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Quaternary volcanic rocks in the Kuandian (KD), Longgang (LG), Changbaishan (CBS), Wangqing (WQ), and Jilin (JL)
volcanic centres in eastern Liaoning and southern Jilin provinces contain mantle xenoliths of spinel-facies lherzolites and
minor harzburgites. Among the study sites, the KD, LG, and CBS volcanic fields are located on the northeastern margin of
the North China Craton (NCC), whereas the WQ and JL fields lie on the southern margin of the Xing’an–Mongolia Orogenic
Belt (XMOB). The (Fo) components of olivine (Ol) and Cr# (=Cr/(Cr + Al)) of spinel, together with trace element abun-
dance of clinopyroxene, suggest that the subcontinental lithospheric mantle (SCLM) in the study area has undergone a low
degree (4–6%) of partial melting. The rocks do not show modal metasomatism, but clinopyroxene grains in selected sam-
ples show elevated large ion lithophile element compositions, suggesting that the mantle xenoliths underwent minor cryptic
metasomatism by exchange with a silicate melt. Two-pyroxene thermometry yielded equilibration temperatures ranging
from 740◦C to 1210◦C. The corresponding oxygen fugacity (f O2) was calculated to range from FMQ –2.64 to +0.39 with
an average of –0.59 (n = 53). The oxidation state is comparable to that of abyssal peridotites and the asthenospheric man-
tle. We failed to discover differences in equilibration temperatures and oxidation state between lherzolites and harzburgites,
suggesting that partial melting did not affect f O2 values. In addition, similar f O2 of non-metasomatized and metasomatized
samples suggest that metasomatism in the region did not affect f O2. Our data suggest that the present SCLM beneath the
northeastern margin of the NCC and the southern margin of the XMOB are very similar and likely formed from a fertile
asthenosphere after delamination of an old lithospheric keel below the NCC in response to the west-dipping subduction of
the Pacific oceanic plate since early to middle Mesozoic time.

Keywords: subcontinental lithospheric mantle; mineral chemistry; oxidation state (f O2); upwelling asthenosphere; North
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Introduction

Oxygen fugacity is an important parameter in controlling
the physical and chemical interactions between reservoirs
within the mantle and between mantle and crust (Frost
and McCammon 2008). It affects metal mobility, gas
species, and the nature of partial melt (Ballhaus and Frost
1994). Therefore, the study on oxidation state is impor-
tant. In addition, it is closely linked to the occurrences
of mineral deposits. For example, the crystallization of
diamond requires highly reduced oxidation condition in
the lithospheric mantle (Creighton et al. 2010), whereas
the formation of large Cu deposits is facilitated by oxi-
dized mantle conditions so that metals can be released
from the mantle to the crust (Hattori and Keith 2001;
Mungall 2002). Evaluating the redox conditions of the sub-
continental lithospheric mantle (SCLM) thus contributes
to understanding of the distribution of natural resources in
time and space.

*Corresponding author. Email: wangjian304@jlu.edu.cn

A significant variation is observed in f O2 in
lithospheric upper mantle, but its cause is still poorly
understood. Partial melting is generally considered to result
in low f O2 in the residual mantle as Fe3+ is preferen-
tially incorporated in melt (e.g. Canil et al. 1994). This
is supported by low f O2 in refractory peridotites beneath
ancient cratons that show high Cr# (=Cr/(Cr + Al))
in spinel (Spl) and high Mg# (=Mg/(Mg + Fe)) in Ol
(Woodland and Koch 2003). In contrast, a positive corre-
lation between f O2 and Cr# in Spl in many subarc mantle
peridotites is explained by the metasomatism by oxidiz-
ing fluids from slabs (e.g. Ballhaus 1993; Parkinson and
Arculus 1999; Parkinson et al. 2003; Arai and Ishimaru
2008). However, different metasomatic agents have vary-
ing oxidation states. For example, melts and/or fluids
from asthenosphere are considered to be reduced (Ballhaus
1993; Frost and McCammon 2008). Therefore, the origin,
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composition, and nature of metasomatic agent(s) in differ-
ent tectonic settings likely influence the oxidation state of
mantle.

The North China Craton (NCC) is an Archaean
craton, bounded by the late Palaeozoic Xing’an–Mongolia
Orogenic Belt (XMOB) to the north, the early Palaeozoic
Qinling Orogenic Belt to the southwest, and the Mesozoic
Dabie–Sulu Ultrahigh Pressure (UHP) metamorphic belts
to the south and east (e.g. Xiao et al. 2003) (Figure 1A).
The XMOB is composed of several micro-continental
blocks and/or terranes formed on the northern margin of
the NCC during southward subduction of the Palaeo-Asian
oceanic plate and the subsequent collision with the Siberia
Craton, during the early Palaeozoic to Triassic (e.g. Xiao
et al. 2003; Wu et al. 2011).

The NCC consists of two Archaean Blocks, the Eastern
and Western, separated by the Trans-North China Orogen, a
Palaeoproterozoic collisional belt (Figure 1A) (Wilde and
Zhao 2005; Zhao et al. 2005; Zhang et al. 2006, 2007).
Unlike other Archaean cratons in the world, such as the
Kaapvaal Craton in South Africa and the Slave Province
of the Canadian shield, the Eastern Block (EB) of NCC
is underlain by a thin (<80 km) SCLM (Fan et al. 2000;
Kusky et al. 2007) because the ‘keel’ of a thick (over

200 km), cold, and refractory lithosphere was replaced
by hot, fertile asthenospheric material in Mesozoic time
(Griffin and O’Reilly 2007). Most information related to
the SCLM of the NCC was obtained from mantle xenoliths
enclosed in Palaeozoic kimberlites, Mesozoic high-Mg
diorites, and Cenozoic basalts at locations close to the
marginal areas. Examples include the Xinyang, Nushan,
and Xuzhou-Huainan areas on the southeastern margin, the
western Shandong area (e.g. Feixian, Fangcheng, Mengyin,
Shanwang, Laiwu, Hebi, Zibo, and Fuxian) on the east-
central margin, and the Fuxin and Hannuoba area on the
northern margin (Figure 1A). On the other hand, studies of
the northeastern margin of NCC are scarce, although it is
an equally important location that is close to XMOB and
the subducting Pacific oceanic plate.

