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a b s t r a c t
Subduction and collision are the key processes triggering geochemical refertilization of the lithospheric mantle
beneath cratons. However, the way that the subducted plate inﬂuences the cratonic lithospheric mantle remains
unclear. Here, in-situ major and trace-element and Sr isotopic compositions of peridotite and pyroxenite xenoliths carried by the Dongbahao Cenozoic basalts, located close to the northern margin of North China Craton
(NCC), were examined to investigate the effects of the subducted Paleo-Asian oceanic plate on the lithospheric
mantle of the NCC. Based on petrographic and geochemical features, peridotites were subdivided into two
types recording two-stage metasomatism. Clinopyroxene (Cpx) in both types of peridotites show chemical zoning. In those peridotites we refer to as Type 1 peridotites, Cpx exhibit uniform convex-upward rare earth element
(REE) patterns but core-rim variations in 87Sr/86Sr ratios (0.7065–0.7082 in the cores and 0.7043–0.7059 in the
spongy rims), and have high (La/Yb)N ratios (N 1.12) (N means normalized to chondrite), relatively low Ti/Eu
ratios (b3756) and negative high ﬁeld strength element (HFSE) (Nb, Ta, Zr, Hf and Ti) anomalies in the cores,
indicating early-stage metasomatism by carbonatitic melts derived from the subducted sedimentary carbonate
rocks. Cpx in the Type 2 peridotites have highly variable REE patterns (from light rare earth element (LREE)depleted to LREE-enriched) and feature zoned Sr isotopic compositions contrasting to those in Type 1,
i.e., increasing 87Sr/86Sr ratios from the cores (0.7020–0.7031) to the spongy rims (0.7035–0.7041). Accompanying variations of 87Sr/86Sr ratios, Cpx in both types of peridotites display increasing Nb/La ratios from the cores to
the spongy rims. In addition, Cpx in the Type 2 peridotites show remarkably increased (La/Yb)N, Ca/Al, Sm/Hf and
Zr/Hf ratios but decreased Ti/Eu and Ti/Nb ratios from the cores to the spongy rims. These features imply a laterstage metasomatism by CO2-rich silicate melts derived from carbonated eclogites. Pyroxenites were also classiﬁed into two types. Both types of pyroxenites show higher Ni content in Cpx and orthopyroxene than peridotites
at the same Mg# (=100 ∗ Mg/(Mg + Fe), atomic number) level. Their Cpx show high Ti/Eu, Ti/Sr ratios and similar 87Sr/86Sr ratios (0.7039–0.7055) to the Cpx spongy rims in peridotites, suggesting that pyroxenites originated
from silicate melt-peridotite reactions in the later-stage metasomatism.
These observations collectively indicate that the lithospheric mantle beneath the northern NCC presents
evidence for two distinct mantle metasomatic events. We propose that both were caused by the subduction of
the Paleo-Asian oceanic plate, which could have contributed signiﬁcantly to the transformation of the lithospheric mantle beneath the northern NCC.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The nature and composition of the subcontinental lithospheric mantle
(SCLM) and of the cratonic mantle are particularly of great importance for
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understanding the tectonic evolution of the Earth over time. In general,
the SCLMs beneath Archean cratons such as the Kaapvaal craton
(Pearson, 1999) and the Siberian Craton (Grifﬁn et al., 1999) are ancient.
However, in some regions, the ages of the SCLM and crust are decoupled,
for example, the North China Craton (Gao et al., 2002; Grifﬁn et al., 1998;
Xu, 2001), the South China Block (Zheng et al., 2004), the North Atlantic
Craton (Hughes et al., 2014) and the Wyoming Craton (Carlson et al.,
2004), which are located near plate boundary and have been subjected
to signiﬁcant modiﬁcation during the Phanerozoic.

