
nite had been melted about 25%, and then enriched with excess olivine
that can be produced through olivine crystallization/precipitation either
from olivine-saturated percolating melt during ascent or by replacing
pyroxene (mostly Opx) during the melt–peridotite reaction
(e.g., Kelemen et al., 1995; Niu, 1997; Niu et al., 1997).

Third, depleted whole-rock HREE patterns are presented in
harzburgite and dunite (Fig. 7a–d). The extent of partialmelting inman-
tle peridotite can also be inferred from the abundance of whole-rock
HREEs, because the abundance of these elements is inversely correlated
with the degree of partial melting but is only slightly affected by later
retrograde metamorphism or metasomatic processes (Hellebrand
et al., 2001). Compared with the calculated chondrite-normalized
whole-rockREE patterns of residual peridotite after variablemeltingde-
grees (Piccardo et al., 2007), except for subset 2 coarse-grained dunite,
the measured REE abundances (b0.1 chondrite) and patterns of the
harzburgite and dunite can best be matched by the REE patterns after
23–27% melting (in fractional melting mode). The exact reasons for
the distinct REE patterns of the subset 2 coarse-grained dunite are not
clear. However, their elevated LREE–HREE concentrations might imply
that significant quantities of both LREE and HREE could be retained if
large porosities can somehow be present in the rock duringmelting. Be-
cause the Cpx is the main host of REEs (especially HREEs) in the anhy-
drous peridotite, the similar calculated Cpx mode (converted from
tremolite, see Section 6.5.3) or whole-rock CaO content between subset
1 and 2 coarse-grained dunite (Table S2) indicate that their distinctive
REE contents are not correlated with original Cpx modes, but likely re-
lated to different REE concentrations in original Cpx.

The modal proportion of Cpx is a good measure of the degree of
melting of lherzolite to harzburgite (e.g., Dick and Fisher, 1984; Niu,
1997), because Cpx is a moderately abundant phase that is consumed
rapidly during anhydrous melting of a spinel lherzolite (Jaques and
Green, 1980):

Cpxþ Opxþ olivine1 þ spinel1 ¼ olivine2 þ spinel2 þmelt1 ð1Þ

modified after Niu (1997). Olivine1, spinel1 and olivine2, spinel2 indicate
the original and newly-formed olivine and spinel during partialmelting,
respectively, whereas melt1 is the produced melt with composition de-
pending on the degree of melting. Therefore, a peridotite that contains
15 vol.% compared to one that contains 0 vol.% Cpx correspond approx-
imately to initiation of melting and to above ~25% of melting (in batch
melting mode), respectively (Dick and Fisher, 1984; Niu, 1997). In
fact, a minor amount of Cpx may still persist to above ~25% melting if
melting occurs in a hydrous condition (Gaetani and Grove, 1998).
Owing to the reactions with silica-undersaturated melts (consuming
pyroxenes, see section below), the mode of clinopyroxene in our
harzburgite and dunite can actually not be used to infer the degree of
melting. However, most harzburgite or dunite samples show a very
low recalculated modal abundance of Cpx (b2.3%) in the recalculated
Ol–Opx–Cpx mineral assemblage (Fig. 6a). Assuming that Cpx is solely
consumed during partial melting, this small Cpx mode thus indicates
at least 25% batch melting, which is consistent with the melting degree
inferred from other methods above. This result, on the other hand, also
implies that most Cpx was consumed during partial melting, and that
subsequent melt/fluid–rock interactions (see section below) thus only
slightly modified the Cpx mode.

Collectively, we conclude that the Songshugou harzburgite and du-
nite are highly refractory mantle residues that have experienced
25–33% (in batch melting mode) or 23–27% (in fractional melting
mode) melting. Because fractional melting is more efficient in
extracting the incompatible components than batchmelting, a relative-
ly larger degree of batchmelting is required to produce the same extent
of depletion as fractional melting.

6.2. High-temperature melt–rock reactions

Commonly, the refractory mantle composition after intensive melt-
ing can be modified subsequently by interaction with percolating
melt/fluid. The melt/fluid–rock reaction process can also be proved in
the Songshugou harzburgite and dunite.

The first evidence comes from the mineral dissolution textures. The
irregular grain boundaries of Opx in contact with fine-grained olivine
crystals (Fig. 2g), the poikilitic Opx texture (Fig. 2h), and the oblate
Opx inclusion in olivine grains (Fig. 4a) indicate that the Opxwas either
dissolved by a percolating reactive melt or incongruently melted to
form olivine during partial melting (e.g., Bédard et al., 2009; Dai et al.,
2011; Edwards and Malpas, 1995; Zhou et al., 2005). The euhedral spi-
nel grains may imply that they were directly crystallized from the
reacting melt (Fig. 3b). Some subhederal spinel crystals showing a
patchy composition pattern may suggest the mixing and overgrowing
of old spinel grains during melt–rock reaction (Fig. 3c).

Second, significant enrichments of some LREEs and HFSEs (e.g., Ta,
Zr, and Hf) are presented in harzburgite and dunite. The high LREE/
MREE ratios (U-shaped REE patterns), and elevated Ta, Zr, and Hf con-
centrations in most harzburgite and dunite samples (Fig. 7a–d and f–
i)—because their partition coefficients between olivine and silicate
melt are relatively greater compared to other trace elements, see
Bédard (2005)—clearly suggest that these rocks were not simply
formed by melting the fertile mantle, but also pervasively refertilized
due to subsequent melt/fluid–rock reactions (e.g., Dai et al., 2011;
Parkinson et al., 1992; Song et al., 2004). However, the very strong
Nb–Ta fractionation (Nb/Ta≪1)may be in linewith their extremely de-
pleted origin (Niu and Hekinian, 1997). In a similar manner, the pro-
nounced spikes of fluid-mobile large ion lithophile elements (LILEs;
Cs, Ba, U, and Sr) could be interpreted as enrichments due to interaction
between an aqueous agent (e.g., aqueous fluid or hydrousmelt) and the
depleted mantle residue.

Third, it is generally accepted that a high Fo# in olivine (olivine2) and
a high Cr# in spinel (spinel2) are indicators of the highly refractoryman-
tle (e.g., Arai, 1994; Dick and Fisher, 1984; Matsukage and Kubo, 2003).
However, the very high Cr# of spinel (N70) in dunite is most likely pro-
duced by a melt–rock reaction, rather than high-degree melting (Zhou
et al., 1996, 2005). As shown in Fig. 5a, almost all the harzburgite and
dunite samples fall within the high Fo# and Cr# region of the olivine–
spinel mantle array (OSMA) of Arai (1994). The few spinel-layered du-
nites show (1) apparently higher Fo# in olivine (Fig. 5a and b) which
may result from a more extensive Fe–Mg exchange between olivine
and spinel under subsolidus conditions (Irvine, 1965); and (2) higher
Mg# in spinel (Fig. 5d) which may represent the original composition,
because the high model abundances of spinel can prevent significant
modification of spinel composition during chemical re-equilibration
with olivine (Barnes and Roger, 2001). The olivine Fo# (~91–93) in
spinel-poor dunite and harzburgite is exempted from significant low-
T Fe–Mg partitioning effect with the minor spinel and clinopyroxene,
whereas the Mg# in spinel is strongly modified (see section above)
(Evans and Frost, 1975; Obata et al., 1974). Therefore, the compositions
of olivine (Fo# ~ 91–93) and spinel (Cr# ~ 76–84) in spinel-poor coarse-
grained dunite and harzburgite are indicative of a residual origin after
25–33% melting (in batch melting mode) at ~0.2 GPa (Jaques and



Table 1
Representative composition of olivine.