Previous studies on the oxidation state of the SCLM
mainly focused on those underlying the Kaapvaal (Daniels
and Gurney 1991; McCammon et al. 2001; Woodland and
Koch 2003), Slave (e.g. McCammon and Kopylova 2004),
and Siberian (Ionov and Wood 1992) cratons. The SCLMs
below these cratons remain stable after their formation in
Archaean time, whereas the SCLM below NCC has under-
gone substantial change in Mesozoic time. Studies con-
ducted by Li and Wang (2002) and Wang et al. (2012a,b)

Figure 1. (A) Map of the North China Craton (NCC) showing the study area (thick dashed blue lines), the locations of the late Mesozoic
high-Mg basalts and diorites of Fuxin, Zibo, Laiwu, Fangcheng, Feixian, and Xu-Huai (solid squares), early Palaeozoic diamondiferous
kimberlites of Mengyin and Fuxian (open diamonds), and Cenozoic basalts (open circles). The NCC is divided by faults (thick dashed
lines) into the EB, Trans-North China Orogen (TNCO), and Western Block (WB). Thin dashed lines are the Daxinganling–Taihangshan
Gravity Lineament (DTGL) and Tan-Lu Fault Zone (TLFZ), respectively. The map was modified after Zhao et al. (2005). (B) Map of
the study area showing the locations of studied Cenozoic volcanic fields and their relative positions to XMOB, major fault zones, and
other Cenozoic volcanic fields (e.g. Wudalianchi and Hannuoba). KD, CBS, and LG marked with red-dashed squares are located in the
northeastern margin of NCC, and WQ and JL marked with green dashed squares are located in the southern margin of XMOB (modified
after Liu et al. 2001a). F1, Chifeng–Kaiyuan Fault Zone; F2, Xilamulun Fault Zone; F3, Nenjiang Fault Zone; F4,Yilan–Yitong Fault
Zone; F5, Dunhua–Mishan Fault Zone. Cenozoic volcanoes are shown as dark-shaded areas.
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represent the only systematic work on the oxidation state
of SCLM underlying NCC so far. This paper reports bulk-
rock and mineral compositions as well as oxidation states
of SCLM based on mantle xenoliths brought by Cenozoic
volcanic rocks on the northeastern margin of the NCC and
the southern margin of the XMOB and discusses the origin
and evolution of the SCLM in the area.

Study area and sample description

The study area, including Cenozoic volcanic fields of
Kuandian (KD), Longgang (LG), and Changbaishan
(CBS), is located in the eastern Liaoning and southeast-
ern Jilin (JL) provinces. It is on the northeastern margin
of NCC, approximately 100–200 km southeast of the NE-
trending Dunhua–Mishan Fault Zone (F5; Figures 1A and
1B). All xenolith samples were collected during the field
work in the summer of 2009 and 2010.

The KD volcanic field is composed of over 20 sco-
ria cones and calderas, and their eruption ages are
younger than 0.2 Ma (Lu et al. 1983). Our samples
of mantle xenoliths were collected from alkali basalts
of Huangyishan (HYS) and Qingyishan (QYS) volcanos,
and from pyroclastic rocks of Dachuantou (DCT) vol-
cano (Figure 1). The LG volcanic field is composed of
many calderas, maars, and scoria cones, all of which
formed since the Oligocene and contain lavas and pyro-
clastic rocks of alkali basaltic composition. Among them,
Dalongwan (DLW) and Longquanlongwan (LQL) are mid-
Pleistocene large maars surrounded by pyroclastic rocks,
and Dayizishan (DYS) is an early to middle Pleistocene
scoria cone composed mainly of alkali basaltic rocks.
Mantle xenoliths were collected from pyroclastic rocks and
lavas of the above three volcanoes. The CBS volcanic cen-
tre, ∼150 km east of the LG volcanic field (Figure 1), is the
most important volcano in China and North Korea because
of its magnitude, long eruption history, and frequent vio-
lent eruptions (Wei et al. 2007; Kuritani et al. 2009). An
early stage of basaltic shield formation in a short period
of 2.77–0.31 Ma was followed by trachytic pyroclastic
eruptions to form cones and later by ignimbrite formation
(Wang et al. 2003; Wei et al. 2007). The studied mantle
xenoliths were collected from the trachybasalt of the shield-
forming stage in a nature forest park of Hongsongwang,
∼50 km north to the Tianchi crater lake (Figure 1). For
comparison, we also collected mantle xenoliths from the
Cenozoic Pingfengshan volcano of the Wangqing (WQ)
volcanic field and the Qiantuanshan and Houtuanshan vol-
canoes of the Cenozoic JL volcanic field, which are located
in the southern margin of the XMOB (Figure 1) and
composed mainly of Ol-bearing alkali basaltic rocks.

Xenoliths are Spl-facies litherzolites and harzburgites
in the KD, LG, CBS, and JL volcanic fields (Figures 2A and
B). We examined a total of 55 samples of mantle xenoliths:

19 from KD; 19 from LG; 8 from CBS; 5 from WQ; and
4 from JL. The samples range in size from 10 to 50 cm
in the longest dimension. They are rounded, unaltered, and
show no evidence of weathering and/or serpentinization,
but the rims of several samples show evidence of interac-
tion with host basaltic magmas. These parts were removed
before preparing samples for bulk rock analysis. The
xenoliths are further divided into two subtypes based on
the mineral mode in thin sections: lherzolites (n = 45) and
harzburgites (n = 10). All harzburgites are from LG.
Lherzolite shows protogranular or porphyroclastic textures
(2–5 mm in grain size; Figures 2C and D) and is composed
of Ol (50–70 vol.%), orthopyroxene (Opx, 15–30 vol.%),
clinopyroxene (Cpx, 5–15 vol.%), and Spl (∼5 vol.%).
Harzburgite shows porphyroblastic to equigranular tex-
tures (∼2–3 mm in grain size; Figure 2E) with mineral
assemblage of Ol (55–85 vol.%), Opx (10–25 vol.%), Cpx
(<10 vol.%), and Spl (<5 vol.%). Several samples contain
thin veins of basalts (<1 cm in width) cutting through peri-
dotites. Hydrous minerals (phlogopite and amphibole) are
not found in the studied xenoliths, but they are reported in
mantle xenoliths from other LG volcanoes by other workers
(e.g. Shi et al. 1999).

Pyroxenite xenoliths are rare and found only in the
KD and WQ volcanic fields. They are Ol-bearing web-
sterites and/or orthopyroxenites with equigranular textures
(Figure 2F). Pyroxenite xenoliths are not studied because
this study focuses on the oxidation state of mantle peri-
dotites.