D. Wu et al. / Lithos 288–289 (2017) 338–351

The SCLM beneath the North China Craton (NCC) was transformed
from a pre-Paleozoic cold, thick and refractory cratonic mantle to a
hot, thin and fertile “oceanic-type” lithospheric mantle in the Cenozoic,
a change that requires signiﬁcant lithospheric thinning during the
Phanerozoic (Gao et al., 2002; Grifﬁn et al., 1998; Menzies et al.,
1993). Therefore, the NCC offers an excellent natural laboratory to
study the processes and mechanisms of continental lithospheric
thinning and craton destruction. Asthenosphere upwelling (Fan and
Menzies, 1992; Grifﬁn et al., 1998; Xu, 2001; Zheng et al., 2007) and/
or lithospheric delamination (Gao et al., 2004; Wu et al., 2005) could
have resulted in the transformation of the ancient SCLM beneath the
NCC, but multiple slab subductions and collisions around the NCC
might have triggered such modiﬁcations (Chen and Zhou, 2005;
Zhang et al., 2002, 2003). Many studies have suggested that the northward subduction of the Yangtze block in the Triassic (Gao et al., 2002;
Zhang et al., 2002) and the westward subduction of the Paciﬁc plate
during the Mesozoic-Cenozoic (Sun et al., 2007; Wu et al., 2005) had a
great inﬂuence on the destruction of the NCC. Moreover, the southward
subduction of the Paleo-Asian oceanic plate (PAOP) during the
Paleozoic-Mesozoic additionally contributed to the modiﬁcation of the
northern NCC (Chen et al., 2016; Cope et al., 2005; Davis et al., 2001;
Liu et al., 2010; Wang et al., 2016; Xu, 2002; Zhang et al., 2003). However,
details of the PAOP subduction styles and the inﬂuence on the NCC lithospheric mantle remain unclear.
Reactions between subducted slab-derived melts/ﬂuids and peridotites are critical processes in the modiﬁcation of the lithospheric mantle
(Benard and Ionov, 2013; Chen and Zhou, 2005; Gregoire et al., 2008;
Soustelle et al., 2010), which could have widely occurred beneath the
northern NCC during the southward subduction of the PAOP (Liu
et al., 2010; Wang et al., 2016). Fluids/melts derived from the subducted
oceanic crust could react to varying degrees with the surrounding
mantle peridotites. Reaction between SiO2-rich ﬂuids/melts (mostly
aqueous and carbonic ﬂuids but in some rare cases also small degree
melts of subducted slab) and previously depleted peridotites could produce fertile pyroxene-rich peridotites (Kelemen et al., 1998), as suggested by the composite xenoliths of garnet pyroxenite + peridotite
(Liu et al., 2005, 2010). Continuous melt–rock reaction between a silicic
melt and depleted peridotite can convert olivine to orthopyroxene,
ultimately resulting in the formation of pyroxenite (Rapp et al., 1999),
as demonstrated by pyroxenites formed via reactions between
eclogite-derived melt and peridotite (Sobolev et al., 2007). In addition,
carbonatitic melt–peridotite reaction could precipitate clinopyroxene
at the expense of orthopyroxene and/or olivine (Brey et al., 1983;
Dalton and Wood, 1993; Wyllie et al., 1983), and thus transform refractory harzburgite or lherzolite to wehrlite (Coltorti et al., 1999; Green
and Wallace, 1988; Yaxley et al., 1998) or pyroxenite (Liu et al.,
2015b), depending on the composition of the carbonatitic melt. Therefore, fertile peridotites and pyroxenites could record the metasomatism
by melt/ﬂuid–peridotite reactions, and the expectation is that the SCLM
above the subduction zone will carry modal (mineralogical) and cryptic
(chemical) signatures of slab-induced metasomatism. The longer the
subduction process last, the intenser metasomatic reactions will occur.
A recent review of the Andean arc magmatism (Chapman et al., 2017)
shows that in the long-lived Andean margins, the lithospheric mantle
is the major source of basaltic magmas in subduction systems due to
metasomatism, which lowered the solidus temperature of the mantle.
In-situ analysis of Sr isotopic compositions using laser ablation multiple collector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) has been developed rapidly over the last decade (Christensen et al.,
1995; Ramos et al., 2004; Tong et al., 2016; Waight et al., 2002). Compared to the whole-rock or whole grain (clinopyroxene in mantle
rocks) Sr isotopic compositions, in-situ Sr isotopic ratios of clinopyroxene
(Cpx), although measured with worse precision than by standard TIMS
techniques, could record the extent of isotopic heterogeneity within a
single grain and provide detailed information on complex geological processes. Cpx is the major carrier for incompatible elements (e.g., Sr, REE) in
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anhydrous pyroxenites and peridotites. Different geochemical reservoirs
feature different Sr isotopic compositions, and thus in-situ Sr isotopes of
Cpx could be used as a powerful tracer to distinguish the origin of the
metasomatic agent (Schmidberger et al., 2003; Sun et al., 2012; Wang
et al., 2016; Xu et al., 2013b).
In this research, we studied peridotite and pyroxenite xenoliths
entrained in the Dongbahao Cenozoic basalts in the Siziwangqi region,
close to the northern margin of the NCC (Fig. 1a) (Zhao et al., 2001).
We presented a petrographic analysis and in-situ, spatially controlled
major and trace elemental and Sr isotopic data on peridotite and pyroxenite xenoliths. Our data document trace element and Sr isotopic variability between the core and spongy-rim within the individual Cpx
grain, which we interpreted to provide direct insights into the PAOP
subduction-related modiﬁcation of the lithospheric mantle beneath
the NCC.
2. Geological setting
Based on age, lithological assemblage, tectonic evolution and P–T–t
paths, the NCC could be divided into the Eastern Block, the Western
Block and the intervening Trans-North China Orogen/Central Orogenic
Belt (Zhao et al., 2001). The NCC is bounded by the Central Asian Orogenic Belt (CAOB) to the north (Windley et al., 2007), the QinlingDabie-Sulu Orogenic Belt to the south (Meng and Zhang, 2000) and a
Paciﬁc convergent system to the east (Fig. 1a). The NCC is one of the
oldest Archean cratons, with the oldest crustal age of approximately
3.8 Ga (Liu et al., 1992) and had undergone a series of tectonic events
in the Late Archean and Paleoproterozoic (Wilde et al., 2002). The NCC
was stabilized after the collision between the Eastern and Western
Blocks along the Trans-North China Orogen during the late Proterozoic.
Since the Phanerozoic, the NCC has experienced subduction of different
oceans and collision with surrounding blocks and plates (Cope et al.,
2005; Gao et al., 2002; Sun et al., 2007). These tectonic processes resulted in modiﬁcation of the cratonic lithospheric mantle beneath the NCC
during the Late Paleozoic to Cenozoic, and the NCC lost its stability
and experienced great transformation during the Mesozoic to Cenozoic
(Gao et al., 2004, 2008; Liu et al., 2011; Wu et al., 2005; Xu, 2001).
The long-lived Paleo-Asian Ocean, deﬁned as the Paleozoic oceanic
basin between the Siberian Platform on one side and the Tarim and
North China blocks on the opposite side (Windley et al., 2007), began
to form near Lake Baikal in Siberia by at least 1000 Ma. The northern
NCC was strongly inﬂuenced by the Paleo-Asian tectonic system during
the Carboniferous to Permian, because the PAOP was subducted southward beneath the NCC, and the northern margin of the NCC evolved into
a Late Carboniferous-Late Permian Andean-style continental margin
(Zhang et al., 2007, 2008). The Solonker suture zone marks the ﬁnal closure of the Paleo-Asian Ocean and amalgamation of the NCC with the
southern Mongolian composite terranes during the late Permian to
Middle Triassic (Xiao et al., 2015; Zhang et al., 2008).
The Siziwangqi locates close to the northern margin of the NCC
(Fig. 1a). The Dongbahao Cenozoic basalts in the Siziwangqi region
were erupted during the Early Miocene - 21.89 ± 1.65 Ma (whole
rock K–Ar isotopic age) and are characterized by alkaline-rich and
high Ti compositions (Chen et al., 2005). A suite of mantle xenoliths including peridotites and pyroxenites were collected in the Dongbahao
basalts (Fig. 1b).
3. Samples
Both peridotite and pyroxenite xenoliths from the Dongbahao basalts (Fig. 1b) are relatively small (less than 5 cm in diameter), with a
rounded or ellipsoidal shape. Ten relatively large and fresh samples
were selected for detailed work. Based on the petrographic (mineral assemblages) and geochemical (major elements and rare earth element
(REE) patterns) features, they were subdivided into four groups
(Table 1): Type 1 peridotites (lherzolites, Mg# = 91.7–91.9 and CaO =

340

D. Wu et al. / Lithos 288–289 (2017) 338–351

110 o

120 o

111 o 45'

111 o 40'

130 o

a

b

Huinan

Siziwangqi

4km
41 o 30'

one

Central Asian Orogenic Belt
ult Z
u Fa

Yangtze Craton

lu

0
Ti a

Tarim

nsh

1000km
X in g

an

0

400km

Wuhan

men

g

Tibet

Dongbahao

Miocene olivine basalts

EB

Cretaceous sandstone
Precambrian plagioclase
amphibolite
Hercynian granite

YZ
SC

Sourth-China Orogen
110 o

Quternary sediment
Miocene limestone

WB

30 o

41 o 25'

41 o 25'

Su

n Bloc
Easter

bie

Pacific Ocean

O

-Da

35 o

TNC

ling

Seoul

k

hina
Qin

Hebi

Tr a n

s-No

rth C

We s
te
Xi’an

Ta n
L

en

Orog

lock

rn B

40 o

Siziwangqi Hannuoba
Beijing
Sanyitang
Datong
Fanshi

40 o

Sampling location

111 o 45'

111 o 40'

120 o

Fig. 1. (a) Simpliﬁed tectonic map of the North China Craton. The tectonic subdivisions of the North China Craton are based on Zhao et al. (2001). (b) Geological map of the Siziwangqi
region and distribution of the basalts (modiﬁed from a 1:200,000 geological map). The sampling location is marked with a solid star.

0.10–0.12 wt% in olivine), Type 2 peridotites (harzburgites and
lherzolites, Mg# = 89.9–91.5 and CaO = 0.009–0.060 wt% in olivine),
Type 1 pyroxenites (websterites, orthopyroxene: 47–84%, light rare
earth element (LREE)-depleted REE patterns in Cpx), Type 2 pyroxenites
(websterites, Cpx: 63–74%, convex-upward REE patterns in Cpx).
Peridotite xenoliths are spinel harzburgites and lherzolites (Fig. 2),
which exhibit a protogranular texture with curved grain boundaries
(Fig. 3a). Some samples have a well-equilibrated texture showing triple
junctions among mineral grains (Fig. 3b). In addition, cracks develop in
some peridotites (Fig. 3c). The typical mineral assemblages are olivine
(Ol, 46–81% modal abundance by volume), orthopyroxene (Opx,
12–38%), Cpx (2–12%) and spinel (Sp, 0–4%) (Table 1). Metasomatic
minerals, such as amphibole, phlogopite, or carbonate, are absent from

all studied peridotites. Both olivines and orthopyroxenes in peridotites
are generally 0.2–5 mm. Olivines are subhedral and have typical kink
bands (Fig. 3d), indicating that the xenoliths have experienced some
deformation. Both clinopyroxenes and spinels are relatively small
(b 2 mm). Clinopyroxenes in some peridotites have a dark, spongy rim
and display well-deﬁned boundaries between the core and spongy
rim (Fig. 3e).
Pyroxenite xenoliths are websterites (Fig. 2) and are characterized
by a coarse-grained texture and irregular mineral boundaries (Fig. 3f).
The Type 1 pyroxenites consist of Opx (47–84%) + Cpx (16%) ± Ol
(0–34%) ± Sp (0–3%) (Table 1). Exsolution lamellae (2–5 μm wide) in
orthopyroxenes were found in sample DBH34. The Type 2 pyroxenites
are composed of Opx (24–37%) + Cpx (63–74%) ± Sp (0–2%) (Table 1).

