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Continental intraplate basalts (15.42–0.16 Ma) from Abaga–Dalinuoer volcanic field (ADVF) in central Inner
Mongolia of eastern China, as a part of Cenozoic volcanic province along easternmargin of the Eurasian continent,
provide a good opportunity to explore potential links between deep subduction of the Pacific slab and continental
intraplate volcanism. In this study, we report an integrated dataset of whole-rock K–Ar ages, major and trace el-
ements and Sr–Nd–Pb isotopes, and olivine major and minor elements for the Abaga–Dalinuoer basalts (ADBs),
and propose that mantle source lithology of the ADBmagmasmay consist of both pyroxenite and peridotite. The
ADBs display lowSiO2 (42.3–50.2wt.%), highMgO(7.3–11.4wt.%) andmoderate K2O+Na2O (3.8–6.4wt.%), and
can be subdivided into basanites, alkali basalts and tholeiitic basalts that are all characterized by ocean island ba-
salt (OIB)-like rare earth elements (REE) and enrichment in both large ion lithosphile elements (LILE) and high
field strength elements (HFSE). Olivine phenocrysts have higher Ni and Fe/Mn and lower Mn, Ca and Ca/Fe rel-
ative to those from peridotite melts, but exhibit clearly lower Ni contents (b2500 ppm) comparedwith expected
Ni range (N3000 ppm) for olivines crystallized from olivine-free pyroxenitemelts. Estimated compositions of the
ADB primarymagmas, togetherwith olivine compositions, suggest an iron-richmantle source relatedwith silica-
deficient pyroxenite that ismost likely derived fromdeeply subducted Pacific oceanic crust. Additionally, perido-
tite and recent subducted sediments are also required to account for highNi andMgO inprimarymagmas togeth-
er with their trace elements and Sr–Nd–Pb isotope systematics. We suggest that a mixed pyroxenite–peridotite
source lithology can better match observed whole-rock and olivine signatures in the ADB, compared with either
peridotite only or olivine-free pyroxenite only source lithology. In ourmodel, pyroxenitemeltswould either react
with or mechanically mix with peridotite, and the proportion of pyroxenite melts may range from 30% to 45% for
mechanicalmixing scenario. A continuous spectrum from tholeiitic to alkalimelts revealed bymelt-peridotite re-
action experiment can explain formation of primary magmas of basanites, alkali basalts and tholeiitic basalts by
increasingmelting degree of a similar mantle source. Relatively higher 206Pb/204Pb of the ADBmay suggest more
significant role of recent (b0.5 Ga) subducted Pacific oceanic materials, in contrast to other Cenozoic basalts in
eastern China (e.g., Changbai basalts) that exhibit varying contributions from ancient (N1.5 Ga) subducted con-
tinental sediments.We emphasize that coupled geochemical and geodynamic links (i.e., subduction polarity) be-
tween deeply subducted Pacific slab and continental intraplate volcanism in eastern China may exist, which
directly support the involvement of deeply subducted Pacificmaterials in petrogenesis of the ADB. From the per-
spective of plate motion kinetics, decompression partial melting of upwelling fragmented Pacific slab (silica-de-
ficient pyroxenite + recent subducted sediments) may be triggered by rollback of deeply subducted Pacific slab
during Late Cenozoic times. Continental intraplate volcanism in the ADVF generally started with termination of
opening of the Japan Sea, suggesting that deep subduction of the Pacific slab may have been an important
geodynamic mechanism responsible for tectono-magmatic evolution of northeastern Asia. We suggest that the
ADBs have the potential to shed light on genetic links between continental intraplate volcanism and deep sub-
duction of the Pacific slab in geochemical and geodynamic processes.
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1. Introduction
Origin and evolution of small-volume (b10,000 km3), ocean island
basalt (OIB)-like mafic magmas erupted within continental plate have
drawn considerable attention from geochemical and geophysical stud-
ies (e.g., Wilson and Downes, 1991; Class et al., 1994; Ma et al., 2011;
Zhao and Tian, 2013; Davies and Rawlinson, 2014; Søager et al., 2015),
aiming to reveal mechanism responsible for intraplate volcanism that
cannot be well explained by plate tectonics. Cenozoic intraplate basalts
are widespread in eastern China, of which the geodynamic mechanism
remains amatter of heated debate, such as continental roots-plume tec-
tonics (Deng et al., 1992, 2004), continental rifting (Liu et al., 2001), lith-
ospheric thinning/delamination (Xu et al., 2005; Chu et al., 2013),
asthenospheric upwelling (Basu et al., 1991; Zou et al., 2008) and man-
tle transition zone (MTZ)-derived hydrous plume (Kuritani et al., 2011).
Albeitwithmuchwork, several equivocal questions still exist onmagma
origin and evolution of continental intraplate basalts from eastern China
(Zhang et al., 2015a).