Analytical method

Mineral compositions were determined by a JEOL (JXA-
8100, Tokyo, Japan) microprobe at China University of
Geosciences in Wuhan using 15 kV accelerating voltage,
20 nA beam current, focused beam size (<1 µm), and nat-
ural and synthetic mineral standards. A counting time of
20 s was used for all elements except 50 s for Ca and Ni
in Ol. The contents of Fe3+ in Spl are calculated assuming
Spl stoichiometry. Compositions for a specific mineral in
individual samples show a narrow range. Therefore, only
representative mineral compositions are listed in Table 1.
Trace element compositions of Cpx were analysed using
an excimer laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS) at the State Key Laboratory
of Geological Processes and Mineral Resources, China
University of Geosciences in Wuhan. The analytical pro-
cedure is the same as that described in Liu et al. (2001b).
The analysis of US Geological Survey basalt glass stan-
dards BCR-2G and BHVO-2G suggests the precision and
accuracy to be better than 7%.

Major and minor elements of bulk rocks were deter-
mined using a Philips PW 2400 X-ray fluorescence spec-
trometer after fusing the sample powder with LiBO3 at
the University of Ottawa. Precision based on replicate runs
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Figure 2. (A) Field photograph of a harzburgite sample (DYS7) from the LG volcanic field. (B) Field photograph of a lherzolite sample
(HSW4) from the CBS volcanic field. (C) Photograph of a lherzolite (HYS26) from the KD volcanic field. (D) Photograph of a lherzolite
(HSW4) from the CBS volcanic field. (E) Photograph of a harzburgite (DYS7) from the LG volcanic field. (F) Photograph of an Ol-bearing
websterite (PFS4) from the WQ volcanic field.

of 11 samples is ±0.35% for Al2O3, ± 0.48% for MgO,
±1.3% for Cr, and ±9.2% for Ni. The accuracy, which
was monitored using references of MRG-1 and Sy-2, shows
±0.039% for Al2O3, 0.28% for MgO, 3.4% for Cr, and
4.0% for Ni. Precision and accuracy are less than 1% and
10% for other major and minor elements.

Mineral chemistry and bulk rock composition

Mineral chemistry

Olivine

Ol grains in lherzolite from KD, LG, and CBS show Fo
(=100 × Mg/(Mg + Fe)) values ranging from 88.2 to 91.0,
similar to Fo (88.8–90.9) of the lherzolite from WQ and
JL (Table 1). The average Fo value for lherzolites in the
study area is 89.6, lower than that (90.4) of harzburgites
(Table 1). The data are consistent with the interpretation
that harzburgite has undergone higher degrees of partial
melting (more refractory) than lherzolite. The contents

of NiO (=0.36–0.45 wt.%) are similar in all lherzolite
and harzburgite samples, which are identical to values
(0.36–0.45 wt.%) of Ol from Shanwang mantle xenoliths
reported by Zheng et al. (2006). Different grains of Ol
and cores and rims of grains have similar composition in
individual samples of the study area, suggesting that Ol
has attained equilibration. An exception is CaO, which is
higher in the rim (<10 µm in thickness) than in the core
of several samples. The evidence suggests that Ca in Ol is
affected by host basaltic melt.

Orthopyroxene

The values of Mg# (= Mg/(Mg + total Fe)) of Opx are
similar among lherzolite samples from KD + LG + CBS
(0.891–0.921) and WQ + JL (0.896–0.912) (Table 1).
Their average Mg#, 0.905, in lherzolites is slightly lower
than that in LG harzburgite samples (0.912). The Mg#
of Opx are always higher than Fo of coexisting Ol in
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each sample in the study area, which is consistent with
equilibrium Fe-Mg exchange between these two phases as
observed in other mantle xenoliths (e.g. Qi et al. 1995).
The Al2O3 and TiO2 contents in our samples are gener-
ally high, 2.71–6.71 wt.% for Al2O3 (average at 3.72 wt.%)
and 0.06–032 wt.% for TiO2 (average at 0.13 wt.%), which
are similar to those of Opx in peridotites from Ronda and
Beni Bousera (Gueddari et al. 1996). They are distinctly
higher than those secondary Opx in mantle wedges, such as
Avacha in the Kamchatka arc (Russia), Iraya (Philippines),
and the Colorado Plateau (USA) (Smith et al. 1999; Arai
et al. 2003), and in subcratonic mantles, such as Kaapvaal
(South Africa) (Kelemen et al. 1998; Bell et al. 2005).
Secondary Opx in mantle wedges and subcratonic man-
tle forms from Ol by reacting with Si-rich melt (Kelemen
et al. 1998; Smith et al. 1999; Arai et al. 2003; Wang et al.
2008b). The data suggest that the Opx in the study area
are primitive and suffered very minor late modifications.
As observed in Ol, grains of Opx also show slightly higher
CaO contents in the rims than in the core.

Clinopyroxene

Major element abundances of Cpx are similar within
a single grain and between grains in individual sam-
ples, confirming equilibrium of samples. The Cpx in
xenoliths from the study areas have markedly high
Al2O3 (3.82–7.33 wt.%) and TiO2 (0.14–1.25 wt.%), rel-
atively low Mg# (0.886–0.931), and wide ranges in CaO
(17.23–22.65 wt.%) and Na2O (0.43–2.15 wt.%) (Table 1).

For trace elements, studied Cpx in peridotites contains
relatively low total REE, <36 ppm, and other incompati-
ble elements (Table 2). Within individual volcanic fields,
Cpx in harzburgite shows relatively higher LREE and lower
HREE than that in lherzolite (Figures 3B and 3C). Three
chondrite-normalized REE patterns of Cpx are recognized
based on fractionation of REE (Figure 3). Type I shows a
LREE-enriched pattern with negative slope from La to Eu
and flat from Eu to Lu ((La/Yb)n = 2.25–3.23); type II has
a LREE-depleted pattern with a positive slope from La to
Sm and flat from Eu to Lu ((La/Yb)n = 0.03–0.47); type
III has a roughly flat REE pattern ((La/Yb)n = 0.73) except
several samples with slightly low contents of Ce and Pr.
There is one sample, DLW6, that has high abundances of
MREE and HREE and shows a ‘convex’ shape in REE
pattern (Table 2; Figure 3). Overall, the spider diagrams
of Cpx from different volcanic fields in the study area are
similar in patterns (Figure 4). In individual volcanic fields,
Cpx in harzburgite shows relatively higher incompati-
ble elements than that in lherzolite (Figures 4B and 4C).
The relatively high abundances of LREE and incompat-
ible elements in harzburgite suggest that harzburgite had
undergone cryptic metasomatism and that it was more sus-
ceptible to modification than that of lherzolite. The trace
elements show apparent lows at Ba, Nb, Ta, Pb and Ti and

the pattern is similar to that of Shanwang peridotites, which
is considered to represent a new lithospheric mantle formed
from upwelling asthenosphere in Mesozoic time.