Rock
type

Coarse-grained dunite Porphyroclastic dunite Fine-grained dunite Harzburgite Olivine
clinopyroxenite

Sample SSG-2a S95-31a S03-2Ab S03-2Cb S91-26 SSG-1 S91-03 S91-05 S03-2B S91-32

SiO2 40.37 40.93 41.34 41.70 41.18 41.34 40.91 41.14 40.85 40.53 41.51 41.34 40.44 40.56 40.32 40.48 40.84 41.09 40.46 40.60
TiO2 0.00 0.01 0.01 0.00 0.00 0.03 0.00 0.07 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.01 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Cr2O3 0.00 0.02 0.00 0.02 0.00 0.05 0.03 0.33 0.00 0.02 0.04 0.00 0.01 0.01 0.00 0.01 0.02 0.00 0.10 0.00
Fe2O3 0.83 0.83 0.43 0.22 0.00 0.38 0.00 0.05 0.00 0.58 0.00 0.00 0.91 0.93 1.00 0.97 0.41 0.85 0.21 0.60
FeO 6.72 6.70 5.30 4.90 8.28 7.80 8.32 8.01 8.88 8.15 7.52 7.50 7.35 7.51 8.10 7.86 7.59 6.89 10.92 10.23
MnO 0.12 0.12 0.09 0.08 0.06 0.13 0.09 0.10 0.14 0.15 0.06 0.15 0.15 0.13 0.05 0.12 0.13 0.05 0.30 0.33
MgO 51.82 51.63 52.47 53.20 49.92 51.15 50.04 50.57 49.23 49.82 51.09 50.38 50.72 50.86 50.77 50.50 50.53 51.65 48.06 48.42
CaO 0.00 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.02 0.00 0.02 0.02 0.01 0.02 0.00 0.00 0.00 0.00 0.02 0.01
Na2O 0.00 0.00 0.01 0.00 0.00 0.00 0.04 0.05 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08
K2O 0.01 0.02 0.04 0.01 0.01 0.00 0.01 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.01
NiO 0.36 0.34 0.34 0.36 0.34 0.32 0.31 0.35 0.22 0.34 0.38 0.39 0.36 0.30 0.35 0.27 0.37 0.38 0.19 0.20
Totals 99.87 100.26 99.72 100.18 99.46 100.91 99.44 100.35 99.12 99.27 100.27 99.41 99.59 100.02 100.26 99.95 99.52 100.56 100.07 100.28
Si 0.98 0.99 1.00 1.00 1.01 1.00 1.00 1.00 1.01 1.00 1.00 1.01 0.99 0.99 0.99 0.99 1.00 0.99 1.00 1.00
Ti 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 0.00 0.00 0.00 0.00 0.00 0.00
Al 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 0.00 0.00 0.00 0.00 0.00 0.00
Cr 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 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.02 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.02 0.02 0.02 0.01 0.02 0.00 0.01
Fe2+ 0.14 0.14 0.11 0.10 0.17 0.16 0.17 0.16 0.18 0.17 0.15 0.15 0.15 0.15 0.16 0.16 0.16 0.14 0.23 0.21
Mn 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 0.00 0.00 0.00 0.00 0.01 0.01
Mg 1.88 1.86 1.88 1.90 1.82 1.84 1.82 1.83 1.80 1.82 1.84 1.83 1.85 1.84 1.84 1.84 1.84 1.86 1.77 1.77
Ca 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 0.00 0.00 0.00 0.00 0.00 0.00
Na 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 0.00 0.00 0.00 0.00 0.00 0.00
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 0.00 0.00 0.00 0.00 0.00 0.00
Sum 3.01 3.00 3.00 3.00 2.99 3.00 3.00 3.00 3.00 3.00 3.00 2.99 3.00 3.01 3.01 3.00 3.00 3.00 3.00 3.00
Fo# 93.19 93.23 94.63 95.09 91.49 92.12 91.47 91.81 90.79 91.61 92.37 92.28 92.48 92.34 91.78 91.98 92.18 93.03 88.69 89.40

a Spinel-layered coarse-grained dunite.
b Spinel-poor coarse-grained dunite.
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Green, 1980). However, three critical issues disfavor this inference. First,
it is not possible to induce melting of the mantle at only 0.2 GPa (depth
of ~6 km), because of the cold thermal boundary layer in extensional
settings (e.g., mid-oceanic ridge and infant forearc). Second, the pres-
ence of spinel is obviously contradictory to the pressure condition of
0.2 GPa at which plagioclase is expected to be the stable aluminous
phase. Third, assuming that spinel grains were formed purely by partial
melting, the range of Cr# (~76–84) in most spinel grains from
harzburgite, coarse-grained and porphyroclastic dunite corresponds to
over 30% fractionalmelting (Fig. 5e). Such extent ofmelting is obviously
inconsistent with above estimated value (23–27% in fractional melting
mode). Consequently, we consider that these high-Cr# spinel grains
(spinel3)were notmelting residues, butmainly formed during boninitic
melt–rock reaction (boninite region in Fig. 5e). This explanation is also
consistent with the frequent occurrence of euhedral spinel grains (spi-
nel3) in the coarse-grained dunite and harzburgite. Because the Fo# in
olivine is mainly controlled by the extent of melting and is insensitive
to melting pressure (Fig. 5a), the olivine Fo# of 91–93 can be formed ei-
ther by partial melting (olivine2) (e.g., 25–33% batch melting at the
pressure much higher than 0.2 GPa) or by subsequent interaction with
high-Mg boninitic magma (olivine3).

Fourth, it is generally considered that the Ti content in spinel is
mainly controlled by the composition of their equilibrium magmas or
fluids (Arai, 1992; Kamenetsky et al., 2001). Hence the concentration
of TiO2 in spinel can be used to infer the chemical properties of reacting
agents (Pearce et al., 2000). In coarse-grained dunite and harzburgite,
the low but appreciable TiO2 content (0.01–0.2 wt.%) of spinel grains
thus suggests that these melting residues have subsequently interacted
with a high-temperaturemagmawhich is poor in TiO2 and rich in Cr2O3

and MgO (i.e. boninitic melt) (Fig. 5e):

Opxþ Cpxþ spinel2 þmelt1 ¼ olivine3 þ spinel3 þmelt2 ð2Þ

where melt1 is boninitic melt derived from high-degree partial melting
(Eq. (1)), and melt2 is the reacted boninitic melt richer in pyroxene
components (modified from Pearce et al., 2000). The spinel2 and spinel3
thus indicate the original and newly-crystallized spinel during high-
temperature melt–rock reactions.

Fifth, the presence of unusual oval and round multiphase inclusions
in olivine and spinel grains (Figs. 3d and 4b–f) can suggest that the
reacting melt was trapped by growing/crystallizing olivine and spinel
crystals during melt–rock reaction (see section below).