Seismically-detected Pacific slab has been recognized to be
subhorizontally stagnant in the MTZ beneath East Asia (e.g., Fukao
et al., 2009; Zhao et al., 2009; Tang et al., 2014), and western edge of
the subducted Pacific slab extends to about 120°E longitude (Huang
and Zhao, 2006) and approximately coincides with northern segment
Fig. 1. (a) Simplified map showing the eastern Eurasian continent. Abbreviations: CAOB, cen
(b) Cenozoic intraplate basalts in easternChina (modified from Liu et al., 2001). DTGL represents
volcanic fields in eastern China: 1, Abaga–Dalinuoer; 2, Chifeng; 3, Hannuoba; 4, Wulanhada;
volcano to Chifeng and Abaga–Dalinuoer based on tomography image in Huang and Zhao (200
canic field (modified from Xiao et al., 2003; Ho et al., 2008). (For interpretation of the referenc
of the Daxing'anling–Taihang gravity lineament (DTGL; Fig. 1b). One
of the open questions is whether the Pacific slab-derived materials
were involved in magma origin of continental intraplate basalts in east-
ern China, and if so, how the subducted Pacific materials contributed to
their elemental and isotopic compositions (e.g., Zou et al., 2008;
Kuritani et al., 2011). Recent studies have suggested involvement of
the Pacific slab-derived components in Cenozoic intraplate volcanism
to the east of the DTGL (e.g., Kuritani et al., 2011; Y.-G. Xu et al., 2012;
Kuritani et al., 2013; Xu, 2014; Zhang et al., 2015b), however, it remains
equivocal that whether deeply subducted Pacific materials contributed
to petrogenesis of basalts to the west of the DTGL. Another question to
be solved is the nature and provenance of pyroxenite in mantle source
and its role in origin of basaltic magmas that fed intraplate volcanism
in eastern China (Hong et al., 2013; Yang and Zhou, 2013; Wang et al.,
2015; Yang et al., 2016).

Late Cenozoic (15.42–0.16 Ma) Abaga–Dalinuoer basalts (ADBs),
distributed to the west of the DTGL (Fig. 1b), have the potential to pro-
vide critical constraints on geochemical and geodynamic links between
continental intraplate volcanism in eastern China and deep subduction
of the Pacific slab. In this study, we report an integrated dataset of
whole-rock K–Ar ages, major and trace elements and Sr–Nd–Pb iso-
topes, and olivine major and minor elements for the ADB. Based on
whole-rock and olivine data, we suggest a mixed pyroxenite–peridotite
tral Asian orogenic belt; NCC, North China craton; SC, Siberian craton; TC, Tarim craton.
Daxing'anling–Taihang gravity lineament. Red dotswith numbers denote typical Cenozoic
5, Jining. Blue dashed line AB denotes transection from the Japan island arc via Changbai
6). (c) Distribution of Late Cenozoic basalts and sample locations in Abaga–Dalinuoer vol-
es to color in this figure legend, the reader is referred to the web version of this article.)
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source lithology for the ADB that can bettermatch observedwhole-rock
and olivine signatures, compared with either peridotite only or olivine-
free pyroxenite only source lithology. A petrogenetic model involving
upwelling of asthenosphere and fragmented Pacific materials in re-
sponse to rollback of deeply subducted Pacific slab is proposed as
geodynamicmechanismresponsible for Late Cenozoic Abaga–Dalinuoer
volcanism.

2. Geological setting

Abaga–Dalinuoer volcanic field (ADVF) is located within eastern
segment of the central Asian orogenic belt (CAOB), which is partly
bounded by the Siberian craton to the north and the Tarim craton and
North China craton to the south (Fig. 1a; Zhao et al., 2001; Xiao et al.,
2009). Growth of the CAOB began with progressive accretion of island
arcs, ophiolites, oceanic islands, seamounts, accretionary wedges,
oceanic plateaux and microcontinents in the Neoproterozoic Era (ca.
1 Ga; Khain et al., 2002; Windley et al., 2007) and ended with closure
of the Paleo-Asian ocean at ca. 250 Ma (Xiao et al., 2003), accompanied
by voluminous graniticmagma intrusion during Late Paleozoic toMeso-
zoic times (e.g., Jahn et al., 2000;Wu et al., 2002). Continental intraplate
volcanism prevailed in eastern China during Cenozoic times (e.g., Liu,
1999), as indicated by widespread basalts that are predominately alka-
line with minor tholeiitic series (Fig. 1b; e.g., Basu et al., 1991; Fan and
Hooper, 1991; Zou et al., 2000). Basaltic volcanism in the ADVF firstly
occurred in Middle Miocene and continued to Pleistocene with several
interruptions, giving rise to basaltic lava plateau (Abaga and Dalinuoer;
Fig. 1c)with an area of ca. 10,000 km2, where at least 100 volcanic cones
distribute along several NEE-trending faults (Yang, 1988). Together
with the Dariganga volcanic field of Mongolia to the north, the broad
lava plateau straddling the border between China andMongolia is prob-
ably the largest Cenozoic volcanic field in East Asia (Wiechert et al.,
1997).

3. Petrography

Fifteen samples ofmassive and vesicular basalts, which are fresh and
lack of obvious post-magmatic alteration, were collected from lava
flows, shield volcanic cones and outcropped volcanic necks in the
ADVF (Fig. 1c). According to petrographical and geochemical classifica-
tion, the ADBs are subdivided into basanites, alkali basalts and tholeiitic
basalts. The presence of peridotite and pyroxenite xenoliths in the ADB
has been reported by previous studies (e.g., Deng and Macdougall,
1992; Pan et al., 2013; Zou et al., 2014).