Spinel

The contents of Cr in Spl reflect the degree of partial melt-
ing in the residual peridotites because Al is preferentially
incorporated into a melt during partial melting. The Cr#
of Spl in lherzolite and harzburgite are in the range of
0.09–0.28 and 0.22–0.36, and Mg# (=Mg/(Mg + Fe2+))
of 0.68–0.84 and 0.74–0.78, respectively, again confirming
the general interpretation that harzburgite is more refrac-
tory. The contents of Fe3+ are low, YFe3+ = Fe3+/(Fe3+
+ Al3+ + Cr3+) < 0.03, in all our samples. The values of
Cr# in our samples plot in the field of abyssal peridotites
(Figure 5), but far from the field of fore-arc mantle wedges
in the binary Cr#–Mg# diagram. Spinel in fore-arc mantle
wedges contain high Cr and Cr# >0.7 (Hattori et al. 2010).
In the diagram of Cr# in Spl versus Fo in Ol in Figure 6, our
samples plot within the Ol-Spl mantle array defined by Arai
(1994) and near and within the field of abyssal peridotites.
The data further confirm that the samples are relatively fer-
tile residual mantle peridotites after low degrees of partial
melting.

Bulk rock composition

The lherzolites in the area contain moderate Mg#
(0.89–0.90), moderate concentrations of compatible ele-
ments, such as Cr (2200–3240 ppm), Co (90–108 ppm),
and Ni (1500–2280 ppm), and high concentrations
of moderately incompatible elements, such as Al2O3

(1.90–3.95 wt.%) and CaO (1.53–4.32 wt.%), which are
similar to values of the primitive mantle (McDonough
and Sun 1995; Table 3). They are also similar to the
Shanwang periditites, which are considered to represent
fertile mantle peridotites underlying the NCC (Zheng et al.
2005; Figure 7). In contrast, harzburgites in LG show
lower Al2O3 (0.90–1.46 wt.%) and CaO (0.59–1.12 wt.%)
and higher Mg# (∼0.91), Cr (2050–3760 ppm), Ni
(2400–2600 ppm), and Co (110–120 ppm) than lherzolites
in the area.

Our peridotite samples show a positive correlation
between Al2O3 and CaO with the correlation factor of 0.89.
Harzburgite samples plot between xenolith samples from
Heibi and Xinyang and overlap with the field of Kaapvaal
low-T xenoliths. Lherzolite samples plot between Xinyang
and Shangwang with one sample very close to the primi-
tive mantle composition (Figure 7). The data suggest that
our samples likely formed from a fertile mantle after melt-
ing of Cpx, the major host for CaO and Al2O3 in Spl-facies
peridotite. Overall, our samples show compositions simi-
lar to abyssal peridotites as well as anhydrous peridotites
along continental rifts and mantle plume environments, but
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Figure 3. Representative chondrite-normalized (McDonough and Sun 1995) REE patterns of Cpx in peridotites from the north-
eastern margin of NCC. (A) Hongsongwang volcano of CBS, (B) Dalongwan volcano of LG, (C) Dayizishan volcano of LG, (D)
Longquanlongwan volcano of LG, and (E) Pingfengshan volcano of WQ. Open symbol represents harzburgite and solid symbol represents
lherzolite.

distinctly different from peridotites from mantle wedges,
suggesting that the samples have undergone a low degree
of partial melting and later modifications are minor if any
occurred.

Estimates of Temperatures and fO2

Grains of Ol, Opx, and Spl show similar composition
in individual samples and no differences (<5%) were

observed for major element abundance between core and
rim areas in individual grains. Furthermore, the Mg# of
Opx and Fo of Ol show a positive correlation among our
samples, suggesting that the equilibrium has been reached
in the studied mantle rocks. This is the basis for estimat-
ing equilibrium pressures, temperatures, and f O2 of these
xenoliths.

Temperatures for our peridotite xenoliths were deter-
mined using two-pyroxene thermometers of Wells (1977)
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Figure 4. Representative primitive mantle-normalized (McDonough and Sun 1995) trace element patterns of Cpx in peridotites from the
northeastern margin of NCC. Symbols are the same as Figure 3.

and Brey and Köhler (1990), Ca-in-Opx thermometry of
Brey and Köhler (1990), and Ol-spinel Fe-Mg exchange
thermometry of Ballhaus et al. (1991). The thermometry of
Ballhaus et al. (1991) gives systematically lower tempera-
tures than other three thermometers, most likely due to its
low closure temperature for Fe-Mg ion exchange between
Spl and Ol (e.g. DeHoog et al. 2004) (Table 4). Overall,
no significant differences (<50oC) were observed among
the other three thermometers except one sample, HSW2,
which yielded much higher temperature (1170oC) using the
Ca-in-Opx thermometer than 917oC and 937oC using two
different two-pyroxene thermometers. The two-pyroxene
thermometry of Brey and Köhler (1990) was used to calcu-
late temperatures for f O2 calculation in this study because
it was commonly used for mantle peridotites by previous
workers. The results are listed in Table 4.

The oxidation state is estimated based on the oxygen
barometry of Nell and Wood (1991). No apparent f O2

differences were observed between lherzolites and harzbur-
gites in the study area (Table 5). The f O2 values for all
our samples range from FMQ –2.64 to +0.39 with an
average at FMQ –0.59 (n = 53), which are comparable
to abyssal peridotites (Figure 8) and peridotite massifs
from Ronda and Beni Bousera (Wood et al. 1990). These
massifs are considered to represent tectonically protruded
asthenospheric mantle peridotites. The obtained values are
also similar to f O2 values of SCLM affected by upwelling
asthenosphere in an extension regime (Figure 8), such as
Baikal rift Zone and Dariganga in Central Asia (Ionov
and Wood 1992), Kilbourne Hole and San Carlos in North
America (Wood et al. 1990), and Pali Aike in South
America (Wang et al. 2008a).The values of f O2 are much
lower than those for sub-arc mantle peridotites (Figure 8),
such as Ichinomegata (Wood et al. 1990) and southwest
Japan (Arai and Ishimaru 2008), Sikhote-Alin Ridge and
Avacha in Russia (Ionov and Wood 1992; Arai et al. 2003),
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Figure 5. Plot of Cr# versus Mg/(Mg + Fe2+) for spinel in peridotites from the NE margin of NCC and southern margin of XMOB
(A = Longgang; B = Changbaishan; C = Kuandian; D = WQ and JL), compared with the data for abyssal peridotites (Dick and Bullen
1984). Data of Changbaishan are from Wang et al. (2012b). Each point is a representative analysis of a Spl grain in each thin section.
Open symbol represents harzburgite and solid symbol represents lherzolite.