Sixth, the melt–harzburgite reaction (consuming Opx of wall
harzburgite) and subsequent mixing of melts (forming chromite-
oversaturated melt) are essentially important to form dunite and
chromitite in the mantle assemblage, respectively (e.g., Arai and
Yurimoto, 1994;Melcher et al., 1997; Zhou et al., 1994, 1996). A sporad-
ic occurrence of high-Cr banded chromitite and spinel-layered coarse-
grained dunite in the Songshugou ultramafic massif (Figs. 1c and 2d),
thus provides support for themelt–rock reaction interpretation. Specif-
ically, the interlayering between spinel and olivine (Fig. 2d) is inferred
to be originated from compaction, shearing and alternate crystallization
of olivine and spinel from a mixed and segregated melt, resulting in the
cumulate-like texture. Melt–rock reaction is used here as a general term
to refer to thewide range of processes that can occur duringmelt trans-
port in the mantle (Warren, 2016).

Seventh, the whole-rock compositions in MgO–SiO2 and MgO–FeOt
diagrams (Fig. 6c and d) indicate excess olivine in the harzburgites com-
pared to that expected in partial melt residues. The excess olivine could
have precipitated from the percolating melt through a post-melting
process (e.g., Niu et al., 1997; Song et al., 2004).

6.3. Boninitic melt evidenced from multiphase inclusions

Because the host minerals can prevent fluids from escaping, the hy-
drous and carbonate phases in themultiphase inclusions can record the
crystallization of volatile-rich melts or the reactions between trapped
fluids and their host minerals. In contrast, anhydrous minerals
(e.g., Opx, Cpx, and olivine) in multiphase inclusions are either likely
nucleated from the trapped melt or captured as residual or nucleated
crystals (Li et al., 2005;Matsukage and Arai, 1998). In this study, we ob-
served twomajor hydrousmineralswithin inclusions. One is Cr-chlorite



Table 2
Representative composition of spinel.

Rock type Coarse-grained dunite Porphyroclastic dunite Fine-grained dunite Harzburgite Olivine
clinopyroxenite

Sample SSG-2a S95-31a S03-2Ab S03-2Cb S91-26 SSG-1 S91-03 S91-05 S03-2B S91-32

SiO2 0.00 0.01 0.00 0.00 0.05 0.04 0.00 0.00 0.02 0.01 0.00 0.06 0.00 0.05 0.01 0.05 0.04 0.03 0.00 0.00
TiO2 0.13 0.10 0.11 0.05 0.10 0.07 0.03 0.03 0.08 0.11 0.07 0.04 0.68 0.59 0.35 0.25 0.03 0.00 0.39 0.47
Al2O3 10.01 10.51 9.30 9.24 8.41 9.70 8.99 8.37 6.06 2.15 7.60 2.60 1.24 1.29 5.25 3.40 9.56 9.50 0.99 1.07
Cr2O3 53.19 53.99 57.51 57.67 52.85 52.54 52.59 51.12 41.08 44.61 56.67 63.03 32.33 34.25 45.59 49.93 55.11 55.77 27.34 28.66
Fe2O3 7.01 6.20 6.36 6.12 7.14 6.74 8.28 9.49 20.54 20.62 5.02 3.80 34.94 33.27 18.16 16.08 5.50 4.77 41.36 39.95
FeO 21.70 22.04 15.16 15.98 23.05 22.70 22.73 23.75 25.34 26.26 22.02 22.75 28.23 27.25 25.74 25.26 22.93 22.94 27.44 28.03
MnO 0.42 0.41 0.38 0.33 0.43 0.37 0.42 0.40 0.57 0.63 0.49 0.48 0.51 0.40 0.57 0.56 0.42 0.40 0.66 0.72
MgO 7.52 7.34 11.71 11.36 6.13 6.54 6.25 5.67 3.51 2.77 6.51 5.31 2.41 3.01 4.35 4.33 6.73 6.63 2.43 2.43
CaO 0.00 0.03 0.00 0.04 0.00 0.03 0.00 0.02 0.02 0.04 0.00 0.03 0.00 0.01 0.00 0.02 0.00 0.00 0.02 0.02
Na2O 0.01 0.06 0.06 0.00 0.00 0.02 0.11 0.01 0.16 0.03 0.07 0.12 0.01 0.03 0.00 0.04 0.01 0.02 0.08 0.00
K2O 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.00 0.00 0.04 0.07 0.00 0.02 0.05 0.01 0.17 0.12 0.05 0.04 0.37 0.41 0.06 0.10 0.07 0.00 0.26 0.21
Totals 99.99 100.69 100.64 100.86 98.16 98.75 99.41 98.87 97.38 97.25 98.45 98.25 100.72 100.57 100.08 100.02 100.40 100.06 100.97 101.56
Si 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 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.01 0.01 0.00 0.00 0.01 0.01
Al 0.40 0.41 0.36 0.36 0.35 0.39 0.36 0.34 0.26 0.10 0.31 0.11 0.05 0.06 0.22 0.14 0.38 0.38 0.04 0.05
Cr 1.42 1.43 1.49 1.49 1.46 1.43 1.43 1.41 1.18 1.32 1.56 1.79 0.94 0.99 1.28 1.41 1.48 1.50 0.80 0.83
Fe3+ 0.18 0.16 0.16 0.15 0.19 0.17 0.21 0.25 0.56 0.58 0.13 0.10 0.97 0.92 0.48 0.43 0.14 0.12 1.15 1.10
Fe2+ 0.61 0.62 0.41 0.44 0.67 0.65 0.65 0.69 0.77 0.82 0.64 0.68 0.87 0.84 0.76 0.76 0.65 0.65 0.85 0.86
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.02 0.02
Mg 0.38 0.37 0.57 0.55 0.32 0.34 0.32 0.29 0.19 0.16 0.34 0.28 0.13 0.16 0.23 0.23 0.34 0.34 0.13 0.13
Ca 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 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
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 0.00 0.00 0.00 0.00 0.00 0.00
Sum 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Cr# 78.08 77.52 80.58 80.73 80.82 78.42 79.69 80.35 81.97 93.29 83.32 94.21 94.57 94.66 85.36 90.79 79.43 79.75 94.87 94.74
XCr 0.71 0.71 0.74 0.75 0.73 0.71 0.71 0.70 0.59 0.66 0.78 0.90 0.47 0.50 0.64 0.71 0.74 0.75 0.40 0.41
X(Fe2+) 0.62 0.63 0.42 0.44 0.68 0.66 0.67 0.70 0.80 0.84 0.66 0.71 0.87 0.84 0.77 0.77 0.66 0.66 0.86 0.87
Y(Fe3+) 0.09 0.08 0.08 0.08 0.09 0.09 0.11 0.12 0.28 0.29 0.07 0.05 0.49 0.47 0.24 0.22 0.07 0.06 0.58 0.56

Cr# = 100 ∗ Cr/(Cr + Al); XCr = Cr/(Cr + Al + Fe3+); X(Fe2+) = Fe2+/(Fe2+ + Mg); Y(Fe3+) = Fe3+/(Fe3+ + Cr + Al).
a Spinel-layered coarse-grained dunite.
b Spinel-poor coarse-grained dunite.
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Table 3
Representative compositions of multiphase inclusions.