All the studied basalts are porphyritic and contain phenocrysts of
predominant olivine (5–10 vol.%) ± subordinate clinopyroxene
(b5 vol.%), which are scattered in cryptocrystalline or microcrystalline
Table 1
Phenocryst and groundmass mineral assemblages of the ADB.

Sample no. Locality Rock type

100913-5 Dalinuoer Basanite
100913-6 Dalinuoer Basanite
100913-7 Dalinuoer Basanite
100913-8 Dalinuoer Basanite
100916-3 Dalinuoer Basanite
100913-1 Dalinuoer Alkali basalt
100914-1 Abaga Alkali basalt
100914-2 Abaga Alkali basalt
100916-2 Dalinuoer Alkali basalt
100916-4 Abaga Alkali basalt
100913-2 Dalinuoer Tholeiitic basalt
100913-3 Dalinuoer Tholeiitic basalt
100913-4 Dalinuoer Tholeiitic basalt
100915-1 Dalinuoer Tholeiitic basalt
100916-1 Dalinuoer Tholeiitic basalt

Abbreviations: Ol, olivine; Cpx, clinopyroxene; Pl, plagioclase.
groundmass of clinopyroxene + plagioclase ± olivine ± Fe–Ti oxides
(Table 1). Olivine phenocrysts are typically euhedral to subhedral and
have grain sizes of ca. 0.2–2 mm (Fig. 2a and c). Olivine xenocrysts are
found in basanite sample 100916-3 and alkali basalt sample 100916-2,
including large olivine xenocrysts (ca. 2–5 mm in diameter) with
embayed rims and multigrain clots of xenocrystic olivine fragments
(Fig. 2b). Some clinopyroxene phenocrysts are characterized by growth
zonation (Fig. 2d). Compared to basanites and alkali basalts, plagioclase
tends to be common in tholeiitic basalts (Fig. 2e). In addition, tholeiitic
basalt sample 100913-3 contains few embayed quartz xenocrysts
surrounded by comb-type rims of pyroxenes (Fig. 2f).

4. Analytical methods

After removingminerals thatmay contain excess argon (e.g., olivine,
pyroxene and plagioclase), fresh matrix of selected basalts were
crushed into powders of 40–60mesh in size forwhole-rockK–Ar dating.
Fresh slices of all the ADB samples were cleaned with deionized water
and then dried before being crushed into powders of 200 mesh in size,
in preparation for analyses of whole-rock major and trace elements
and Sr–Nd–Pb isotopes.

4.1. Whole-rock K–Ar dating

Sample powderswere cleanedwith water, ethanol and acetone, and
then baked at low temperature. After cleaning and baking, samples
were enclosed in a “Christmas tree” shaped holder and heated at
about 200 °C for 12 h for degassing. Samples were then separated and
placed in individual molybdenum crucibles surrounded by a titanium
crucible for electron bombardment heating. Argon was analyzed using
the isotope dilution technique with a 99.98% pure 38Ar spike on a
MM1200mass spectrometer connected to a purification and extraction
system at the Institute of Geology, Chinese Earthquake Administration
(IGCEA, Beijing, China). More detailed analytical procedures were re-
ported by Zhuet al. (2001). K–Ar dating results of theADBare presented
in Table 2.

4.2. Whole-rock major and trace element analyses

For major element analyses, 0.5 g whole-rock powders were accu-
rately weighed and then ignited at 1000 °C for about 60min. Loss on ig-
nition (LOI) was measured as the weight loss after ignition of 0.5 g
whole-rock powders. Samples were then grinded and mixed with 5 g
of lithium tetraborate (Li2B4O7) in an agate mortar, and melted to
make glass discs using an automatic flame fusion machine. Major ele-
mentswere determined on fused glass discs byX-ray fluorescence spec-
troscopy (XRF) using an Axios-Minerals instrument at the Institute
Phenocryst Groundmass

Ol Cryptocrystalline
Ol Cryptocrystalline
Ol Cryptocrystalline
Ol Cryptocrystalline
Ol Cryptocrystalline
Ol + Cpx Ol + Cpx + Pl + Fe–Ti oxides
Ol + Cpx Ol + Cpx + Pl + Fe–Ti oxides
Ol + Cpx Ol + Cpx + Pl + Fe–Ti oxides
Ol + Cpx Ol + Cpx + Pl + Fe–Ti oxides
Ol + Cpx Ol + Cpx + Pl + Fe–Ti oxides
Ol + Cpx Pl + Cpx + Fe–Ti oxides
Ol + Cpx Pl + Cpx + Fe–Ti oxides
Ol + Cpx Pl + Cpx + Fe–Ti oxides
Ol + Cpx Pl + Cpx + Fe-Ti oxides
Ol + Cpx Pl + Cpx + Fe–Ti oxides