Simcoe in the USA (Parkinson and Arculus 1999), and
Laiwu in China (Wang et al. 2012a).

Discussion

Partial melting

The coexistence of lherzolites and harzburgites in the study
area and variable Cr# in Spl in xenoliths suggests variable
degrees of partial melting in the mantle below the study
area. In the bulk rock plot of Al2O3–CaO (Figure 7), the
studied samples show a positive correlation, and one sam-
ple (HSW2) has a composition very similar to the primitive
mantle composition (McDonough and Sun 1995), suggest-
ing that they are likely formed from a relatively fertile
mantle after melting of Cpx, which is the major host for
CaO and Al2O3 in Spl-facies peridotite.

The values Cr# in Spl and coexisting Cpx are a sensi-
tive indicator of the degree of partial melting. The samples
show compositional relations of Fo in Ol and Cr# in Spl

(Figure 6) and between Cr# in Cpx and Cr# in Spl (not
shown). These data also support that the samples represent
mantle peridotites after small, but variable degrees of par-
tial melting. The low values of Cr# of Spl < 0.35) and that
of Cpx, <0.22, in most samples indicate that the peridotites
in the study area are residues after a small volume of melt
extraction.

Clinopyroxene is the major host for incompatible trace
elements in Spl-facies anhydrous peridotites. Moderately
incompatible elements, such as Y and Yb, in Cpx can
be used to evaluate the degree of partial melting since
these elements are less susceptible to mantle metasomatism
(Johnson et al. 1990; Norman 1998). We modelled Y and
Yb contents in Cpx with Kd = 0.42 for Yb and Kd =
0.40 for Y between Cpx and melt (Norman 1998) and
the primitive mantle compositions (McDonough and Sun
1995). The calculations of both batch and fractional melt-
ing show that the lherzolites in LG, CBS, and WQ formed
after less than 4% partial melting (Figure 9) and that the
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Figure 6. Fo component of olivine and Cr# of spinel in peridotite xenoliths from the northeast margin of NCC and southern margin of
XMOB (A = Longgang; B = Changbaishan; C = Kuandian; D = WQ and JL). Symbols are the same as Figure 5. Data of Changbaishan
are from Wang et al. (2012b). Note that only two samples (LQL7 and DCT1) plot outside the olivine-spinel mantle array (OSMA) defined
by Arai (1994), while all others plot inside OSMA, suggesting that most xenoliths from the study area are primary mantle peridotites.
It also shows the field of abyssal peridotite as a shaded area (Arai 1994).

harzburgites in LG are residues of slightly high degrees
of partial melting (4–5% for fractional melting or 5–6%
for batch melting). The results are consistent with the gen-
eral interpretation that harzburgite has undergone higher
degrees of partial melting than lherzolite.

Metasomatism

Although no metasomatic minerals were found in our man-
tle xenoliths, Shi et al. (1999) reported the presence of phl-
ogopite and amphibole in mantle xenoliths from volcanic
rocks including those at Jinlongdingzi and Hongqilinchang
volcanoes in the LG volcanic field. Mineral chemistry
of peridotites from this study provides the evidence for
cryptic mantle metasomatism. For example, sample LQL7
(harzburgite) from LG and sample DCT1 (lherzolite) from

the KD volcanic field plot outside the Ol-spinel mantle
array of Arai (1994) (Figure 6), suggesting that Fo compo-
nents of Ol were lowered by a metasomatic agent with low
Mg#.

Trace elements of Cpx provide the further evidence
supporting the metasomatism. The Cpx from LG, CBS,
and WQ have very low (La/Yb)n (<5) and high Ti/Eu
(2800–5300), close to the Cpx field of Cenozoic Shanwang
xenoliths in the NCC, which are considered to represent
asthenosphere-derived, newly formed SCLM (Figure 10;
Zheng et al. 2005). Our data plot in a narrow field in
the diagram of (La/Yb)n versus Ti/Eu. Among them,
HSW4 and DYS9 are very close to the primitive mantle
values in terms of bulk rock and mineral compositions
and do not show any evidence of metasomatism. They
are different from those of Palaeozoic kimberlite-hosted
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Figure 7. Plot of CaO versus Al2O3 for spinel lherzolites from
the northeast margin of NCC and southern margin of XMOB.
Symbols are the same as Figure 5. The large open star repre-
sents primitive mantle (PM) from McDonough and Sun (1995).
Data source for peridotites includes Xinyang, Hebi, Shanwang
and Kaapvaal low-T xenoliths compiled by Zheng et al. (2005).
Data of Changbaishan are from Wang et al. (2012a). Note that our
samples plot in between Hebi and PM and show linear positive
correlation.

mantle xenoliths at Mengyin and Donghai, which are
metasomatized by carbonatitic melt and show variably
high (La/Yb)n (>20) and low Ti/Eu (<1500) in Cpx
(Figure 10). High contents of LREE combined with low
high-field-strength elements are typically found in man-
tle Cpx affected by carbonatitic metasomatism (Yaxley
et al. 1998). Therefore, our data suggest that the mantle
xenoliths from the study area are either free of carbonatitic
metasomatism or slightly modified by silicate melt.

Reaction with metasomatic agents produces a variety
of REE patterns, notably variable enrichment in LREE
because they are mobile and high in concentrations in melt
and also in fluids (Bodinier et al. 2004). On the other hand,
residual mantle peridotites contain low LREE and are sus-
ceptible to acquiring LREE from metasomatic agents. This
explains the observed variable REE and incompatible ele-
mental patterns of Cpx with similar major oxide contents
in the study areas (Figures 3 and 4).