Rock type Coarse -grained dunite Fine -grained dunite Harzburgite

Sample S-15a SSG-2a S-11b S03-2Cb S-05 S-249 S03-2B

SiO2 35.14 42.88 56.38 30.49 0.06 56.68 36.03 57.81 39.06 39.62 58.98 32.38 31.17 1.34 45.32 35.98 41.93 10.40 38.86 33.28 40.86 58.36

TiO2 0.03 0.03 0.01 0.03 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.03 0.05 0 02 0.03 0.06 0.04 0.00 0.00 0.00

Al2O3 9.54 0.73 1.20 16.54 0.03 0.71 10.48 0.12 3.72 0.06 0.09 15.24 16.11 0.11 0.66 10.64 0.05 0.00 0.02 15.07 0.06 0.26

Cr2O3 1.76 0.05 0.81 2.61 0.49 0.14 2.00 0.36 1.66 0.08 0.20 3.13 2.73 0.84 0.11 2.02 0.15 0.14 0.97 1.29 0.03 0.04

FeO 4.57 8.65 1.35 1.94 0.99 1.34 3.89 1.39 7.73 9.63 5.82 2.51 1.99 85.99 5.43 4.15 8.53 4.96 5.91 3.64 8.25 5.57

MnO 0.06 0.01 0.03 0.02 0.08 0.07 0.03 0.03 0.07 0.18 0.17 0.05 0.03 0.07 0.12 0.06 0.16 0.31 0.13 0.05 0.16 0.14

NiO 0.24 0.12 0.00 0.28 0.01 0.00 0.25 0.19 0.30 0.34 0.00 0.19 0.14 0.94 0.23 0.22 0.31 0.03 0.24 0.13 0.16 0.07

MgO 38.24 45.52 23.21 32.15 23.62 23.26 39.19 27.77 42.55 47.79 35.57 33.17 32.65 4.61 44.08 33.20 48.25 44.49 44.35 33.34 49.21 35.67

CaO 0.02 0.00 13.81 0.05 32.06 13.89 0.00 0.05 0.05 0.00 0.02 0.00 0.00 0.06 0.00 0.05 0.00 0.10 0.02 0.00 0.01 0.07

Na2O 0.00 0.02 0.23 0.01 0.00 0.56 0.01 0.06 0.00 0.03 0.11 0.00 0.00 0.06 0.02 0.06 0.00 0.03 0.00 0.00 0.00 0.00

K2O 0.00 0.03 0.03 0.01 0.04 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Total 89.61 98.05 97.06 84.13 57.43 96.65 91.89 87.78 95.14 97.73 100.96 86.76 84.83 94.05 96.03 86.33 99.40 60.52 90.55 86.82 98.73 100.18

Mg# 0.94 0.90 0.97 0.97 0.97 0.97 0.97 0.91 0.90 0.92 0.96 0.96 0.94 0.94 0.91 0.93 0.94 0.91 0.91

Cr# 0.11 0.10 0.10 0.12 0.23 0.12 0.12 0.11 0.05

Mineral phase Chl Ol Tr Chl Dol Trc Chld Opx? Ol/Chl? Ol Opx Chl Chlc Mag Ol Chl Ol Mgs Ol? Chl Ol Opxc

a Spinel-layered coarse-grained dunite; b Spinel-poor coarse-grained dunite
c Mineral in matrix; d Monophase inclusion
Abbreviation: olivine (Ol), orthopyroxene (Opx), chlorite (Chl), tremolite (Tr), magnetite (Mag), magnesite (Mgs), dolomite (Dol)
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that is characterized by higher MgO, Cr2O3, and Al2O3 contents, and the
other is tremolite, which has higher SiO2 and CaO contents. Both of
them are poor in incompatible elements such as TiO2, Na2O, and K2O
(Table 3). The chemical compositions of tremolite and Cr-chlorite in
the multiphase inclusions resemble those of their matrix counterparts
(Table 3), implying that these multiphase inclusionsmay be the artifact
of retrograde hydration reactions (see discussion below). However,
their unusual and perfect oval or round shapes, and lacking obvious
cracks connecting with the matrix favors the genesis of multiphase in-
clusions as trappedmelts (Figs. 3d and 4b–f). Therefore, themultiphase
inclusions (Figs. 3d and 4b–f; especially those included in silica-free spi-
nel) suggest that the trapped melt probably had a close relationship
with reacting hydrous boninitic magmas (i.e. melt1,2 in Eq. (2)), which
was most likely captured by (re)crystallizing olivine (olivine3) and spi-
nel (spinel3) during high-temperature boninitic melt–rock reaction
(Eq. (2)). This high temperature inference is also consistentwith the es-
timated high homogenization temperatures (~1200–1300 °C) for these
multiphase inclusions (Su et al., 2005). The reasons for the varyingmin-
eral species, compositions and volume proportions residing in multi-
phase inclusions are puzzling, which may be due to the compositional
heterogeneity of the boninitic melt in the system or to the post-
entrapment reactions between trapped melts and their host minerals
(Li et al., 2005; Matsukage and Arai, 1998).

Together with the occurrences of carbonate minerals (e.g., dolomite
and magnesite) in both types of multiphase inclusions, it is suggested
that, besides water, the trapped melt was also rich in CO2. In addition,
the occurrence of magnetite (Fig. 4e) in the multiphase inclusions
may imply that a fair amount of oxidation by the trapped melt, indica-
tive of the high oxygen fugacity in the forearc mantle. These character-
istics ofmultiphase inclusions thus point to an intimate associationwith
fluid-rich (i.e. H2O andCO2) boniniticmagma in a forearcmantle setting
(see section below).

Different from the results in this study, many previous studies dis-
covered multiphase hydrous inclusions of amphibole (mostly Na-, Ti-
pargasite) and phlogopite in spinel (chromite) of mafic intrusions and
ultramafic alkaline complex (e.g., Li et al., 2005; Lorand and Cottin,
1987; Renna and Tribuzio, 2011; Spandler et al., 2005; Tian et al.,
2011; Veksler et al., 1998). Because of the compositional similarities
between inclusion and matrix phases of tremolite and Cr-chlorite, and
lack of experimental data supporting their magmatic origins, it raises
the possibility that these multiphase inclusions may also represent ma-
trix fragments (i.e. metamorphic origin) that were incorporated during
the solid-state growth of the host phase olivine and spinel, which re-
quires a more complex petrological history of Songshugou peridotites.
However, this interpretation of metamorphic origin of multiphase in-
clusions may suffer difficulties such as in explaining the high Cr# in
spinel (i.e. chromite which is generally considered magmatic origin)
by decomposing the lower Cr# chlorite in the matrix without forming
other extremely Al2O3 rich phases. In fact, the lower Cr# chlorite in
the matrix was most likely produced by the breakdown of moderate
Cr# spinel with accompanied growth of higher Cr# spinel (see
Section 6.5.2). Besides, the spatially sporadic distribution and fairly ho-
mogenous composition of multiphase inclusion bearing spinel—the oc-
currence of spinel displaying patchy composition pattern (Fig. 3c)
indicate that the diffusion of some elements in spinel may not be that
efficient—may also disfavor the interpretation of solid-state recrystalli-
zation, conglomerating and annealing of neighboring spinel grains in a
matrix consisting of hydrous phases (Lorand and Cottin, 1987). The ab-
sence of carbonite in the matrix might reflect the dissolution of carbon-
ate by injected fluids during subsequent fluid–rock reactions at low or
sub-solidus temperatures (Ague and Nicolescu, 2014; Poli, 2015),
whereas carbonate can be well protected and preserved as inclu-
sions in olivine and spinel. Therefore, even though the multiphase
hydrous inclusions of tremolite and Cr-chlorite such as in this
study are rarely observed, we cannot rule out their possible origin
as trapped magma.