Fig. 2. Photomicrograph for the ADB under cross-polarized (a–e) and plane-polarized light (f). (a) Euhedral olivine phenocrysts in cryptocrystalline groundmass of basanite sample
100913-6. (b) Olivine xenocrysts with bright rims and multigrain clots of olivine fragments in basanite sample 100916-3. (c) Euhedral olivine phenocrysts with randomly oriented
cracks in groundmass containing lath-shaped plagioclases and pyroxenes in alkali basalt sample 100913-1. (d) Clinopyroxene phenocrysts showing compositional zonation in alkali
basalt sample 100914-1. (e) Olivine and clinopyroxene phenocrysts surrounded by lath-shape plagioclases in tholeiitic basalt sample 100913-2. (f) Fe–Ti oxides, plagioclases and
quartz xenocrysts surrounded by comb-type rims of pyroxenes in tholeiitic basalt sample 100913-3.
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of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS,
Beijing, China). Two sample duplicates and a Chinese national standard
sample GSR3 (basalt) were analyzed during the same period tomonitor
Table 2
Whole-rock K–Ar dating results of the ADB.

Sample
no.

Locality Rock type K
(%)

40Ar rad
(mol/g)

40Ar
rad (%)

Age
(±1σ, Ma)

100916-3 Dalinuoer Basanite 1.58 5.32 × 10−12 56.28 1.94 ± 0.07
100914-2 Abaga Alkali basalt 1.26 7.59 × 10−12 67.16 3.47 ± 0.10
100916-2 Dalinuoer Alkali basalt 1.35 4.18 × 10−12 28.21 1.78 ± 0.05
100916-4 Abaga Alkali basalt 1.09 1.35 × 10−11 82.9 7.14 ± 0.18
100913-4 Dalinuoer Tholeiitic

basalt
1.29 6.37 × 10−12 77.03 2.84 ± 0.06

Parameters for 40K: Me = 0.581 × 10−10 year−1; Mß = 4.962 × 10−10 year−1; 40K =
0.01167 at.% (Steiger and Jäger, 1977).
accuracy and reproducibility, yielding measured values that agree well
with consensus values (Supplementary Table S1). The analytical meth-
od has a relative standard deviation (RSD) of 0.1–1%. Major element
compositions of the ADB are presented in Table 3.

Trace element compositionswere determined by inductively coupled
plasma mass spectrometry (ICP-MS) at the IGGCAS using a Finnigan
MAT Element-II system. Detailed analytical procedures were described
by Guo et al. (2006). A blank solution was prepared and total procedural
blanks were b50 ng for all trace elements reported in Table 3. Indium
was used as an internal standard to correct for matrix effects and instru-
ment drift. One duplicate for sample 100914-2 and two Chinese national
standard samples GSR1 (granite) and GSR3 (basalt) were measured to
monitor analytical accuracy and reproducibility (Supplementary
Table S1), yielding a RSD that is better than 5% above detection limits
based on repeated analyses of samples and standardmaterials. Analytical
results of standard materials are in excellent agreement with



Table 3
Major (wt.%) and trace element (ppm) compositions of the ADB.

Sample no. 100913-5 100913-6 100913-7 100913-8 100916-3 100913-1 100914-1 100914-2

Locality Dalinuoer Dalinuoer Dalinuoer Dalinuoer Dalinuoer Dalinuoer Abaga Abaga

Site no. 6 7 7 8 10 4 3 2

Rock type Basanite Basanite Basanite Basanite Basanite Alkali basalt Alkali basalt Alkali basalt

SiO2 43.03 43.27 42.96 43.77 44.29 48.44 44.90 47.06
TiO2 3.49 3.23 3.20 3.55 2.93 2.69 3.22 2.60
Al2O3 12.25 12.05 11.99 12.29 11.87 13.51 12.42 12.49
Fe2O3