Table 1
Petrological information on the samples studied.
Sample

Lithology

Texture

Mg#

Mode(vol%)

T(°C)

Ol

Opx

Cpx

Sp

rim

core

92.3

59.5

32

8

b0.5

1123

1103

Protogranular
Protogranular
Protogranular
Protogranular
Protogranular

90.2
91.8
91.4
91.7
91.5

46
81
78.5
77
79

38
15
14
18
12

12
2
7
3
7

4
2
0.5
2
2

885
968
897
933
949

937
983
922
1008
1021

Type 1 pyroxenite
DBH26
Olivine-bearing websterite
DBH34
Spinel-free websterite

Coarse grained
Coarse grained

89.7
86.6

34

47
84

16
16

3

931
922

938
978

Type 2 pyroxenite
DBH61
Spinel-free websterite
DBH63
Spinel-bearing websterite

Coarse grained
Coarse grained

89.2
89.7

37
24

63
74

902
931

896
996

Type 1 peridotite
DBH55
Spinel lherzolite

Protogranular

Type 2 peridotite
DBH20
DBH39
DBH42
DBH45
DBH57

Spinel lherzolite
Spinel harzburgite
Spinel lherzolite
Spinel harzburgite
Spinel lherzolite

2

Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Sp = spinel. Mg# = 100 ∗ Mg/(Mg + Fe) (atomic number), Mg# in Opx is the average. T = temperature, calculated using
thermometer of Ca-in-Opx (Brey and Köhler, 1990).
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Table 2. The sources of the standard materials, as well as detailed analytical procedures and data reduction strategies, have been described by
Tong et al. (2016).

Dunite

wehrlite

harzburgite

5. Results
5.1. Major and trace element

lherzolite

PERIDOTITE
PYROXENITE

olivine
orthopyroxenite

olivine
clinopyroxenite

olivine websterite

websterite

Opx
orthopyroxenite
Type 1 peridotite
DBH55
Type 2 peridotite
DBH20
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Cpx
clinopyroxenite

Type 1 pyroxenite
DBH26

DBH34

Type 2 pyroxenite
DBH61

DBH63

DBH39

DBH42

DBH45

DBH57

Fig. 2. Petrological classiﬁcation of peridotite and pyroxenite xenoliths carried by the
Dongbahao basalts.

4. Analytical methods
All of the following analyses were conducted at the State Key Laboratory of Geological Processes and Mineral Resources, China University
of Geosciences (GPMR-CUG), Wuhan. The major and trace element
compositions of minerals were in-situ measured by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) (GeoLas
2005 + Agilent 7700x) with a spot size of 44 μm. Helium was used as
a carrier gas, and nitrogen was added into the central gas ﬂow (Ar
+ He) of the Ar plasma to increase the sensitivity (Hu et al., 2008).
The detailed operating conditions for the laser ablation system and
ICP-MS instrument were previously described (Liu et al., 2008b). The
elemental concentrations were calibrated against multiple reference
materials (BCR-2G, BHVO-2G and BIR-1G), and a summed metal oxide
normalization was applied (Liu et al., 2008b). The off-line selection and
integration of the background and analyte signals, time-drift correction
and quantitative calibration, were performed using ICPMSDataCal (Lin
et al., 2016; Liu et al., 2008b).
The Sr isotopic compositions of Cpx were in-situ analyzed by a MCICP-MS (Neptune Plus, Thermo Fisher Scientiﬁc, Germany) coupled
with a 193 nm laser ablation system (GeoLas 2005, Coherent Lambda
Physik GmbH, Germany). The VOLM cell was used to eliminate the
position-effect related fractionation (Liu et al., 2007), and helium was
used as the carrier gas and was mixed with Ar by a T-connector before
entering the ICP. The Neptune Plus MC-ICP-MS has a breakthrough in
sensitivity because of its highly sensitive interface system (Hu et al.,
2012). All measurements were conducted using low resolution and
static multi-collector mode. Each analysis consists of an approximately
30 s of background acquisition (gas blank) followed by 50 s of data acquisition (laser ablation) from the sample. An array from L4 to H3 to
monitor Kr, Rb, Er, Yb and Sr composed the mass system of the Faraday
collector conﬁguration. Detailed experimental conditions are shown in
Tong et al. (2016). In this work, BIR-1G, CPX05G and HNB08 were
used as monitor standards, and our analytical results (BIR-1G:
87
Sr/86Sr = 0.70310 ± 0.00042 (2SE), n = 10, CPX05G: 87Sr/86Sr =
0.70738 ± 0.00014 (2SE), n = 19, and HNB08: 87Sr/86Sr = 0.70371 ±
0.00072 (2SE), n = 10) are consistent with the recommended values
(BIR-1G: 87Sr/86Sr = 0.70311 ± 0.00040 (2SE), CPX05G: 87Sr/86Sr =
0.70741 ± 0.00008 (2SE), and HNB08: 87Sr/86Sr = 0.70385 ± 0.00080
(2SE)) within the analytical uncertainty. The analytical uncertainty
about 87Sr/86Sr ratios of Cpx in samples studied here are listed in

5.1.1. Olivine
Olivines in all samples are chemically homogeneous, and their major
and trace element compositions are listed in Table S1. Ol in the Type 1
peridotites (DBH55) have higher Mg# (91.7–91.9), higher CaO
(0.10–0.12 wt%) and Al2O3 (0.043–0.047 wt%) contents and lower
MnO (0.13 wt%) content than those in the Type 2 peridotites (Mg#:
89.9–91.5; CaO: 0.009–0.060 wt%; Al2O3: 0.006–0.011 wt%; MnO:
0.12–0.15 wt%). Ol in the Type 2 peridotites exhibit higher Mg#
(89.9–91.5) and lower MnO (0.12–0.15 wt%) content than those in the
Type 1 pyroxenites (Mg#: 88.8–89.2; MnO: 0.15 wt%). Ni content of
Ol exhibit no obvious difference between peridotites (3121–3178 ppm
for the Type 1 peridotites, 3005–3404 ppm for the Type 2 peridotites),
and Ni content of Ol in the Type 1 pyroxenites vary from 3201 ppm to
3304 ppm. Mg# of Ol in the Type 2 peridotites correlate negatively
with CaO, Al2O3, MnO and Ni contents (Fig. 4a–d).
5.1.2. Orthopyroxene
Like olivines, most of the highly incompatible trace elements are
below detection limits for orthopyroxenes and thus are not listed in
Table S2. All Opx show no visible compositional zoning. Opx in the
Type 1 peridotites (DBH55) have higher Mg# (92.2–92.3) and higher
CaO (1.07–1.18 wt%), Al2O3 (4.79–4.89 wt%), Cr2O3 (0.75–0.76 wt%),
Ni (861–872 ppm) contents than those in the Type 2 peridotites
(Mg#: 90.1–91.9; CaO: 0.42–0.79 wt%; Al2O3: 2.14–4.57 wt%; Cr2O3:
0.25–0.62 wt%; Ni: 680–787 ppm). Mg# of Opx in the Type 2 peridotites
correlate negatively with CaO, Al2O3 and Ni contents but positively with
Cr2O3 content (Fig. 4e–h). In addition, Opx in pyroxenites have lower
Mg# (86.3–89.9) and higher Ni (658–904 ppm) content than those in
the Type 2 peridotites (Mg#: 90.1–91.9; Ni: 680–787 ppm).
Using the Ca-in-Opx thermobarometer of Brey and Köhler (1990),
the equilibrium temperatures were estimated and listed in Table 1.
The Type 1 peridotites have higher equilibrium temperatures (1103 °C)
than the Type 2 peridotites (922–1021 °C). Pyroxenites have relatively
low equilibrium temperatures of 896–996 °C.
5.1.3. Clinopyroxene
The major and trace element compositions in Cpx are listed in
Table S3. Cpx in the Type 1 peridotites have lower Mg# (91.0–92.6)
and lower MgO (16.7–17.3 wt%), FeO (2.45–2.96 wt%), Na2O
(0.58–1.46 wt%), Al2O3 (4.12–6.27 wt%), Cr2O3 (1.34–1.52 wt%) and Ni
(296–438 ppm) contents than those in the Type 2 peridotites (Mg#:
90.0–93.6; MgO: 14.5–17.6 wt%; FeO: 1.99–3.23 wt%; Na2O:
0.59–2.06 wt%; Al2O3: 3.01–7.59 wt%; Cr2O3: 0.71–1.64 wt%; Ni:
277–474 ppm). In addition, Cpx of the Type 2 peridotites show negative
correlation between Mg# and Na2O content, but positive correlations
between Mg# and Cr2O3 and Ni contents (Fig. 5). Cpx in peridotites
with spongy textures (e.g., DBH20, DBH42, DBH55) show obvious compositional zoning. The spongy rims have lower Mg#, lower Al2O3 and
Na2O contents and higher Ni content than the cores (Fig. 5). Cpx of
the Type 1 peridotites show convex-upward REE patterns, and weak
anomalies in high ﬁeld strength elements (HFSE) (e.g., Nb, Ta, Zr, Hf
and Ti) (Fig. 6a–b). Their Cpx spongy rims show only higher contents
of large ion lithophile elements (LILE) (e.g., Rb, Ba, Pb and Sr) than the
cores (Fig. 6a–b). In contrast, Cpx of the Type 2 peridotites show highly
variable REE patterns, varying from LREE depletion to LREE enrichment
(Fig. 6c). Their LREE-depleted and convex-upward Cpx show weak depletions in Zr and Hf relative to the Nd and Sm, and a negative anomaly
of Ti relative to the Eu and Tb (Fig. 6c–d). Both Nb and Ta exhibit weak
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(b)