Evolution of SCLM below the northeastern margin of
the NCC

It has been well established that the SCLM below the
NCC was very thick, over 200 km, until the beginning of
Mesozoic time (e.g. Kusky et al. 2007). It is a major ques-
tion how and why this thick SCLM transformed into thin
lithosphere similar to oceanic lithosphere in the eastern
NCC. A number of possible models have been proposed,
including: (1) model I, thermal–chemical erosion of the
lithosphere by asthenosphere, probably a mantle plume, as
a result of enhanced mantle convection caused by Pacific
oceanic subduction underneath the eastern Asian continent

(Xu 2001); (2) model II, delamination of thickened litho-
sphere due to the collision of North China Craton and
the Yangtze Craton (Gao et al. 2002, 2004; Yang et al.
2003; Deng et al. 2007); and (3) model III, delamination
of thickened lithosphere coupled with upwelling astheno-
sphere triggered by subduction of the Pacific oceanic plate
(Wu et al. 2003, 2011).

Model I considers that a hot uprising mantle plume
heated and metasomatized the lower part of the litho-
sphere and eventually change it into lithosphere of astheno-
spheric composition during late Mesozoic time. However,
our peridotite samples show a linear positive correlation
between Al2O3 and CaO, suggesting that the composi-
tional variation is due to different degrees of partial melting
instead of extensive metasomatism. The data indicate that
the metasomatism, if any, did not significantly modify
the major element abundance in the mantle peridotites.
This is supported by the compositions of Spl and Ol in
all LG, CBS, KD, WQ, and JL peridotites, which plot
within the mantle array (Figure 6). Metasomatism low-
ers Fo of Ol and Cr# of Spl. A slightly modified model,
‘hydration weakening–thermal convection transformation’,
was proposed by Niu (2005), where the present-day fertile
SCLM formed by extensive hydration of ancient refrac-
tory mantle with aqueous fluid/melt released from the
subducted Pacific oceanic crust. We discount this pro-
posal because aqueous fluid or subduction-related H2O-
rich melt would form hydrous minerals, such as amphi-
boles and clinochlore, but these were not observed in
the area. In addition, the acquired f O2 data in this study
do not support this model because the metasomatism in
mantle wedges generally raise f O2 values. Instead, man-
tle xenoliths in the LG, KD, CBS, WQ, and JL volca-
noes yielded f O2 values similar to that of asthenospheric
mantle.

Model II emphasizes that the collision between the
Yangtze plate and the NCC has thickened the already-
thick SCLM, and the mechanical instability resulted in
the removal of the deep part of lithosphere. The study
area is located in the northeastern margin of NCC and
southern margin of the late Palaeozoic XMOB, but far
(over 1500 km) from the Dabie-Sulu UHP Belt (Figure 1).
Therefore, the newly formed Mesozoic mantle beneath the
study area was unlikely related to the collision of Yangtze
with NCC. People may argue that collision of the late
Palaeozoic XMOB with the northern margin of NCC led
to the removal of the lower part of SCLM in the study
area. We discount this possibility because the final closure
of the Palaeo-Asian ocean and amalgamation of the late
Palaeozoic XMOB with NCC occurred at the end of the
late Palaeozoic (ca. 250 Ma; Wu et al. 2011), earlier than
the formation age (early to middle Mesozoic) of the mantle
in the area.

In the last decade, researchers have recognized that the
subduction of the Pacific oceanic plate had triggered the
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Table 4. Estimated equilibration temperatures for peridotites from the Cenozoic volcanic fields in the northeast margin of NCC and
southern margin of XMOB.

Volcanic field Volcanos Sample TBK(90)-2px (oC)a TBK(90) Ca-in-Opx (oC)b TWells(77) (oC)c TB(91) (oC)d

Longgang Dalongwan DLW1 1144 1088 1118 965
DLW3 1027 927 991 937
DLW5 1075 1021 1063 937
DLW6 1012 905 991 956
DLW8 842 880 886 961

Dayizishan DYS1 1030 969 1015 938
DYS4 950 977 977 977
DYS5 1023 990 1032 1035
DYS7 1026 1002 1027 1001
DYS9 894 912 920 812
DYS12 963 925 968 855
DYS13 1070 1001 1068 900
DYS14 910 917 921 873

Longquanlongwan LQL1 1135 1036 1105 1000
LQL3 858 891 912 769
LQL4 1077 1024 1050 950
LQL6 1031 986 1038 828
LQL7 987 992 993 866
LQL8 1088 1068 1058 999

Average 1007 974 1007 924
Kuandian Dachuangtou DCT1 940 960 939 757

DCT2 925 856 948 813
DCT3 898 868 906 798
DCT5 1133 1088 1123 991
DCT8 976 960 980 874
DCT9 1139 1100 1131 1054

Huangyishan HYS1 755 880 820 822
HYS2 811 856 850 821
HYS4 741 868 819 730
HYS7 768 843 830 932
HYS13 1213 1154 1232 727
HYS14 895 902 926 806
HYS24 767 891 834 nd
HYS26 1026 960 1070 981

Qingyishan QYS8 988 960 997 646
QYS10 956 891 906 777
QYS14 1010 960 1010 770
QYS15 1104 1018 1073 868
QYS18 1044 1018 1048 934

Average 953 948 972 844
WQ Pingfengshan PFS5 880 912 933 689

PFS15 896 856 904 814
PFS16 876 880 907 1005

Average 884 883 914 836
JL Qiantuanshan QTS8 886 912 915 nd

QTS5 1004 1002 1018 958
Houtuanshan HTS6 891 922 942 780

HTS9 915 986 945 836
Average 924 956 955 858

Notes: nd, not determined.
aBrey and Köhler (1990) two-pyroxene thermometer.
bBrey and Köhler (1990) Ca-in-Opx thermometer.
cWells (1977) two-pyroxene thermometer.
dBallhaus et al. (1991) Ol-Spl Mg–Fe exchange thermometer.

destruction of NCC. For example, Xu et al. (2011) docu-
mented the contribution of subduction-related components
in Cenozoic basalts in the eastern NCC and suggested
that the subduction of Pacific oceanic plates had played

a key role in the destruction of NCC. Similarly, Windley
et al. (2011) have noticed that the eastern NCC is bounded
by the south-dipping Solonker suture (Permo-Triassic)
and Mongol-Okhotsk suture (Jurassic) to the north, by
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Figure 8. Oxygen fugacities (range and median value) calculated for peridotites from the northeast margin of NCC and southern margin
of XMOB and compared with other tectonic settings. Measurements from the same setting are grouped within the grey dashed rectangles.
The data source includes abyssal peridotites (Bryndzia and Wood 1990), peridotite massifs (Woodland et al. 1992; Woodland et al. 2006),
SCLM affected by asthenosphere (Ionov and Wood 1992; Arai and Ishimaru 2008; Wang et al. 2008a), and peridotites from subduction
settings (Wood and Virgo 1989; Brandon and Draper 1996; McInnes et al. 2001; Parkinson et al. 2003; Arai and Ishimaru 2008). Data
of Changbaishan are from Wang et al. (2012b). Note that the f O2 values of the NE margin of NCC and southern margin of XMOB
are overlapping with those of abyssal peridotites, continental xenoliths representing SCLM affected by upwelling asthenosphere, and of
peridotite massifs representing tectonically protruded asthenospheric mantle.