A key reason that may account for the presence of Na-, Ti-pargasite
and phlogopite multiphase inclusions in other's studies (e.g., Li et al.,
2005; Lorand and Cottin, 1987; Renna and Tribuzio, 2011; Spandler
et al., 2005; Tian et al., 2011; Veksler et al., 1998) is that the melt
could be more fertile or evolved (thus richer in alkalis and titanium),
since these inclusions were almost found in mafic intrusions and ultra-
mafic alkaline complex. On the contrary, the tremolite and Cr-chlorite
multiphase inclusions in our study are associated with refractory ultra-
mafic peridotites, and are thus potentially indicative of a depleted melt
(i.e. boninite). Albeit absent of tremolite and Cr-chlorite, the depleted

Unlabelled image
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composition of primitive melt was recently reported in the spinel-
hosted melt inclusions (52–63 wt.% SiO2, 7–23 wt.% MgO, and
0.01–0.25 wt.% TiO2) in boninite from the Ogasawara Archipelago in
Japan (Umino et al., 2015). To confirm themagmatic origin of tremolite
and Cr-chlorite, further experimental studies on the crystallizing prod-
ucts (i.e. liquid phases) of hydrous boninitic melt at various physico-
chemical conditions are needed.
6.4. Origin of olivine clinopyroxenite

Several field and petrographic arguments illustrate that the olivine
clinopyroxenite (similar to wehrlite) is a typical crystallization product
from a primitive magma or via interactions with silica-saturated melts
with high melt/rock ratios, as indicated by the high modal abundance
of clinopyroxene megacrysts (Fig. 2f) and dyke occurrences in the
field (Su et al., 2005). The olivine clinopyroxenite displays contrastingly
lower olivinemodal abundance (~30–35%) andMgO content or whole-
rock Mg# (~87–91) than most harzburgite and dunite (Fig. 6b–f). The
depleted LREEs, flat and enrichedMREE–HREEs (0.5–1 times chondrite)
pattern in olivine clinopyroxenite (Fig. 7e) are also obviously different
from those of dunite and harzburgite (Fig. 7a–d). Besides, the Fo# in ol-
ivine clinopyroxenite varies in a continuous range of 84–90, which is
lower than the olivine in dunite and harzburgite (Fig. 5a and b), where-
as the contents of Fe2+, Fe3+, and TiO2 in spinel are similar to those of
fine-grained dunite (Fig. 5c–f). The continuous variations of olivine
and spinel compositions in olivine clinopyroxenite can most properly
be explained by a compositional change during fractional crystallization
of magma and/or its successive reactions with wall-rocks in the course
of dyke growth. This chemically relatively fertile magma (Cpx-saturat-
ed; richer in Si, Fe, and Ti; poorer in Mg and Cr) is likely derived from
successive fractionation events and/or melt–rock reactions (starting
from the high-T boninitic melt–rock reaction) (Kelemen et al., 1992).
It is noteworthy that the olivine in olivine clinopyroxenite has a rela-
tively lower Fo# than the olivine in dunite and harzburgite, and its con-
tinuous Fo# variation between 84 and 90 is likely indicative of a slight
magma evolution. However, this olivine Fo# (84–90) is still high enough
to suggest a primitive origin. This result is consistent with the Fo# range
in the olivine precipitated frommost primitive basalts on the Earth. Dis-
tinct from the crystallization of tremolite (i.e. magmatic origin) in mul-
tiphase inclusions (i.e. a closed system; Figs. 3d and 4c) where fluid can
be preserved, the crystallization of anhydrous Cpx and olivine in olivine
clinopyroxenite suggests that the residual hydrous melt (or fluids) like-
ly escaped from the open system. Actually, olivine clinopyroxenite is
equivalent to wehrlite cumulates resulting from fractional crystalliza-
tion of hydrous basaltic melts (Gaetani and Grove, 1998; Niu, 2005) or
from less hydrous magmas under high pressures (N8 kbar) (see Niu
(2005) for a summary).

Following an intermediate stage of magma evolution from olivine-
to Cpx-saturated compositions that is coupled with multistage melt–
rock reactions, an Opx-saturated melt is expected (Kelemen et al.,
1992). This Opx-saturated melt is capable of crystallizing more Opx
than olivine during melt–rock reaction, and thus results in a
cumulate-like harzburgite texture rather than a residual harzburgite.
This melt–rock reaction process may be evidenced by a few Opx-rich
harzburgite samples that havemineralmodes andmajor-element com-
positions that significantly deviate from the main trends of most
dunite–harzburgite sequences (Fig. 6a–f).
Fig. 6. (a) Recalculated normative Ol–Opx–Cpx modes of peridotites using their whole-rock m
recalculatedmodal proportion of olivine and thewhole-rockMg number. (c–f) Diagrams showi
vs. FeOt, (e) MgO vs. Al2O3, and (f) MgO vs. CaO. The variations of SiO2, FeOt, and MgO content
different meltingmodels and are displayed in diagram (c) and (d). Three differentmelting mod
isobaric batchmelting at 10 and20kbar. Shading regions in (c) and (d) are the olivine compositi
the main trends in (e) and (f) are likely attributed to their high modal abundance of Opx. (f
harzburgite and dunite samples, possibly owing to the enrichment of carbonate minerals. (c) a
6.5. Low-temperature fluid–rock reactions

6.5.1. TiO2-rich fluid–rock reaction
As shown in Fig. 5e, the spinel grains in fine-grained dunite have

contrastingly higher TiO2 content than those in coarse-grained dunite
and harzburgite. The fine-grained dunite has similarly high olivine Fo#

(~91–93) as coarse-grained dunite and harzburgite, this fact implies
that the reacting agent is not likely a tholeiitic magma that is rich in
SiO2, FeO, and TiO2 and poor in MgO, because reaction with a tholeiitic
melt would produce significantly lower Fo# olivine which however
was not observed in fine-grained dunite. Instead, the fine-grained du-
nite likely results from the modification of spinel compositions in their
coarse-grained counterparts through a later interaction with a low-T
TiO2-rich aqueous fluid (Fig. 5e):

spinel3 þ TiO2‐rich fluid ¼ spinel4 ð3Þ

where spinel3 and spinel4 are poor and rich in TiO2, respectively. Textur-
ally, this hydrothermal reaction process is supposed to alter the original
shape of spinel, which is consistent with the strongly fractured spinel
grains in fine-grained dunite (Fig. 3a). The conventionally believed
fluid-immobile TiO2 can become dramatically soluble and mobile in a
chloride- and fluoride-bearing aqueous fluid under relatively high tem-
peratures of ~900–1100 °C (e.g., Ayers and Watson, 1993; Rapp et al.,
2010). To prove this hypothesis of participation of chloride- or fluride-
bearing fluids, more detailed analyses and comparisons of other trace-
element abundances in spinel from coarse- and fine-grained dunites
are needed.

6.5.2. Cr-chlorite-forming fluid–rock reaction
Cr-chlorite is a hydrous phase that is ubiquitously observed in our

studied peridotite samples and other ultramafic rocks (e.g., Merlini
et al., 2009). Because the thermodynamic properties of most Cr-
bearing minerals are not known, the precise P–T stability field of Cr-
chlorite in ultramafic rocks cannot be modeled using phase equilibria
diagrams. However, a few recent experimental studies suggested that
the chromium-bearing chlorite ismore stable than chromium-free chlo-
rite; and it can persist to higher P–T condition at ~900 °C at 3.5 GPa
(Fischer et al., 2008).