(a)

Opx
Cpx

Ol

Ol
Ol

Ol
1 mm

1 mm

(d)

(c)
Ol

Ol
Opx

Cpx
1 mm

0.5 mm

(f)

(e)

Cpx
Ol
Cpx
Opx

Opx

0.1 mm

1 mm

Fig. 3. Photomicrographs of representative textures of the Dongbahao spinel-facies peridotites and pyroxenites. (a) Shows protogranular texture in the Type 2 peridotites. (b) Shows
triple-junction points in the Type 2 peridotites. (c) Shows crack development in peridotite. (d) Shows kink band in olivine. (e) Shows spongy texture in clinopyroxene. (f) Shows
coarse-grained texture in the Type 1 pyroxenites.

or no anomaly compared to elements with similar incompatibilities
(Fig. 6c–d). Cpx with spongy rims show core-rim variations, i.e., Rb,
Ba, Th, U, Sr and LREE increase from the cores to the spongy rims
(Fig. 6c–d). REE patterns of Cpx in sample DBH42 are highly variable
from the LREE-depleted core to the LREE-enriched spongy rims
(Fig. 6c). The LREE-enriched spongy rims have much higher contents
of all incompatible trace elements and show distinctly negative anomalies in Ta, Zr, Hf, Ti and Pb (Fig. 6c–d).
Cpx in the Type 1 pyroxenites have lower Mg# (87.9–90.3) and
Cr2O3 (0.36–0.73 wt%) content, but higher Na2O (1.30–2.25 wt%),
Al2O3 (7.62–8.28 wt%) and Ni (282–394 ppm) contents than those in
the Type 2 pyroxenites (Mg#: 91.7–92.2; Cr2O3: 1.04–1.49 wt%; Na2O:
0.66–1.18 wt%; Al2O3: 3.49–4.84 wt%; Ni: 312–363 ppm) (Table S3).
Cpx in pyroxenites have lower Mg# (87.9–92.2) and lower Cr2O3
(0.36–1.49 wt%) and Ni (282–394 ppm) contents than those in the
Type 2 peridotites (Mg#: 90.0–93.6; Cr2O3: 0.71–1.64 wt%; Ni:
277–474 ppm). Cpx in the Type 1 pyroxenites have LREE-depleted REE
patterns, with negative Nb, Ta anomalies and weakly negative Ti anomaly
but no Zr, Hf anomalies (Fig. 6e–f). In contrast, Cpx in the Type 2 pyroxenites have convex-upward REE patterns and evidently negative anomalies in HFSE (Nb, Ta, Zr, Hf and Ti) (Fig. 6g–h).

5.1.4. Spinel
Spinels of peridotites and pyroxenites are homogeneous in composition (Table S4). Sp in peridotites show highly various compositions in
MgO (16.0–22.1 wt%), FeO (10.3–14.8 wt%), Al2O3 (31.5–55.4 wt%)
and Cr2O3 (9.39–36.0 wt%) relative to those in pyroxenites (MgO =
17.8–22.1 wt%, FeO = 12.2–14.7 wt%, Al2O3 = 44.3–58.4 wt% and
Cr2O3 = 6.47–21.9 wt%). In addition, Sp in peridotites display a wide
range of Cr# (= 100 ∗ Cr/(Cr + Al), atomic number: 10.1–43.1) and
Mg# (65.8–78.2), suggesting that they have been subjected to variable
degrees of melt extraction.
5.2. In-situ Sr isotopic compositions of clinopyroxenes
In-situ Sr isotopic compositions of Cpx are listed in Table 2. 87Sr/86Sr
ratios of peridotites have a wide range from 0.7020 to 0.7082. 87Sr/86Sr
ratios of Cpx in the Type 1 peridotites decrease from 0.7065–0.7082 in
the cores to 0.7043–0.7059 in the spongy rims. In contrast, Cpx in the
Type 2 peridotites feature increasing 87Sr/86Sr ratios from the cores
(0.7020–0.7031) to the spongy rims (0.7035–0.7041). 87Sr/86Sr ratios
of Cpx in pyroxenites are relatively uniform (0.7044–0.7052 for the
Type 1 pyroxenites, and 0.7039–0.7055 for the Type 2 pyroxenites).
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Table 2
Sr isotopic compositions of clinopyroxenes from the Dongbahao xenoliths.
Sample

Spot

Note

Rb (ppm)

Sr (ppm)

87

2SE

DBH55

1-01
1-02
1-03
1-04
1-05
1-06
1-07
2-01
2-02
2-03
2-04
2-05
1-01
1-02
1-03
1-04
1-05
2-01
2-02
2-03
2-04
2-05
2-06
1-03
1-04
1-05
1-08
2-02
2-03
2-04
2-07
1-02
1-03
1-04
1-06
1-01
1-03
1-04
1-06
1-01
1-02
1-03
1-04
1-05
1-02
1-03
1-06

spongy rim
spongy rim
mantle
core
mantle
spongy rim
spongy rim
spongy rim
mantle
core
mantle
spongy rim
spongy rim
mantle
core
mantle
spongy rim
spongy rim
spongy rim
mantle
core
spongy rim
spongy rim
spongy rim
mantle
core
mantle
spongy rim
spongy rim
spongy rim
mantle
rim
mantle
core
rim
rim
mantle
core
mantle
rim
mantle
core
mantle
rim
rim
mantle
rim