the north-dipping Dabieshan and Songma sutures (Permo-
Triassic) to the south, and subducted by the Pacific oceanic
plate to the east (start from 200 Ma). Since these sutures
represent the collision of other continents after the closure
of intervening oceans, large amounts of water were trans-
ported down to the mantle by subduction of oceanic plates
from all directions. Windley et al. (2011) suggested that
the huge amounts of water have played the most impor-
tant role for the thinning/delamination of SCLM beneath
the eastern NCC. They emphasized that delamination of

the root of thickened lithosphere occurred at both north-
ern and southern margins of the NCC, and that part of the
root was chemically transformed and replaced by upwelling
fertile asthenospheric material, which fed the extrusion in
the Cenozoic of extensive alkali flood basalts. However,
this model cannot explain why the Cenozoic basalts and
enclosed fertile mantle xenoliths are distributed not only in
eastern NCC but also in XMOB of eastern China.

Model III combines the above two models and sug-
gests that the west-subducting Pacific ocean plate since
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Figure 9. Diagram of YbN versus YN for partial melting modelling with an assumption of a primitive mantle source. Symbols are the
same as Figure 5. The subscript ‘N’ denotes the primitive mantle-normalized element abundances (McDonough and Sun 1995). Partition
coefficients (DCpx), Y (0.42), Yb (0.40), and equations of Norman (1998) are used for modelling.

Figure 10. Ti/Eu versus (La/Yb)N for Cpx in the peridotites
from the northeast margin of NCC. Symbols are the same as
Figure 5. The subscript ‘N’ denotes the chondrite-normalized ele-
ment abundances (Sun and McDonough 1995). Data for Donghai,
Mengyin and Shanwang peridotites are from Zheng et al. (2006).
Signatures of silicate and carbonatitic metasomatism are modified
after Coltorti et al. (1999).

early the Mesozoic (ca. 200 Ma) was the main cause
of this lithospheric removal, which was coupled with the
upwelling of asthenospheric material. This model is mainly
based on the observation that Phanerozoic SCLM resides
not only beneath the eastern NCC but also beneath the
Palaeozoic XMOB, and that the SCLM beneath southeast-
ern and central eastern China also shows the evidence for
the modification of SCLM in Mesozoic time (Zhi et al.
2001; Wu et al. 2003). It was further supported by the
tomographic images showing that the Pacific ocean plate
has ponded along the top of the mantle transition zone
under the eastern NCC over 2000 km from the Japan trench
(Zhu and Zheng 2009). Thus, it appears that Phanerozoic
SCLM was added to most parts of eastern China along
a NNE trend. This is consistent with the formation of
the new lithosphere being related to the evolution of the

Circum-Pacific continental margin during the Mesozoic
and Cenozoic. We support this model because the present
SCLM beneath the study area is virtually ‘oceanic’ in
both mineral and bulk rock compositions. Therefore, the
upwelling of asthenospheric mantle material by subduction
of the Pacific oceanic plate seems to be the most rea-
sonable interpretation for the thinning of ancient SCLM.
The old TRD ages, 1.0–1.9 Ga, in some mantle xenoliths
from KD, LG, and WQ volcanic fields (Wu et al. 2003,
2007) are most likely due to a mixing of old SCLM
and newly added asthenospheric material. Furthermore, no
other geodynamic processes were active in the study area in
the Mesozoic–Cenozoic period except for the west-dipping
subduction of the Pacific ocean plate beneath the NCC
since the early Mesozoic. The amalgamation of XMOB
with NCC took place before, approximately at the end of
Permian (Wu et al. 2011).

Possible processes controlling the oxidation states of
mantle rocks

Tectonic setting and relations with fO2

Previous studies on mantle rocks in various tectonic set-
tings show that spinel-facies peridotites record f O2 in a
range of �FMQ ±2 log units with exceptionally high val-
ues in subarc mantle (Frost and McCammon 2008). The
f O2 range for a given geological setting is usually within
1 to 2 log units, indicating that it is heterogeneous in a small
domian of mantle.

Upper mantle closely linked to the asthenosphere falls
at the reduced end of this f O2 range, whereas samples
with long histories in the lithosphere or from subduction
zones appear more oxidized (Frost and McCammon 2008).
For example, abyssal peridotites as the residues of mid-
dle ocean ridge basalts (MORB) record the lowest f O2

of spinel-facies peridotites (Bryndzia and Wood 1990);
Peridotite massifs, such as Ronda in Spain and Beni
Bousera in Morocco, are considered to represent protruded
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asthenospheric mantle and record the comparable f O2 val-
ues with abyssal peridotites (Wood et al. 1990). The SCLM
xenoliths usually record slightly higher f O2 than abyssal
peridotites (Wood et al. 1990; Ionov and Wood 1992). It is
generally considered that the oxidizing nature of SCLM
is caused by adding of Fe3+, CO2, or carbonate to man-
tle (McGuire et al. 1991). Subduction setting records the
highest f O2 values and forms hydrous minerals (Wood and
Virgo 1989; Brandon and Draper 1996). Although exact
process are still under discussion, an undebatable fact is
that the oxidized component is transferred from slabs to
the overlying mantle through slab melt and fluids (Wood
et al. 1990; Lécuyer and Ricard 1999). These oxidizing
materials, such as Fe3+ and carbonate, from sediments and
slabs may be incorporated into mantle wedges and oxidize
the overlying mantle wedge (Mungall 2002; Hattori et al.
2005).

Old cratonic mantle contains both spinel-facies peri-
dotites at shallow levels and garnet-facies peridotites at
deeper levels. The values of f O2 (� log f O2 FMQ =
–1.5 to –4.5) decreases with increasing depth owing to
the effect of pressure on controlling Fe3+/Fe2+ equilibria
(Frost and McCammon 2008).