T 14.35 14.31 14.28 14.31 14.61 12.51 13.57 12.74
MnO 0.17 0.17 0.17 0.16 0.18 0.16 0.21 0.16
MgO 10.48 10.28 10.39 10.73 11.35 7.28 8.18 9.57
CaO 9.65 9.33 9.22 8.76 8.67 9.25 9.89 8.96
Na2O 3.17 3.95 3.50 3.16 3.52 3.01 3.51 3.61
K2O 2.18 2.43 2.42 2.43 1.80 2.03 1.65 1.28
P2O5 0.78 0.95 0.90 0.68 0.86 0.66 0.92 0.78
LOI −0.02 −0.62 0.36 0.00 −0.66 0.40 1.26 0.28
Mg-no. 0.64 0.64 0.64 0.65 0.66 0.59 0.60 0.65
La 46.60 52.07 52.12 37.97 45.51 32.21 48.12 42.12
Ce 89.0 99.1 99.1 71.8 88.4 60.8 91.4 79.3
Pr 11.28 12.43 12.44 9.17 11.13 8.04 11.73 10.06
Nd 45.36 49.40 49.69 37.31 45.22 32.94 47.86 40.81
Sm 10.20 11.09 10.98 8.65 10.41 8.01 11.05 9.54
Eu 2.93 3.15 3.15 2.50 3.10 2.52 3.15 2.72
Gd 8.31 9.02 9.05 7.18 8.92 6.74 9.06 7.88
Tb 1.18 1.25 1.24 1.04 1.26 1.00 1.28 1.12
Dy 6.02 6.31 6.26 5.42 6.38 5.23 6.48 5.84
Ho 1.02 1.07 1.07 0.98 1.11 0.92 1.09 1.02
Er 2.48 2.45 2.43 2.22 2.50 2.17 2.57 2.43
Tm 0.32 0.30 0.30 0.29 0.31 0.29 0.33 0.32
Yb 1.82 1.62 1.57 1.66 1.67 1.60 1.87 1.83
Lu 0.25 0.21 0.21 0.23 0.24 0.23 0.26 0.27
Sc 21.87 19.36 20.70 19.58 21.53 20.89 19.63 21.41
V 281.79 244.32 233.89 264.94 213.69 206.45 214.36 203.94
Cr 183.51 169.47 181.22 177.93 353.67 202.14 180.37 275.34
Co 65.00 61.37 61.24 69.57 61.33 47.40 55.12 54.69
Ni 207.09 209.40 215.82 251.16 312.18 108.26 174.46 231.89
Cu 65.14 64.63 62.48 66.06 57.47 48.97 54.74 68.42
Zn 140.53 146.00 145.79 136.27 167.47 130.17 144.35 134.46
Ga 23.01 23.73 23.42 22.27 23.33 22.43 22.42 21.51
Rb 52.2 46.4 46.6 57.7 38.8 31.8 26.9 18.1
Sr 826.8 896.8 708.4 664.1 814.7 716.4 899.1 773.9
Y 24.9 25.3 25.0 22.4 26.5 22.0 26.2 23.9
Zr 255.6 268.3 266.2 212.1 255.8 206.8 237.7 217.2
Nb 67.21 74.12 74.02 56.24 63.58 46.62 60.93 56.93
Ba 715.6 671.6 659.0 769.8 569.2 624.2 675.4 594.5
Hf 6.41 6.63 6.61 5.51 6.33 5.28 5.96 5.46
Ta 4.56 4.94 4.94 3.75 4.12 3.03 3.84 3.52
Pb 3.0 3.4 3.4 2.1 3.6 3.2 3.4 3.5
Th 6.33 7.10 7.13 5.23 5.78 4.38 5.89 5.81
U 1.42 1.77 1.70 1.22 1.50 1.12 1.27 1.18

Sample no. 100916-2 100916-4 100913-2 100913-3 100913-4 100915-1 100916-1

Locality Dalinuoer Abaga Dalinuoer Dalinuoer Dalinuoer Dalinuoer Dalinuoer

Site no. 9 1 5 5 5 5 5

Rock type Alkali basalt Alkali basalt Tholeiitic basalt Tholeiitic basalt Tholeiitic basalt Tholeiitic basalt Tholeiitic basalt

SiO2 46.13 45.51 48.71 49.96 50.09 50.06 50.21
TiO2 2.60 2.91 2.44 2.52 2.47 2.47 2.45
Al2O3 12.27 11.16 12.88 13.31 13.14 13.33 13.35
Fe2O3

T 13.74 13.88 12.13 12.42 12.56 12.69 12.47
MnO 0.17 0.17 0.14 0.14 0.15 0.14 0.14
MgO 10.74 9.81 7.61 7.70 8.26 7.25 7.86
CaO 8.57 10.69 8.37 8.53 8.68 8.49 8.70
Na2O 3.57 2.59 3.14 3.21 3.14 3.17 3.16
K2O 1.58 1.24 1.44 1.47 1.42 1.46 1.41
P2O5 0.78 0.58 0.44 0.45 0.44 0.46 0.43
LOI −0.72 1.44 2.40 −0.40 −0.46 0.28 −0.36
Mg-no. 0.66 0.64 0.61 0.61 0.62 0.59 0.61
La 38.63 32.15 21.16 20.92 20.44 21.25 20.70
Ce 75.8 64.8 41.3 40.6 39.9 41.4 40.7
Pr 9.47 8.39 5.66 5.61 5.43 5.53 5.47
Nd 38.29 34.98 24.26 24.05 23.44 23.62 23.30
Sm 9.07 8.87 6.37 6.43 6.20 6.30 6.19
Eu 2.70 2.69 1.93 1.95 1.88 1.96 1.95
Gd 7.82 7.81 5.72 5.69 5.51 5.78 5.68

134 M. Zhang, Z. Guo / Gondwana Research 37 (2016) 130–151



Table 3 (continued)

Sample no. 100916-2 100916-4 100913-2 100913-3 100913-4 100915-1 100916-1

Locality Dalinuoer Abaga Dalinuoer Dalinuoer Dalinuoer Dalinuoer Dalinuoer

Site no. 9 1 5 5 5 5 5

Rock type Alkali basalt Alkali basalt Tholeiitic basalt Tholeiitic basalt Tholeiitic basalt Tholeiitic basalt Tholeiitic basalt