1.71
1.30
bDL
0.028
bDL
0.20
0.54
1.01
bDL
0.009
bDL
0.39
3.57
0.023
0.028
0.029
0.27
2.04
1.50
bDL
0.020
0.97
0.98
1.60
0.003
0.050
bDL
0.97
1.02
0.98
0.019
bDL
0.009
bDL
0.15
0.013
0.23
0.52
0.14
0.030
bDL
bDL
0.21
0.024
bDL
0.050
0.024

178
175
96.5
95.8
96.8
165
130
120
95.9
97.9
98.7
127
284
75.7
74.3
74.6
74.9
331
422
74.6
72.6
144
129
467
34.4
31.2
31.6
408
428
411
32.7
84.4
90.3
98.0
85.9
50.7
91.6
68.5
53.3
57.9
58.1
57.0
97.1
59.2
49.3
49.5
50.0

0.70456
0.70444
0.70705
0.70648
0.70653
0.70434
0.70465
0.70527
0.70665
0.70696
0.70823
0.70594
0.70365
0.70249
0.70291
0.70261
0.70351
0.70366
0.70393
0.70214
0.70202
0.70405
0.70414
0.70370
0.70219
0.70307
0.70296
0.70361
0.70364
0.70381
0.70288
0.70334
0.70296
0.70281
0.70350
0.70444
0.70440
0.70445
0.70521
0.70446
0.70474
0.70431
0.70438
0.70482
0.70390
0.70487
0.70548

0.00024
0.00025
0.00035
0.00034
0.00038
0.00023
0.00026
0.00027
0.00037
0.00032
0.00016
0.00029
0.00018
0.00055
0.00063
0.00057
0.00052
0.00014
0.00025
0.00067
0.00070
0.00034
0.00045
0.00016
0.00168
0.00134
0.00139
0.00013
0.00014
0.00014
0.00100
0.00044
0.00035
0.00038
0.00041
0.00076
0.00071
0.00075
0.00092
0.00058
0.00056
0.00064
0.00061
0.00076
0.00088
0.00079
0.00071

DBH20

DBH42

DBH45

DBH26

DBH61

DBH63

Sr/86Sr

The Spot in this table are corresponded to those in Table S3. DL = detected limit, 2SE = 2
standard error.

6. Discussion
6.1. Two-stage metasomatic episodes recorded by peridotites
The heterogeneity of petrology and geochemistry of the lithospheric
mantle is mainly caused by partial melting and metasomatism. Partial
melting of mantle peridotites results in depletion of basaltic components (such as Na, Ca, Mn, Al and Fe) and produces a refractory SCLM
(Frey and Green, 1974; Takazawa et al., 2000; Xu et al., 1998), whereas
metasomatism causes refertilization of the SCLM (Beyer, 2006; Norman,
1998). Metasomatism includes both cryptic and modal metasomatism.
Cryptic metasomatism causes enrichments in incompatible elements
but does not produce new phases, while modal metasomatism is always
accompanied by the presence of newly formed phases (e.g., amphibole,
apatite and/or phlogopite) (Bailey, 1987; Frey and Green, 1974;
Norman, 1998). As the major carrier for incompatible trace elements
in anhydrous mantle peridotites (Zangana et al., 1999), Cpx can be
used to trace these processes.
The Dongbahao peridotite xenoliths show geochemical features of
fragments of a lithospheric mantle depleted by variable degrees of
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extraction of basaltic magma (e.g., high Mg# and Ni content and low
CaO content in Ol, negative correlations between Mg# and MnO and
Al2O3 contents in Ol and Opx, and positive correlation between Yb and
Al2O3 contents in Cpx (Figs. 4 and 5)). In the process of partial melting,
incompatible elements tend to incorporate into melts. Although highly
incompatible elements can be signiﬁcantly modiﬁed by metasomatism,
the moderately incompatible elements are commonly affected to much
less extents. Previous studies have shown that the Y and Yb contents of
clinopyroxenes can be used to estimate the degree of partial melting experienced by spinel peridotites. According to the Y and Yb contents in
Cpx (0–10%) (Norman, 1998) and Cr# in Sp (Cr# is less sensitive to
metasomatism) (1–16%) (Hellebrand et al., 2001), these peridotites are
estimated to be residues after b 16% of fractional melting. However, Cpx
in both types of peridotites show variable enrichments in Rb, Ba, Th, U,
Sr and LREE, and negative anomalies in Nb, Ta, Zr, Hf and Ti (Fig. 6a–d).
These features are inconsistent with partial melting but imply a metasomatic origin.
6.1.1. Early-stage metasomatism encoded in the Cpx cores
In general, Cpx in peridotites from a depleted mantle have low Rb/Sr
ratios and thus are characterized by low time-integrated 87Sr/86Sr ratios,
as is the case with the depleted mantle-derived MORB (0.7027) (Salters
and Stracke, 2004). In contrast, Cpx in a fertile mantle metasomatized
by slab subduction-related ﬂuid/melt can have high 87Sr/86Sr ratios, as
demonstrated by Cpx from many subcontinental mantle regions globally
(Pearson et al., 2014). Here, the Cpx cores in the Type 1 peridotites feature
enrichments in LREE (Fig. 6a) and much higher 87Sr/86Sr ratios
(0.7065–0.7082) than their spongy rims (0.7043–0.7059) (Fig. 7a). The
high 87Sr/86Sr ratios in the Cpx cores could result from either a metasomatism by a high-87Sr/86Sr ﬂuid/melt or record an ancient metasomatism by
a high-Rb/Sr ﬂuid/melt. However, these Cpx cores have very low Rb/Sr ratios (b 0.0003). According to the evolutionary model of Sr isotopic compositions, these Cpx cores could not obtain the 87Sr/86Sr ratio of 0.7082
merely by accumulation of radiogenic Sr. Therefore, these Cpx cores
could only form via metasomatism by a high-87Sr/86Sr ﬂuid/melt.
Metasomatic agents in the lithospheric mantle generally include
alkaline-rich, volatile-bearing silicic melts (Wulff-Pedersen et al.,
1996; Yogodzinski and Kelemen, 2007), carbonatitic melts (Rudnick
et al., 1993; Yaxley et al., 1998) or CO2-H2O ﬂuids (Ionov et al., 1997;
Stalder et al., 1998). The Cpx cores with convex-upward REE patterns
in the Type 1 peridotites exhibit negative HFSE (Nb, Ta, Zr, Hf and Ti)
anomalies (Fig. 6a–b), which could be attributed to metasomatism by
carbonatitic melts due to the evidently negative HFSE anomalies in average carbonatite or average limestone (data from a worldwide database, refer to Chen et al. (2016)). TiO2 content of the carbonatite and
partition coefﬁcient of Ti in clinopyroxene-melt in the carbonate system
are low, and the fractionation between LREE and HREE is extremely high
(Green and Wallace, 1988; Nelson et al., 1988; Yaxley et al., 1998).
Therefore, the plot of (La/Yb)N vs. Ti/Eu ratios for Cpx has been widely
used to discriminate silicate- or carbonatite-related metasomatism
(Coltorti et al., 1999). The Cpx cores in the Type 1 peridotites have relatively high (La/Yb)N ratios (N1.12) and low Ti/Eu ratios (b 3756), falling
in the trend of carbonatitic metasomatism (Fig. 8a). In general, Mg# in
Ol correlate negatively with CaO and Al2O3 contents and positively
with Ni content. However, compared to the Type 2 peridotites, Ol in
the Type 1 peridotites feature low Ni content (3121–3178 ppm) but
high Mg# (91.7–91.9) and high CaO (0.10–0.12 wt%) and Al2O3
(0.043–0.047 wt%) contents (Fig. 4b–d), implying that the Type 1 peridotites could have experienced metasomatism by a Ca-Mg-Al-rich melt.
Moreover, the Cpx cores in the Type 1 peridotites show higher Ni content than those in the Type 2 peridotites at the same Mg# level
(Fig. 5d), implying that the Cpx cores in the Type 1 peridotites could
have been formed at the expense of Ol during melt-peridotite reaction
(Kelemen et al., 1998). These observations indicate that the Type 1 peridotites experienced metasomatism by Ca-Mg-Al-rich carbonatitic
melts with high 87Sr/86Sr ratios (N0.7082) in the early stage.
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Fig. 4. Plots of Mg# versus MnO, CaO, Al2O3, Cr2O3 and Ni contents in olivines and orthopyroxenes.