In our studied peridotites, the occurrence of Cr-chlorite in the cleav-
ages, fractures and near Cr-rich spinel (Figs. 3a, b, and 4f) imply that the
spinel is altered through a chlorite-forming reaction (modified after
Kimball (1990)):

2 Mg Al;Crð Þ2O4
spinel4

þMg2SiO4
forsterite

þMg2Si2O6
enstatite

þ4H2O

¼ Mg5 Al;Crð Þ2Si3O10 OHð Þ8
chlorite

þMg Cr;Alð Þ2O4
spinel5

ð4Þ

through which Mg, Al and Cr in spinel can be transferred to form chlo-
rite. Because chlorite has a much lower Cr# (i.e. higher Al/Cr ratio)
than spinel, the formation of chlorite will extract more Al2O3 than
Cr2O3 from spinel (spinel4) and result in a higher Cr# in the altered spi-
nel crystals (spinel5) (Fig. 5e). Therefore, the higher Cr# and TiO2 con-
tents of spinel in fine-grained dunite compared with coarse-grained
dunite and harzburgite (Fig. 5a, e and f), could be due tomore intensive
fluid–rock interactions and formation of chlorite experienced by the
fine-grained dunite compared to the other rocks (Fig. 3). Based on the
mass balance calculation between the average Cr# of Cr-chlorite
ajor element compositions and CIPW norm (see Niu, 1997). (b) Relationship between the
ng thewhole-rockMgO content vs. other oxides content (wt.%). (c)MgO vs. SiO2, (d)MgO
s in the melting residue from a fertile MORB mantle (FMM) source are calculated in three
els: one is near-fractional decompressionmelting from 25 to 8 kbar, and the other two are
ons in Songshugoudunite andharzburgite. Thedeviations of twoharzburgite samples from
) One harzburgite sample has a significantly higher CaO content (3.44 wt.%) than other
nd (d) Modified after Niu (1997).
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(~10), unaltered (~80) and altered (~95) spinel, about 20%mass of spi-
nel is needed to be chloritized to explain the observed Cr# in chlorite
and spinel. Because the reacted residual boninitic melt is rich in TiO2
and the dyke structure can provide an effective path for fluid flow, oliv-
ine clinopyroxenite also tends to have a similarly higher Cr# and TiO2

contents of spinel by facilitating the chlorite-forming reactions (Fig. 5e).

Image of Fig. 6
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Image of Fig. 7


Fig. 8. P–T pseudosection for a representative coarse-grained dunite in the system CFMSH
(modal proportions of oxides: CaO=0.60, FeO=6.49,MgO=57.25, SiO2=35.25, H2O in
excess), calculated using THERMOCALC v3.33 (Powell et al., 1998). Green and red lines
indicate the stability field of ortho-amphibole and tremolite, respectively. Yellow dashed
arrowed is an assumed exhumation P–T path. Mineral abbreviation: antigorite (atg),
brucite (br), clinopyroxene (cpx), ortho-amphibole (oa), olivine (ol), ortho-amphibole
(oa), orthopyroxene (opx), talc (ta), and tremolite (tr). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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6.5.3. Amphibole-forming fluid–rock reaction
This low-T fluid rock reaction can be represented as hydration reac-

tion resulting in the ubiquitous occurrence of amphibole minerals (i.e.
anthophyllite and tremolite) in the matrix (Figs. 2, 3a and 4d) or
monophase inclusions in olivine and Opx (representing healed cracks)
(Figs. 2e, 4a and e). As shown in the P–T pseudosection, the dominant
amphibole phase, anthophyllite is stable at a pressure lower than
1 GPa and a temperature of 600–700 °C (Fig. 8; see also Yang and
Powell, 2008). This P–T condition hinders the prevalence of plastic de-
formation of peridotite, but favors brittle microcracking (with lack of
displacement), which can explain why large euhedral amphibole grains
crosscut olivine crystals in all dunite samples (Fig. 2a–e). A detailed
phase reaction analysis using THERMOCALC suggests that ortho-
amphibole (i.e. anthophyllite) was mostly formed by consuming Opx:

9 Mg; Feð Þ2SiO6
Opx

þ2H2O ¼ 2 Mg; Feð Þ7Si8O22 OHð Þ2
ortho‐amphibole

þ2 Mg; Feð Þ2SiO4
olivine4

:

ð5Þ

Namely, 2mol of ortho-amphibole and 2mol of olivine are produced
by reacting 9 mol of Opx with water. In the studied dunite, the volume
proportion of amphibole (mostly ortho-amphibole) is 0–15 vol.%. Be-
cause the ortho-amphibole (~265.9 cm3/mol) has a molar volume
about 4 times that of Opx (~62.7 cm3/mol) at ambient conditions, the
volume percentage of amphibole can be converted to a similar volume
proportion of Opx (0–15 vol.%, denoted as Opx(1)) in an anhydrous
mineral assemblage using the reaction coefficients in Eq. (5). This result
is consistent with the fact that many dunite samples actually have a
harzburgitic mineral modal composition (Fig. 6a), because a significant
Fig. 7. (a–e) Chondrite-normalized whole-rock REE patterns: (a) coarse-grained dunite, (b)
(e) olivine clinopyroxenite. Green solid lines are calculated chondrite-normalized REE pattern
mantle at spinel-facies condition (green dashed lines) (modified after Piccardo et al. (2007)
whole-rock multi-element patterns: (f) coarse-grained dunite, (g) fine-grained dunite, (h) coa
multi-element patterns of dunite and harzburgite in the Torishima Forearc (red lines) and t
comparison (Parkinson and Pearce, 1998). (For interpretation of the references to color in this
portion of Opx was consumed to form ortho-amphibole by retrograde
metamorphism during the exhumation process. Based on the near-
fractional melting model of a fertile lherzolite at low-pressure
(1–3 GPa) and anhydrous conditions, 23–27% melting can consume
about half of Opx and almost all Cpx, resulting in about 25 ± 5 vol.%
Opx (denoted as Opx(2)) in a residual Ol–Opx–Cpx assemblage (Niu,
1997). Hence, it is estimated that about 5–30 vol.%Opx (Opx(2)–Opx(1))
must have been dissolved by the reactive percolating melt during the
high-temperature boniniticmelt–rock reaction. ThemeasuredOpx grains
have a Mg# of ~91–92, which can be imparted into the newly formed ol-
ivine (olivine4), which has a consistent Fo# (~91–93) that can be formed
by successive Opx-consuming processes, namely partial melting, high-T
melt–rock reaction and low-T fluid–rock reaction.

In contrast, tremolite has a wider P–T stability field than ortho-
amphibole (Fig. 8). It appears at P–T conditions less than ~2 GPa and
~800 °C, at the expense of Opx and Cpx through the reaction:

5 Mg; Feð Þ2Si2O6
Opx

þ4Ca Mg; Feð ÞSi2O6
Cpx

þ2H2O

¼ 2Ca2 Mg; Feð Þ5Si8O22 OHð Þ2
tremolite

þ 2 Mg; Feð Þ2SiO4
olivine4

:

ð6Þ

The rare occurrence of tremolite in the matrix of dunite (Fig. 4b and
d) is consistentwith the nearly complete depletion of Cpx during partial
melting and/or subsequent melt–rock reactions, whereas the presence
of a dominant amphibole phase, tremolite, is in line with the high
modal abundance of Cpx in olivine clinopyroxenite (Fig. 2f).