Tb 1.12 1.12 0.87 0.86 0.83 0.87 0.85
Dy 5.82 5.92 4.64 4.69 4.55 4.63 4.57
Ho 1.03 1.08 0.83 0.85 0.85 0.84 0.83
Er 2.38 2.44 2.04 2.01 2.02 1.99 1.96
Tm 0.31 0.31 0.27 0.26 0.26 0.26 0.26
Yb 1.76 1.71 1.55 1.53 1.51 1.58 1.55
Lu 0.24 0.23 0.22 0.22 0.21 0.22 0.22
Sc 23.39 25.23 20.59 21.06 20.84 21.64 22.03
V 204.83 222.92 195.71 201.74 196.06 193.84 194.75
Cr 371.34 351.64 196.08 183.09 216.79 201.77 205.85
Co 56.98 57.44 50.43 50.27 53.28 51.02 50.73
Ni 303.96 267.33 152.59 150.45 173.35 166.21 160.89
Cu 53.41 63.29 58.73 40.40 47.41 58.98 62.16
Zn 152.02 152.55 127.01 125.43 124.12 135.71 135.40
Ga 22.11 20.49 21.58 21.35 21.04 21.73 21.82
Rb 30.1 20.7 28.2 27.1 26.3 28.7 28.2
Sr 700.5 663.0 491.5 490.0 490.8 496.1 504.3
Y 24.2 25.0 20.5 20.1 20.1 20.5 19.8
Zr 218.7 210.5 164.2 154.9 153.9 158.3 153.4
Nb 52.52 39.59 29.29 28.68 28.03 27.98 27.31
Ba 445.3 430.0 311.4 312.6 306.7 358.1 326.3
Hf 5.71 5.64 4.37 4.27 4.18 4.30 4.18
Ta 3.41 2.56 1.92 1.91 1.85 1.84 1.81
Pb 3.1 2.6 2.3 2.2 2.1 2.9 3.0
Th 5.02 3.59 3.13 3.07 2.97 3.20 3.14
U 1.28 0.92 0.73 0.69 0.49 0.91 0.63

Site no. for each sample refers to number of sample locality in Fig. 1c.
Fe2O3

T means that total Fe is given as Fe2O3.
Mg-no. = Mg/(Mg + Fe2+), calculated assuming Fe2O3/(FeO + Fe2O3) = 0.1.
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recommended reference values (GeoREM, http://georem.mpch-mainz.
gwdg.de/). Trace element compositions of the ADB are presented in
Table 3.

4.3. Whole-rock Sr–Nd–Pb isotope analyses

Rb–Sr and Sm–Nd isotopic compositions were determined by
thermal ionization mass spectrometry (TIMS) using a Finnigan
MAT262 system at the IGGCAS, following procedures described in Guo
et al. (2006) and Li et al. (2012a). Whole-rock powders for Sr–Nd iso-
tope analyses were dissolved in Savillex Teflon screw-top capsule after
being spiked with the mixed 87Rb–84Sr and 149Sm–150Nd tracers prior
to HF + HNO3 + HClO4 dissolution. Rb, Sr, Sm and Nd were separated
using the classical two-step ion exchange chromatographic method be-
fore determination by TIMS technique. The whole procedure blank was
lower than 250 pg for Rb–Sr and 100 pg for Sm–Nd. The isotopic ratios
Table 4
Sr and Nd isotopic compositions of the ADB.

Sample no. Locality Rock type 87Rb/86Sr 87Sr/86Sr ± 2σ (87Sr/86

100913-5 Dalinuoer Basanite 0.1826 0.703946 ± 12 0.7039
100913-6 Dalinuoer Basanite 0.1498 0.703726 ± 12 0.7037
100913-8 Dalinuoer Basanite 0.2514 0.703785 ± 14 0.7037
100916-3 Dalinuoer Basanite 0.1378 0.703796 ± 10 0.7037
100913-1 Dalinuoer Alkali basalt 0.1284 0.704800 ± 12 0.7047
100914-1 Abaga Alkali basalt 0.0866 0.704469 ± 12 0.7044
100914-2 Abaga Alkali basalt 0.0676 0.704375 ± 10 0.7043
100916-2 Dalinuoer Alkali basalt 0.1243 0.703901 ± 09 0.7038
100916-4 Abaga Alkali basalt 0.0903 0.704180 ± 10 0.7041
100913-2 Dalinuoer Tholeiitic basalt 0.1659 0.704268 ± 13 0.7042

Chondritic uniform reservoir (CHUR) at the present day [(87Rb/86Sr)CHUR= 0.0847 (McCulloch
(Jacobsen andWasserburg, 1980); (143Nd/144Nd)CHUR= 0.512638 (Goldstein et al., 1984)] was u
10−12 year−1 (Lugmair andMarti, 1978). Both εSr(i) and εNd(i) were obtained by using ages of da
1992; Ho et al., 2008; Shao et al., 2008; Chen et al., 2013).
were corrected for mass fractionation by normalizing to 88Sr/86Sr =
8.375209 and 146Nd/144Nd=0.7219, respectively. International standard
samples NBS-987 and JNdi-1 were employed to evaluate instrument
stability during the period of data collection (Supplementary
Table S2).Measured values for NBS-987 Sr standard and JNdi-1 Nd stan-
dard were 87Sr/86Sr = 0.710242 ± 0.000012 (n = 4, 2 SD) and
143Nd/144Nd = 0.512119 ± 0.000012 (n = 4, 2 SD), respectively.
USGS reference material BCR-2 was measured to monitor accuracy of
analytical procedures, with the following results: 87Sr/86Sr =
0.704991 ± 0.000011 and 143Nd/144Nd = 0.512635 ± 0.000013,
which display good agreement with previously published data on
BCR-2 (Li et al., 2012a, 2012b). Sr–Nd isotopic compositions of the
ADB are presented in Table 4.