6.1.2. Later-stage metasomatism recorded by the Cpx spongy rims
Spongy textures are found in Cpx of both types of peridotites
(DBH20, DBH42 and DBH55) (Fig. 3e). Some authors attributed the
spongy textures to interaction of xenolith with the host magma during
transport (Shaw et al., 2006) or with exotic melts prior to the entrainment (Coltorti et al., 1999). Other authors attributed the spongy
textures to partial melting induced by ﬂuid penetration (Carpenter
et al., 2002) or to mineral breakdown induced by decompression
(Nelson and Montana, 1992). The spongy-textured minerals in
peridotites from the Dongbahao basalts preserve primary shapes and
well-deﬁned grain boundaries and show no apparent interaction with
contact minerals or melts (Fig. 3e). Compositionally, the spongy
rims show high incompatible trace element contents and different Sr
isotopic compositions relative to their cores (Figs. 6a–d and 7a). These
characteristics could argue against partial melting and mineral
breakdown-induced spongy rims and support the metasomatic origin
instead. Moreover, the Cpx spongy rims in the type 2 peridotites

exhibit higher 87Sr/86Sr ratios (up to 0.7041) than their Cpx
cores (0.7020–0.7031) (Fig. 7a), so the melt reacted with the peridotites
would have high 87Sr/86Sr ratios (N 0.7041), higher than the host basalts
(0.7035–0.7037; Zhang et al., 2017) (Fig. 7a). Therefore, the contamination of host basalts could be excluded. All these features indicate that
the spongy-textured Cpx in peridotites could have been formed in metasomatism by exotic melts prior to entrainment.
Cpx in both types of peridotites exhibit evident core-spongy rim
variations in incompatible trace elements. In the Type 1 peridotites,
the Cpx spongy rims show only higher contents of aqueous ﬂuidmobile elements (Rb, Ba, Pb and Sr) than their Cpx cores (Fig. 6a–b),
suggesting that the metasomatism could have been caused by aqueous
ﬂuids and only partly changed the LILE. However, Cpx in the Type 2 peridotites show variable increments of REE, LILE and HFSE contents from
the cores to the spongy rims, indicating metasomatism by silicate/
carbonatitic melts rather than aqueous ﬂuids due to the very low
solubility of HFSE in aqueous ﬂuids (Kogiso et al., 1997). Cpx in the

D. Wu et al. / Lithos 288–289 (2017) 338–351

(a)

1.5
1
Depletion

0.5
0
89

91
Mg# in Cpx

1

93

Depletion

2

500

(c)

1.2
0.8

Ni in Cpx (ppm)

Cr2O3 in Cpx (wt%)

2

0
87

1.6

(b)

3

2
Yb in Cpx (ppm)

Na2O in Cpx (wt%)

2.5

Depletion

0.4

345

4
6
Al2O3 in Cpx (wt%)

8

(d)
Depletion

400

300

200

0
87

89

91
Mg# in Cpx

Type 1 peridotite
DBH55 (spongy rim)
Type 2 peridotite
DBH20 (spongy rim)
DBH42 (core)
Type 1 pyroxenite
DBH26

87

93

89

91
Mg# in Cpx

93

DBH55 (core)
DBH20 (core)
DBH45 (rim)
DBH34

DBH39 (rim)
DBH45 (core)
Type 2 Pyroxenite
DBH61

DBH39 (core)
DBH57 (rim)

DBH42 (spongy rim)
DBH57 (core)

DBH63

Fig. 5. Plots of Mg# versus Na2O, Cr2O3 and Ni contents, Yb versus Al2O3 contents in clinopyroxenes.

Type 2 peridotites feature positive correlation between Nb/La and
87
Sr/86Sr ratios (Fig. 7b) and increased Nb/La ratios from the cores to
the spongy rims, agreeing well with metasomatism by silicate melt
with high Nb/La and 87Sr/86Sr ratios. In addition, Cpx in the Type 2 peridotites show features of carbonatitic metasomatism, e.g., remarkably increased (La/Yb)N, Ca/Al, Sm/Hf and Zr/Hf ratios but decreased Ti/Eu and
Ti/Nb ratios from the cores to the spongy rims (Fig. 8a–d) and depletions
of Zr, Hf and Ti in the spongy rims (Fig. 6c–d) (Blundy and Dalton, 2000;
Coltorti et al., 1999; Ionov et al., 1993; Rudnick et al., 1993). Combinations of these features imply that individual silicate or carbonatite metasomatism cannot interpret all the observed geochemical features, and
the later metasomatism could have been caused by a CO2-rich silicate
melt.
Cpx in the Type 1 peridotites show decreasing 87Sr/86Sr ratios from
0.7065–0.7082 in the cores to 0.7043–0.7059 in the spongy rims. In contrast, Cpx in the Type 2 peridotites feature increasing 87Sr/86Sr ratios
from the cores (0.7020–0.7031) to the spongy rims (0.7035–0.7041)
(Fig. 7a). Although spongy textures and trace-element zoning for Cpx
are absent in sample DBH45, this sample shows similar core-rim
variations in 87Sr/86Sr ratios (Fig. 7a). The core-spongy rim variations
in 87Sr/86Sr ratios could record later-stage metasomatism by melt with
moderate 87Sr/86Sr ratios (0.7041–0.7059). The compositional zoning
will disappear over time due to diffusion. Thus, the Sr content zoning
of Cpx could provide a constraint on the interaction time between
peridotite and melt. Using the data of Sneeringer et al. (1984) for Sr
diffusion in natural Cpx (10−19 to 10−22 m2/s, extrapolated to 900 °C),
our calculations show that the zoning of Sr will be obliterated within approximately 40 Ma for a 2 mm wide Cpx grain (e.g., DBH55) at 900 °C,
suggesting that the metasomatic event could have occurred at a much
later (geological) time prior to the host basalt eruption.

6.2. Pyroxenite: product of melt-peridotite interaction
Pyroxenites in the lithospheric mantle were generally suggested to
be formed by fractional crystallization from melts at high pressures
(Bodinier et al., 1987; Fan et al., 2001; Xu, 2002), solid-state recycling
of the oceanic crust (Yu et al., 2010) or metasomatism via melt–
peridotite reactions (Dantas et al., 2009; Liu et al., 2005). Cpx in the
Type 2 pyroxenites have high Mg# (91.7–92.2) (Fig. 5), and show enrichments in incompatible trace elements (e.g., LREE) (Fig. 6g–h). These geochemical observations are paradoxical because enrichments in highly
incompatible elements imply derivation from melts with either an
evolved characteristic (enriched in highly incompatible elements) or a
signiﬁcant ﬂuid component, but the high Mg# suggests a primitive origin
(Liu et al., 2005). These features could not be interpreted by fractional
crystallization from melts at high pressures. The lack of cumulative texture in pyroxenites also precludes such an origin. Pyroxenites from the
Dongbahao basalts consist of Cpx + Opx ± Ol ± Sp (Table 1), and thus
incompatible trace element compositions of Cpx can roughly reﬂect the
features of bulk pyroxenite. The subducted oceanic crust generally
consists of abundant gabbros, which possibly show positive Eu and Sr
anomalies (Yu et al., 2010). Thus the lack of an Eu anomaly in Cpx from
pyroxenites could preclude the origin of solid-state recycling of the oceanic crust. Furthermore, the compositional continuum of constituent
minerals for major elements (Figs. 4 and 5) and the similarity of trace
elements of Cpx between peridotites and pyroxenites (Fig. 6e–h) also
do not favor such a metamorphic origin.
A metasomatic origin related to reaction processes between melt
and mantle peridotite could explain the petrographic and geochemical
characteristics of these pyroxenites. The upper mantle sampled by the
Dongbahao xenoliths is indeed characterized by a modal continuum
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Fig. 6. CI-normalized REE patterns and PM-normalized trace element patterns in clinopyroxenes. Sample DBH39 represents depleted peridotite (DBH39). Average of fresh Cpx in sample
DBH20 (FDBH20) and sample DBH55 (FDBH55). The data for chondrite (CI) and the primitive mantle (PM) are from Taylor and McLennan (1985) and McDonough and Sun (1995),
respectively.