Partial melting and metasomatism

In the study area, underlying the old cratonic cover is a
young lithospheric mantle that is made up with the astheno-
spheric material. This newly formed lithospheric mantle
has undergone a low degree of partial melting after the
mid-Mesozoic and minor metasomatism by subsequent
silicate-melt.

The variable lithologies (lherzolite and harzburgite), a
range of Cr# in Spl, and the evidence of metasomatism in
our samples suggest that the redox state may have been
influenced by partial melting in the new SCLM and the
subsequent metasomatism during the generation of the
Cenozoic volcanic fields.

Partial melting is considered to result in reduction of
f O2 in the residual mantle as Fe3+ is preferentially incor-
porated in partial melt (Canil et al. 1994). However, our
Spl-facies lherzolite and harzburgite samples show very
similar f O2 values ranging from FMQ −2.64 to +0.39 with
no correlation between f O2 and Cr# of Spl (Figure 11),
suggesting that partial melting was not accompanied by
f O2 changes. Our result is consistent with comparable f O2

values between mid-oceanic ridge basalts and the abyssal
peridotites (Bézos and Humler 2005). In addition, xenoliths
from KD, LG, and CBS in the northeastern margin of NCC
show f O2 values similar to those from WQ and JL in the
southern margin of XMOB, suggesting that the mantles
beneath the joint area of NCC and XMOB are the same
in nature.

Cryptic metasomatism by silicate melt may alter the
redox state of mantle. Therefore, f O2 values of these

Figure 11. Values of f O2 relative to FMQ buffer (�f O2 (FMQ))
versus Cr# in spinel for peridotites from the northeast margin of
NCC and southern margin of XMOB compared with abyssal peri-
dotites (Bryndzia and Wood 1990) and sub-arc mantle peridotites
compiled by Wang et al. (2008a). Data of Changbaishan are from
Wang et al. (2012b). Symbols are the same as Figure 5.

samples likely reflect the imprint of the metasomatiz-
ing melt. However, samples (e.g. LQL7, LQL4, DLW5,
DLW6, DYS5, HSW3, and DCT1) with clear evidence
of metasomatism show f O2 values ranging from FMQ
–1.32 to +0.39, which are very similar to those of
samples free of metasomatism. The evidence suggests
that the infiltration of silicate melt did not alter f O2

(Table 5). Alternatively, the metasomatic agent had sim-
ilar f O2 and therefore would not modify the peridotite
during metasomatism. This is consistent with the proposal
that the metasomatic agent from underlying asthenosphere
mantle would have f O2 slightly below the FMQ buffer.
Therefore, it makes sense to consider the metasomatiz-
ing agent as co-genetic with the parental magmas of the
host basalts in the area, that is, the metasomatizing melt
together with those partial melt formed in response to the
upwelling of asthenosphere in Cenozoic time. The presence
of phlogopite and amphibole has been reported in mantle
xenoliths from Cenozoic basalts in the EB of NCC, such
as Jinlongdingzi and Hongqilinchang in LG, Nushan in
Anhui, and Hannuoba in Hebei (Shi et al. 1999; Li and
Wang 2002). The data suggest that the metasomatic agent
was H2O-rich melt with relatively low f O2.

Most samples from this study plot within the graphite
stability field at a wide range of equilibrium temperatures
(740–1210oC; Figure 12). Theoretically, the samples are
in equilibrium with CH4-bearing fluids. Our interpretation
is further supported by the compositions of fluid inclu-
sions in some Cenozoic peridotites at Hannuoba, LG, WQ,
and Jiaohe of the NCC. For example, Du et al. (1995)
reported that some fluid inclusions in Spl-facies lherzo-
lites from the above xenolith localities contain CH4 up to
12.1–17.5 mole%. Therefore, it is not surprising to see
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Figure 12. Mole fraction of CH4 in C-H-O fluids on a diagram
of f O2 versus temperatures (modified after Wood et al. 1990).
The values for mantle xenoliths from the northeast margin of NCC
and southern margin of XMOB (this study) are compared to those
from other sub-arc mantles compiled by Wang et al. (2007). Data
of Changbaishan are from Wang et al. (2012b). IW, iron-wustite
buffer. Note that most peridotites from the study area plot in the
field of CH4-bearing field.

that some metasomatized mantle samples have compara-
ble f O2 values with those anhydrous peridotites because
the metasomatizing agent was reduced in oxidation state.

Our f O2 data suggest that mantle xenoliths enclosed
in Cenozoic basaltic rocks from the northeastern margin
of NCC and southern margin of XMOB most likely rep-
resent the newly accreted SCLM formed from upwelling
asthenosphere in the early to middle Mesozoic. The heat
from the upwelling asthenosphere has likely contributed
to partial melting of the newly formed SCLM and erup-
tion of basaltic rocks. This partial melting resulted in
minor, but varying degrees of depletion in the lherzolites
and harzburgite. Since the amounts of melt are minor, the
metasomatism in the new SCLM was also minor.

In summary, this study finds no evidence to support
the proposal that partial melting results in the change of
f O2. Likewise, metasomatism is not necessarily accompa-
nied by changes of f O2 because it depends on the nature of
the metasomatic agent, and various types of metasomatic
agents are formed in different tectonic settings. We sug-
gest that tectonic setting and geodynamic processes are the
foundamental factors in controlling mantle f O2.

Conclusions

Mantle xenoliths enclosed in Quaternary volcanic rocks in
the KD, LG, CBS, WQ, and JL volcanic fields are Spl-
facies lherzolites and harzburgites. Moderate values of Fo
in Ol and low Cr# in Spl suggest that the xenoliths under-
went a low degree of partial melting, 4–6%. Both bulk

rock and mineral compositions of these samples are rela-
tively fertile and similar to those of the oceanic mantle and
asthenospheric mantle.

Our mantle peridotites show low degrees of minor
metasomatism by spatially associated silicate melt. The
calculated f O2 values of lherzolites and harzburgites range
from FMQ –2.64 to +0.39, comparable to the abyssal peri-
dotites and peridotite massifs from Ronda in Spain and
Beni Bousera in Morocco. Our data suggest that both par-
tial melting and metasomatism were not accompanied by
changes of f O2.

Reduced oxidation state, bulk rock, and mineral com-
positions of our peridotites, together with previous results,
suggest that the present-day lithospheric mantle beneath
the northeastern margin of the NCC likely formed from
an upwelling asthenospheric mantle triggered by the west-
dipping subduction of the Pacific oceanic plate. Thus, our
study supports that the refractory subcontinental keel was
mostly replaced by a younger and more fertile lithospheric
mantle in eastern China.
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