It is noteworthy that these low-T fluid–rock reactions or retrograde
reactions as represented by the hydrousminerals in thematrix, mineral
cleavages, and fractures, as well asmonophase inclusions (representing
healed cracks) in host minerals (Figs. 2, 3a, b, and 4a, d, e), are different
from the formation of multiphase Mg- or Cr-rich hydrous silicate inclu-
sions in the olivine and spinel (Figs. 3d and 4b–f). The latter is inferred
to be crystallized from a volatile-rich boninitic melt (magmatic origin).

6.6. Tectonic settings

The tectonic setting that the Songshugouperidotites have experienced
is a key issue for understanding the evolution history of the Qinling oro-
genic belt. The compositions of olivine and spinel are powerful petroge-
netic indicators and can be used to discriminate the tectonic settings of
peridotite (e.g., Arai, 1994; Dick and Bullen, 1984; Kamenetsky et al.,
2001; Pearce et al., 2000).

Almost all harzburgite and spinel-poor coarse-grained,
porphyroclastic, and fine-grained dunite fall within the region ofmod-
ern forearc peridotites in the olivine Fo# vs. NiO diagram (Fig. 5b; Ishii
et al., 1992), whereas olivine grains from spinel-rich coarse-grained
dunite show significantly higher Fo# outside the region of forearc peri-
dotites. Likewise, in the diagrams of spinel Cr# vs. olivine Fo# (Fig. 5a),
spinel Cr# vs. spinel TiO2 (Fig. 5e) and spinel Cr# vs. spinel Mg#

(Fig. 5f), almost all harzburgite and coarse-grained dunite show close
relationships with peridotites associated with a high-Mg arc magma
or boninite in a supra-subduction zone (SSZ) setting. This affinity to
boninite is also shown in Fig. 5c and d, in which spinel grains in
harzburgite and coarse-grained dunite plot in the boninite region. This
boninitic signature can also be inferred from the observation of multi-
phase inclusions in olivine and spinel (Figs. 3d and 4b–f), which contain
hydrous and carbonate phases that are rich in MgO and Cr2O3 and are
thus consistent with a boninite origin.
fine-grained dunite, (c) coarse-grained harzburgite, (d) fine-grained harzburgite, and
s of residues after variable degrees (as labeled) of fractional melting of a depleted MOR
; and similar to Niu (2004) and Niu and Hekinian (1997)). (f–i) Chondrite-normalized
rse-grained harzburgite, (i) fine-grained harzburgite, and (j) olivine clinopyroxenite. The
he Conical (green lines) Seamount at the Izu–Bonin–Mariana zone were also shown for
figure legend, the reader is referred to the web version of this article.)

Image of Fig. 8
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The genesis of boninite generally requires anomalously high mantle
temperatures (i.e. T N 1100 °C) and a largefluid influx, so that an original
refractory mantle can be further melted (Crawford, 1989; Fallon and
Danyushevsky, 2000;Xia et al., 2012). These conditions are generally re-
lated to a young andwarm forearc region (i.e. infant forearc) in a supra-
subduction zone (Crawford, 1989; Kim and Jacobi, 2002). However, it is
necessary to clarify that our argument does not suggest that partial
melting occurs in the forearcmantle exclusively. Instead, partialmelting
has probably taken place in an episodic fashion (i.e. multistage melt de-
pletion) in various tectonic environments. The latest melting event that
is responsible for the generation of boninite (i.e. boninite-associated
partialmelting) only requires a small fraction of the originally refractory
forearc mantle to continue to be melted (via melting Eq. (1)). The gen-
eration of this boninite is vital to explain the unique boninite-associated
petrological and chemical signatures, as observed in the Songshugou
harzburgite and dunite (see sections above), which can be attributed
to the interaction between high-temperature boninitic melt and origi-
nally refractorymantle in an infant forearc setting. The highly refractory
nature of the forearc mantle implies that the source of the forearcmantle
must have already been intensively depleted during earlier melting
events in other non-forearc settings (e.g., Dijkstra et al., 2010; Niu et al.,
2003; Parkinson et al., 1998). In other words, the forearc peridotites
should not be equated with melting residues purely formed in a forearc
region. This argument has been corroborated by the ancient Os-isotope
ages of modern forearc peridotites (e.g., Izu–Bonin–Mariana and Tonga)
that carry potential implications concerning the initiation of a subduction
zone as a consequence of a pre-existing lateral compositional buoyancy
contrast within the oceanic lithosphere (Niu et al., 2003). This is expect-
edly the same case for the Songshugou dunite and harzburgite, though
additional Os-isotope ageswould certainly be helpful to confirm this idea.

As a potential evidence, Li et al. (2015) recently found boninite-like
doleritic rocks in the early Paleozoic Shangdan suture zone where
Songshugou ultramafic massif is situated. These boninite-like rocks dis-
play lower TiO2 (0.09–0.41 wt.%) and FeO* [=FeO + 0.9 ∗ Fe2O3]
(4.3–10.25 wt.%) contents, lower Ti/V ratios and total REEs, and high
Cr (303–1495 ppm) and Ni (102–383 ppm) values. In addition, they
present two age periods: the older age of 524Ma records the subduction
initiation magmatism, whereas the younger age of 474 Ma is associated
with backarc spreading.

Owing to the interactions with a high-T boninitic melt and a low-T
TiO2-rich aqueous fluid, dunite and harzburgite exhibit prominent en-
richments of fluid-mobile LILEs (Fig. 7f–i), mimicking their counterparts
in the Torishima Forearc and Conical Seamount in a modern (mature)
forearc setting at the Izu–Bonin–Mariana subduction zone (Parkinson
and Pearce, 1998; Spandler and Pirard, 2013). The low-T TiO2-rich
fluid–rock reaction in the temperature range of ~900–1100 °C likely in-
dicates a forearc mantle that is being hydrated by slab-derived fluids at
the incipient cooling stage of subduction zone. However, for those
hydrous-silicate-forming low-T fluid–rock reactions, the scenarios
could be different. The maximum P–T stability condition of Cr-chlorite
~900 °C at 3.5 GPa (Fischer et al., 2008) is consistent with a relatively
cold thermal environment. This P–T condition could correspond to either
forearcmantle in amature subduction zone, or continental crust in a col-
lisional belt, or both. In comparison, the maximum and negative-sloped
P–T stabilities of both anthophyllite (from~700 °Cat ~0.5GPa to ~650 °C
at ~1 GPa) and tremolite (from ~820 °C at 0.5 GPa to ~650 °C at 2 GPa)
imply that their formation ismore likely related to a low-T fluid–rock re-
action at a depth in orogenic crust in a continental collision belt.