between peridotites and pyroxenites, with increasing orthopyroxene
and/or clinopyroxene abundances and decreasing olivine abundance
(Fig. 2). The higher Ni content in Opx and Cpx of pyroxenites
(658–904 ppm for Opx, 282–394 ppm for Cpx) than those of peridotites
at the same Mg# level (Figs. 4h and 5d) could be explained by the release of Ni during the transformation from olivine to pyroxene in
melt-peridotite reaction (Kelemen et al., 1998). It is interesting to note
that fresh Cpx in the Type 1 pyroxenites and the Type 2 peridotites
(e.g., DBH20) share similar geochemical features (e.g., LREE-depleted
REE patterns, negative Nb and Ta anomalies and weak negative Ti anomaly but no Zr, Hf anomalies in trace element patterns) (Fig. 6e–f), and
fresh Cpx in the Type 2 pyroxenites and the Type 1 peridotites
(e.g., DBH55) exhibit similarly convex-upward REE patterns, evidently
negative Nb, Ta, Zr, Hf and Ti anomalies (Fig. 6g–h). This phenomenon
suggests that the Type 1 pyroxenites and Type 2 pyroxenites could be
products of reactions between melt and the Type 2 and Type 1 peridotites, respectively. If this is correct, the decreasing (La/Yb)N but increasing
Ti/Eu ratios of fresh Cpx from peridotites (Type 2 and Type1) to pyroxenites (Type 1 and Type 2) (Fig. 8a) imply that the melts reacted with peridotites could be low-(La/Yb)N and high-Ti/Eu silicate melts. In addition,
Cpx metasomatized by carbonatitic melt from eastern Australia have low
Ti/Sr ratios between 2 and 4 (Norman, 1998), but Cpx in both types of pyroxenites studied here have high Ti/Sr ratios ranging from 8.57 to 123,

demonstrating that the melts reacted with peridotites could be silicate
melts rather than carbonatitic melts. These observations suggest that
both types of pyroxenites could originate from silicate melt–peridotite
reactions.
6.3. Origin and evolution of the metasomatic agents
As discussed above, both types of peridotites and pyroxenites
from the Dongbahao basalts could have been metasomatized or
formed by the injection of exotic melts/ﬂuids before their entrainment in the host magma. However, their different geochemical features indicate different nature and origin for the metasomatic
agents. It has been suggested that metasomatic agents could be ﬂuids
or melts derived from recycled continental crust, subducted oceanic
crust or asthenosphere. Investigations of mantle xenoliths suggest
that asthenosphere-derived melt–peridotite reactions could contribute to modiﬁcation of the lithospheric mantle beneath the northern NCC (Tang et al., 2008; Xu et al., 2003; Zhang et al., 2009a).
Basaltic melts derived from an asthenospheric source show
87
Sr/86 Sr ratios of b 0.7046 (Song et al., 1990; Tang et al., 2006),
which is inconsistent with the Sr isotopic compositions of Cpx in
this study (0.7035–0.7082). On the other hand, studies of the late
Paleozoic-Cenozoic magmatic rocks (Gao et al., 2008; Liu et al.,
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2008a; Xu et al., 2017; Zhang et al., 2003; Zhang et al., 2009b) and
mantle xenoliths (Liu et al., 2010; Wang et al., 2016; Xu, 2002) suggest that the lithospheric mantle beneath the northern NCC was
strongly refertilized by melts and/or ﬂuids from the recycled oceanic/continental crust. In the plot of Ti/Eu-87Sr/86Sr and Nb/La-87Sr/86Sr
for Cpx (Fig. 7a–b), peridotites and pyroxenites deviate from those
mixed ranges between the recycled continental crust-derived melt
and the depleted mantle, precluding the origin of recycled continental crust. Altered oceanic crust and subducted sediments could contribute to the high 87Sr/ 86 Sr ratios (Chen et al., 2016; Staudigel
et al., 1995; Wang et al., 2016), and thus we prefer that the ﬂuids/
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melts could have been derived from dehydration or melting of a
subducted slab, as discussed below.
Geochemical features of Cpx and Ol in the Type 1 peridotites imply
metasomatism by Ca-Mg-Al-rich carbonatitic melts, as discussed
in Section 6.1.1. In addition, their Cpx cores show only elevated LREE
contents compared to Cpx in sample DBH39 (depleted peridotite)
(Fig. 6a–b), implying that the metasomatic melt could have low REE,
LILE and HFSE contents, like the melt of recycled sedimentary carbonate
rocks (Chen et al., 2016; Liu et al., 2015b). The high Sr content
(96–99 ppm) (Fig. 6b) and 87Sr/86Sr ratios (0.7065–0.7082) (Fig. 7a)
of the Cpx cores in the Type 1 peridotites suggest metasomatism by
ﬂuids/melts with high Sr content (N480 ppm) (Cpx/Carbonatitic meltDSr =
0.206; Blundy and Dalton, 2000) and high 87Sr/86Sr ratios (N 0.7082),
consistent with subduction-related ﬂuids/melts produced in the initial
stage of slab subduction (Fig. 9a), characterized by high Sr content
and 87Sr/86Sr ratios, inherited from the subducted oceanic crust
(Kessel et al., 2005; Kogiso et al., 1997; Tatsumi, 1986). This is consistent
with the previous studies that the recycled oceanic crustal materials or
sediments may have been involved in the transformation of the SCLM
beneath the northern NCC (Chen et al., 2016; Liu et al., 2010; Tang
et al., 2007; Xu, 2002; Zhang et al., 2012). 87Sr/86Sr ratios of marine
carbonate rock vary with time (Veizer and Mackenzie, 2003). Marine
carbonates show high 87Sr/86Sr ratios (N0.7082) during 560–355 Ma
or b 35 Ma (Castillo, 2015), so ﬂuids/melts derived from these rocks
have high 87Sr/86Sr ratios (N 0.7082), like the early-stage carbonatitic
melts, recorded by the Cpx cores in the Type 1 peridotites. No subduction is known in less than 35 Ma near the northern margin of the NCC.
However, the subduction of the Paleo-Asian Ocean has commenced in
the early Paleozoic (Xu et al., 2013a; Xu and Chen, 1997), which is consistent with the time indicated by Sr isotopic ratios of mantle xenoliths.
Like the 87Sr/86Sr ratios of the Cpx spongy rims (0.7035–0.7059) in
peridotites, Cpx in pyroxenites show moderately high 87Sr/86Sr ratios
(0.7039–0.7055) (Fig. 7a), implying that the pyroxenite-related melt
could share the same origin as the ﬂuid/melt interacted with peridotite
to form the Cpx spongy rims. However, their trace element compositions vary remarkably in different samples (Fig. 6a–h). Their similar
87
Sr/86Sr ratios but different REE patterns varying from LREE depletion
to LREE enrichments suggest metasomatism by different agents evolved
from a CO2-rich silicate melt rather than variable degree of metasomatism by a single melt. Partial melting of carbonated eclogites has been
shown to produce CO2-rich silicate melt at low-pressure and hightemperature conditions, but carbonatitic melts at high pressures
(N 6 GPa) and low temperature (b 1000 °C) (Hammouda, 2003). Seawater
in both Cenozoic and early-middle Paleozoic (about 560–355 Ma) has
high 87Sr/86Sr ratios (Veizer et al., 1999) and thus altered oceanic crust
at that time should theoretically be characterized by a high 87Sr/86Sr
ratio, as demonstrated by the altered oceanic crust collected from the
western Atlantic Ocean (0.7036–0.7074; Staudigel et al., 1995). Therefore, the moderately high 87Sr/86Sr ratios (0.7041–0.7059) of the CO2rich silicate melt could imply an origin of altered oceanic crustal materials
formed in the early-middle Paleozoic (Fig. 9b).
As CO2-rich silicate melt inﬁltrates the peridotite, the silicic melt reacts with the peridotite, consuming olivine in peridotite and precipitating pyroxene, and forming ultimately pyroxenite, as demonstrated by
experiments (Rapp et al., 1999) and composite mantle xenoliths (Liu
et al., 2005). Due to the consumption of silicic melt components by reaction of olivine + silicic melt → pyroxene and the low KdCpx/melt and
KdOpx/melt of incompatible trace elements at high pressure (Green
et al., 2000; Hart and Dunn, 1993) and some of the initial melt also
being consumed in these reactions, abundances of incompatible trace
elements increase. If the fraction of melt is large enough during melt/
ﬂuid-peridotite reaction, the carbonatitic melt with enriched incompatible trace elements could ﬁnally be formed from the CO2-rich silicate
melt (Davide et al., 2014). Due to the low radiogenic Sr isotopic composition of depleted mantle peridotite and extremely low KdCpx/melt and
KdOpx/melt of La (Green et al., 2000; Hart and Dunn, 1993), melt–
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peridotite reaction could thus simultaneously reduce 87Sr/86Sr ratios
and increase La content of the melt to produce an evolved melt with a
moderate 87Sr/86Sr ratio and enriched La content. The negative correlation between 87Sr/86Sr ratios and La content in these Cpx (Fig. 7c) agrees
well with the trend of melt evolution during the melt-peridotite
reaction. Cpx in pyroxenites have higher 87Sr/86Sr ratios and lower La
content than the Cpx spongy rims in peridotites (Fig. 7c), implying
that the melt/ﬂuid–peridotite reactions ﬁrst formed pyroxenites, then
formed the Cpx spongy rims in peridotites.
6.4. Implications for the Paleo-Asian ocean subduction-related modiﬁcation
of the NCC
Davis et al. (2001) and Cope et al. (2005) suggested that the NCC
could have been strongly inﬂuenced by the southward subduction of
the Paleo-Asian Ocean through studying the tectonics and sediments
of the northern margin of the NCC. Subduction-related Carboniferous
granitoid plutons and latest Carboniferous-earliest Permian volcanic
rocks also support the assertion that southward subduction of the
Paleo-Asian Oceanic lithosphere beneath the northern NCC was occurring during the late Paleozoic (Zhang et al., 2007). Liu et al. (2010)
and Wang et al. (2016) provided direct evidence for the role of the
subducted Paleo-Asian Oceanic slab in melt–peridotite reactions
beneath the northern NCC by zircon dating of composite xenoliths and
Sr isotopic, trace elemental compositions of peridotite xenoliths. Moreover, carbonatite formed by melting of subducted sedimentary carbonate rocks, intruding into the Hannuoba Neogene alkali basalts, witness
the presence of the Paleo-Asian oceanic slab beneath the NCC (Chen
et al., 2016). All those observations indicate that the southward subduction of the Paleo-Asian Ocean could have contributed signiﬁcantly to the
transformation of the lithospheric mantle beneath the northern NCC.
Peridotites from the Dongbahao basalts show high 87Sr/86Sr ratios (up
to 0.7082), and such high 87Sr/86Sr ratios are also found in peridotites/