Lead isotopic compositions were determined by TIMS technique
using a GV Isoprobe-T mass spectrometer at the Analytical Laboratory
of Beijing Research Institute of Uranium Geology (ALBRIUG, Beijing,
Sr)i εSr(i) 147Sm/144Nd 143Nd/144Nd ± 2σ (143Nd/144Nd)i εNd(i)

42 −7.89 0.1360 0.512897 ± 13 0.512896 5.07
22 −11.0 0.1358 0.512868 ± 13 0.512866 4.49
80 −10.2 0.1401 0.512891 ± 13 0.512890 4.95
93 −10 0.1392 0.512912 ± 12 0.512910 5.35
97 4.24 0.1471 0.512819 ± 14 0.512817 3.53
63 −0.45 0.1396 0.512874 ± 12 0.512870 4.65
71 −1.77 0.1413 0.512895 ± 13 0.512892 5.04
98 −8.51 0.1433 0.512881 ± 12 0.512880 4.76
71 −4.55 0.1533 0.512900 ± 11 0.512893 5.14
61 −3.34 0.1588 0.512875 ± 13 0.512872 4.64

and Black, 1984); (87Sr/86Sr)CHUR= 0.7045 (DePaolo, 1988); (147Sm/144Nd)CHUR= 0.1967
sed for the calculations. λRb= 1.42 × 10−11 year−1 (Steiger and Jäger, 1977); λSm=6.54 ×
ted samples summarized in Table 2 and agedata in literature (Luo and Chen, 1990; Liu et al.,

http://georem.mpch-mainz.gwdg.de
http://georem.mpch-mainz.gwdg.de


Table 6
Mineral-melt partition coefficients used in Dy/Yb versus La/Yb modeling.

Mineral-melt
partition coefficients Ol Opx Cpx Grt

DLa 0.0004 0.002 0.054 0.01
DDy 0.0017 0.022 0.33 1.06
DYb 0.0015 0.049 0.28 4.03

Abbreviations: Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Grt, garnet.
Mineral-melt partition coefficients (D) are from McKenzie and O'Nions (1991).
Partial melting curves for subducted oceanic crust (pyroxenite) and garnet-facies perido-
tite were calculated from modal batch melting equation (Wilson, 1989).
End-member compositions are: (1) N-MORB (La 2.50 ppm, Dy 4.55 ppm, Yb 3.05 ppm;
Sun and McDonough, 1989) with mineral modes (Cpx 0.35, Grt 0.65) and (2) depleted
mantle (La 0.234 ppm, Dy 0.531 ppm, Yb 0.401 ppm; Salters and Stracke, 2004) withmin-
eral modes (Ol 0.53, Opx 0.08, Cpx 0.34, Grt 0.05; Salters and Stracke, 2004).
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China). Whole-rock powders (100 mg) were weighed and dissolved in
Teflon capsules using concentrated HF+HNO3+HClO4 for 72 h before
being separated from the silicate matrix and purified using AG1 × 8
anionic ion-exchange columns with dilute HBr as eluant. The effects of
Pb isotopic fractionations were corrected using correction factors
based on repeated analyses of international standard NBS981, which
yielded 208Pb/204Pb = 36.602 ± 0.004, 207Pb/204Pb = 15.459 ± 0.004
and 206Pb/204Pb=16.911± 0.004, in agreementwith NBS981 data rec-
ommended by Galer and Abouchami (1998). Pb isotopic compositions
of the ADB are presented in Table 5.