Consequently, we postulated that the Songshugou harzburgite and
dunite probably originally represent an ancient forearc lithospheric
mantle which has undergone a boninite-associated partial melting
and a subsequent high-T boninitic melt–rock reaction in a young and
warm subduction zone. Afterwards, these peridotites experienced a se-
ries of low-T fluid–rock reactions that may occur either in a mature and
cool subduction zone, or in an orogenic crust during their exhumation
into the Qinling collisional orogeny at early Paleozoic era, or both.
6.7. Relationships between deformation and low-temperature fluid–rock
reactions

Based on macro- and micro-structures of the Songshugou perido-
tites, decreasing strain can be manifested by the textural transition
from fine-grained, through porphyroclastic, to coarse-grained dunite.
The macroscopic lenticular and microscopic porphyroclastic textures
(Figs. 1c and 2b) imply that coarse-grained dunite probably represents
the remnant of ductile deformation and the precursor of its fine-
grained counterpart, whereas porphyroclastic dunite could be regarded
as the transition state. For those spinel-poor dunites, the spinel shows
systematic increasing X(Fe2+), Y(Fe3+) and Cr# from coarse- to fine-
grained dunite, whereas the porphyroclastic dunite has bimodal com-
positions of spinel X(Fe2+), Y(Fe3+) and Cr# similar to both coarse-
and fine-grained dunites (Fig. 5a and c–f). The differences in spinel
Fe2+ content yield higher olivine–spinel equilibrium temperatures in
coarse-grained (T = 826 ± 13 °C) compared to porphyroclastic (T =
799 ± 29 °C) and fine-grained (T = 757 ± 52 °C) dunite. Because
(1) the diffusion of Mg and Fe2+ between spinel and olivine is fairly
fast and can continue to a temperature (~650 °C) that is lower than
the estimated sub-solidus equilibrium temperatures of our peridotite
samples (e.g., Henry and Medaris, 1980), and (2) spinel grains are
more fractured in fine-grained and porphyroclastic dunites than
coarse-grained dunite (Fig. 3), which results in smaller spinel grains
and more effective diffusion of Mg and Fe2+ in fine-grained and
porphyroclastic dunites, the increase of spinel Fe2+ content and de-
crease of the sub-solidus equilibrium temperature from coarse-
grained, through porphyroclastic, to fine-grained dunite indicate that
the re-equilibrium of mineral compositions between spinel and olivine
was accelerated by ductile and/or brittle deformation. Similarly, the in-
creasing spinel Fe3+ content and Cr# from coarse-grained, through
porphyroclastic, to fine-grained dunite, implies that oxidation and
low-T chlorite-forming fluid–rock reactions can also be enhanced by
ductile and/or brittle deformation (cf. Fig. 3a and b–d).

In a similar manner, the higher spinel TiO2 content in fine-grained
dunite compared to porphyroclastic and coarse-grained dunites
(Fig. 5e) can be attributed to the more intensive low-T TiO2-rich fluid/
rock reaction in fine-grained dunite, which is likely to be a consequence
of the stronger ductile deformation it has experienced. The similar spi-
nel TiO2 content of porphyroclastic and coarse-grained dunites probably
suggests that (1) TiO2-richfluid–rock reaction occurred at a higher tem-
perature earlier than the low-temperature fluid–rock reaction forming
chlorite and final re-equilibrium of the spinel composition with olivine;
(2) the analyzed fine-grained dunite has been formed or was being de-
veloped by ductile deformation, while (3) the analyzed porphyroclastic
dunite has not been differentiated from coarse-grained dunite when
TiO2-rich fluid–rock reaction was occurring; and thus (4) the studied
porphyroclastic dunite was probably formed slightly earlier than and/
or coeval with the chlorite-forming and final mineral re-equilibrium re-
actions, before brittle deformation started to be prevalent.

The olivine/orthopyroxene-crosscutting textures by amphibole
crystals in a relatively random pattern, together with undeformed acic-
ular monophase inclusions in olivine and orthopyroxene, clearly indi-
cate that these amphibole-forming fluid–rock reactions mainly
occurred at a brittle deformation regime. This inference of brittle condi-
tion is in agreement with the maximum P–T stability of the dominant
amphibole phase anthophyllite (from ~700 °C at ~0.5 GPa to ~650 °C
at ~1 GPa). This temperature is lower than that at which olivine can
be significantly deformed plastically at a geological time scale, and the
pressure corresponds to a depth in the crust shallower than the
brittle–ductile transition for a olivine-rich rock (Kohlstedt et al., 1995).

The high-T boninitic melt–rock reaction is the key mechanism to
form our spinel (chromite)-layered dunite. If we assume that the
chromitite formation and associated melt–rock reaction occurred be-
fore the main ductile deformation event, we are expected to observe
spinel (chromite)-rich samples in both coarse- and fine-grained dunite.



Fig. 9. Flow chart showing the major lithological and petrological evolutions of the Songshugou peridotites. The red and blue callouts describe the mineral volume proportions and
compositions of olivine and spinel in each type of rock, respectively. The key characteristics of petrological processes and olivine–spinel equilibrium temperatures are also given in the
green and yellow callouts, respectively. The subscripts of olivine and spinel correspond to those shown in the text. The distribution of fine-grained, porphyroclastic, and coarse-grained
dunite–harzburgite schematically depicts the variations of their relative volume proportions with increasing plastic strain, which transforms the coarse-grained dunite–harzburgite
into fine-grained dunite–harzburgite through their porphyroclastic intermediate. It should be noted that the distribution patterns of these texturally distinct dunite–harzburgite do not
correspond to their actual spatial relationships in the field. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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However, the chromitite and spinel (chromite)-rich dunite seem to
occur only in the coarse-grained dunite (see Fig. 1c). If this observation
is true, then one possible explanation is that the chromitite and
chromite-rich dunite might have not been preserved in the fine-
grained dunite (i.e. altered by low-T fluid–rock reactions or retrograde
metamorphisms), owing to the prolonged and intense ductile/brittle
deformation in fine-grained dunite. Alternatively, the chromitite and
chromite-rich dunite are also present within the fine-grained dunite,
but they have not been discovered yet due to their small sizes and insuf-
ficient field mapping at present.
Nevertheless, we can still conclude that ductile and brittle de-
formations play an important role in affecting the petrological pro-
cesses (Fig. 9). The prolonged and intense ductile/brittle
deformation decreases the mineral grain size through plastic dy-
namic recrystallization and brittle fracturing, and thus increases
the rock permeability by increasing the density of pathways for
fluid diffusion and flow. This process eventually facilitates low-T
fluid–rock reactions (metasomatism or retrograde metamorphism)
and chemical re-equilibration between minerals in the fine-grained
dunite.

Image of Fig. 9
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7. Conclusion

In this study, the textures, mineral, and whole-rock chemical com-
positions of different types of peridotite were systemically analyzed.
Based on these data, we can summarize the major lithological and pet-
rological evolutions of the Songshugou peridotites as below (see Fig. 9
for details).

(1) The Songshugou ultramafic massif is dominated by fine- and
coarse-grained dunite with minor harzburgite, olivine
clinopyroxenite, and banded/podiform chromitite. The dunite
and harzburgite probably represent highly refractory residues
after episodic (i.e. multistage) high-degree melting events
(25–33% batch melting or 23–27% fractional melting).

(2) The dunite and harzburgite had experienced an early-stage high-
temperature melt–rock reaction as a result of a volatile-rich (i.e.
H2O and CO2) boninitic melt. Subsequently, these rocks suffered
a late-stage low-temperature TiO2-rich fluid–rock reaction.

(3) The remnant boninitic melt after boninitic melt–rock interaction
was initially orthopyroxene-saturated and is thus able to form
orthopyroxene-rich cumulate-like harzburgite during subse-
quent melt–rock reaction. Later, the remnant melt became pro-
gressively Cpx-saturated but still primitive in composition
through a successive of fractional crystallization and/or melt–
rock reactions, whichwas able to crystallize the dyke-like olivine
clinopyroxenite.

(4) The young and warm forearc mantle (i.e. infant forearc) above a
subducting slab is the site where both the boninite-generating
associated partial melting and high-Tmelt–rock reactions are in-
ferred to have occurred, whereas low-T fluid–rock reactions and
coeval adjutant ductile/brittle deformation may occur either in a
mature and cool subduction zone, or in an orogenic crust during
their exhumation into the Qinling collisional orogeny at early Pa-
leozoic era, or both.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2016.03.002.
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