pyroxenites from other regions in the northern NCC, e.g., Sanyitang
(0.7069; Zhang et al., 2012), Hannuoba (0.7066; Xu, 2002) and Huinan
(0.7113; Xu et al., 2003) (Fig. 1a), suggesting that the lithospheric mantle
under the northern NCC, from the west to the east, could have experienced the Paleo-Asian Ocean southward subduction-related mantle
modiﬁcation. However, from the north to the center of the NCC,
e.g., Siziwangqi, Sanyitang, Datong (0.7093; Wang et al., 2016) and Fanshi
(0.7072; Chen et al., 2017), peridotites/pyroxenites in the lithospheric
mantle show similarly high 87Sr/86Sr ratios. This is consistent with the
trend demonstrated by the Cenozoic basalts in Trans-North China
Orogen, which were thought to be predominantly derived from a pyroxenite mantle source formed by reaction between recycled oceanic crustderived melt and depleted asthenospheric mantle (Liu et al., 2015a; Xu
et al., 2017). These basalts show isotopic and chemical compositions
varying simultaneously from the north to the center, e.g., SiO2 content
and 87Sr/86Sr ratios decrease, FeOT content and 143Nd/144Nd, Sm/Yb and
Ce/Pb ratios increase (Xu et al., 2017). These observations indicate extensive modiﬁcation of the lithospheric mantle beneath the NCC in a northsouth direction, attributed to the low angle southward subduction of the
Paleo-Asian Ocean beneath the NCC.
7. Conclusions
Mantle xenoliths from the Dongbahao basalts consist of spinel peridotites and pyroxenites. Peridotites have experienced b16% fractional
partial melting and subsequent metasomatism. In-situ major, trace
element and Sr isotopic data on peridotite and pyroxenite xenoliths
suggest that the SCLM beneath the Siziwangqi region could have
experienced two-stage subduction-related mantle modiﬁcation. The
early-stage metasomatic agent recorded by the Type 1 peridotites is
interpreted to be a Ca-Mg-Al-rich carbonatitic melt with elevated
87
Sr/86Sr ratios (N0.7082), derived from a subducted sedimentary
carbonate rock at the initial stage of slab subduction. The later-stage
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Fig. 9. Schematic illustration of the two-stage mantle metasomatism by the PAOP
subduction-related melt beneath the NCC. (a) Formation of the high 87Sr/86Sr ratio of
Cpx cores in the Type 1 peridotites. (b) Formation of the moderate 87Sr/86Sr ratio of Cpx
spongy rims in peridotites and Cpx in pyroxenites.

metasomatic agent, recorded by both types of peridotites and pyroxenites, was a CO2-rich silicate melt with less elevated 87Sr/86Sr ratios
(0.7041–0.7059), possibly derived from carbonated eclogites (residual
subducted slab) at a later stage of slab subduction. Type 1 pyroxenites
and Type 2 pyroxenites could originate from interaction between
silicate melt and Type 2 peridotites and Type 1 peridotites, respectively.
Considering the regional tectonic setting, we tentatively propose that the
mantle xenoliths from the Dongbahao basalts were genetically related to
the southward subduction of the Paleo-Asian ocean beneath the NCC. The
extensive modiﬁcation of the lithospheric mantle beneath the northern
NCC, as triggered by the Paleo-Asian Ocean subduction, could have lasted
from the early Paleozoic to the early Cenozoic. Such modiﬁcation led to a
highly heterogeneous lithospheric mantle. Petrographically, the mantle
underwent enrichment in pyroxenes and resulted in local development
of pyroxenites. Geochemically, the lithospheric mantle changed from
being refractory and depleted (high Mg# and LREE depletions) to fertile
and enriched (low Mg# and LREE enrichments), and from low (down
to 0.7020) to high (up to 0.7082) 87Sr/86Sr ratios in isotopic compositions.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2017.07.018.
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