4.4. Olivine composition analyses

Olivinemajor andminor elements were determined by electronmi-
croprobe (EMP) technique at the IGGCAS, following two sets of analyt-
ical conditions. On one hand, EMP analyses of olivines from samples
100913-1, 100913-2 and 100913-5 were performed on CAMECA
SXFiveFE electron microprobe under analytical conditions as follows:
accelerating voltage of 20 kV, beam current of 200 nA, counting time
of 120 s for Ni, and spot diameter of 1 μm (counting time and detection
limit for each element is summarized in Supplementary Table S3).
Geo MKII olivines from the Sumput peridotite (Kohisthan, Parkistan;
Supplementary Table S4) provided by P&H Developments (UK)
were used for standard calibration and all matrix corrections were
made using the CAMECA PAP correction program (Pouchou and
Pichoir, 1991). Analyses of Si, Mg and Fe yielded an error of ~1.00%,
~1.61% and ~5.76%, respectively. Analyses of Ca, Mn and Ni yielded
an error of ~3.13%, ~1.59% and ~3.79%, respectively. The Fo error
is about 0.18%. On the other hand, major and minor elements of
olivines from other samples were performed on JEOL JXA-8100
electronmicroprobeunder analytical conditions as follows: accelerating
voltage of 15 kV, beam current of 100 nA, counting time of 120 s for Ni,
and spot diameter of 1 μm (counting time and detection limit for each
element is summarized in Supplementary Table S5). Multiple silicate
and pure oxide standards provided by the SPI Supplies (USA) are used
for calibration of elemental analyses (Supplementary Table S6). Matrix
corrections were performed using the ZAF procedures (Jurek and
Hulínský, 1980). In details, Si, Mg and Ca were normalized to diopside
and kaersutite, Fe to Fe2O3, Al to Al2O3, Cr to Cr2O3, Ni to NiO,Mn to rho-
donite, Ti to rutile, K to K-feldspar and Na to albite. Analyses of Si, Mg
and Fe yielded an error of ~0.58%, ~0.45% and ~3.73%, respectively.
Analyses of Ca, Mn and Ni yielded an error of ~1.60%, ~5.25% and
~1.58%, respectively. The Fo error is about 0.32%. EMPA analytical preci-
sions in this study are generally within the range reported in recent
studies (e.g., Liu et al., 2014; Viccaro et al., 2016). Both cores and rims
of olivines in representative samples of basanite, alkali basalt and
tholeiitic basalt were analyzed for exploring core-to-rim compositional
variations. Detailed data of olivine compositions are presented in
Supplementary Table S7.
Table 5
Pb isotopic compositions of the ADB.

Sample no. Locality Rock type 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 238

100913-5 Dalinuoer Basanite 18.498 15.576 38.410 28
100913-6 Dalinuoer Basanite 18.471 15.543 38.377 32
100913-8 Dalinuoer Basanite 18.462 15.524 38.344 36
100916-3 Dalinuoer Basanite 18.400 15.504 38.236 25
100913-1 Dalinuoer Alkali basalt 18.372 15.543 38.349 22
100914-1 Abaga Alkali basalt 18.499 15.535 38.361 23
100914-2 Abaga Alkali basalt 18.532 15.592 38.373 20
100916-2 Dalinuoer Alkali basalt 18.423 15.513 38.303 25
100916-4 Abaga Alkali basalt 18.507 15.512 38.332 21
100913-2 Dalinuoer Tholeiitic basalt 18.526 15.540 38.377 19

λU238=0.155125 × 10−9 year−1, λU235=0.98485× 10−9 year−1 and λTh232= 0.049475× 10
(Hart, 1984); (208Pb/204Pb)NHRL=1.209 × (206Pb/204Pb)i+ 15.627 (Hart, 1984). Initial Pb isotop
in literature (Luo and Chen, 1990; Liu et al., 1992; Ho et al., 2008; Shao et al., 2008; Chen et al.
5. Results

5.1. Whole-rock K–Ar ages

K–Ar dating results of the ADB samples in this study are in good
agreement with literature data based on K–Ar (Luo and Chen, 1990;
Liu et al., 1992; Ho et al., 2008; Chen et al., 2013) and 40Ar/39Armethods
(Shao et al., 2008). As shown in Fig. 3, volcanism in the ADVF firstly oc-
curred in Middle Miocene (15.42 Ma; Luo and Chen, 1990) and finally
ceased in Pleistocene (0.16 Ma; Liu et al., 1992). Eruptions of basaltic
magmas in the ADVF generally followed development of the Japan Sea
(ca. 25–15Ma; Tatsumi et al., 1990; Jolivet et al., 1994), suggesting pos-
sible transition in tectono-magmatic evolution in East Asia during Late
Cenozoic times.
5.2. Whole-rock major and trace elements

ADB samples in this study have lowSiO2 (42.3–50.2wt.%), highMgO
(7.3–11.4 wt.%) and moderate K2O + Na2O (3.8–6.4 wt.%), which are
plotted in the fields of basanite and basalt on total alkali-silica diagram
(Fig. 4). Following classification of Irvine and Baragar (1971), basalt
samples are subdivided into alkali and tholeiitic groups. As shown in
whole-rock major and trace elements covariation diagrams, tholeiitic
basalts generally exhibit (1) negative correlations between MgO and
SiO2, Al2O3 (Fig. 5a, b), respectively, and (2) positive correlations be-
tween MgO and Mg-number, Ni, respectively (Fig. 5g, h). FeOT, TiO2

and CaO contents remain constant with decreasing MgO (Fig. 5c–e)
for tholeiitic basalts, which also display slightly positive correlation be-
tween CaO/Al2O3 and MgO (Fig. 5f). Alkali basalts are characterized by
similar whole-rock geochemical covariations to tholeiitic basalts, but
have relatively lower SiO2, Al2O3, and higher TiO2 contents (Fig. 5). In
contrast, few major element correlations can be identified in basanites
U/204Pb 235U/204Pb 232Th/204Pb (206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i

.815 0.212 133.160 18.491 15.576 38.400

.404 0.238 134.628 18.463 15.543 38.367

.001 0.264 159.357 18.454 15.524 38.332

.565 0.188 102.143 18.392 15.504 38.226

.010 0.162 88.552 18.367 15.543 38.342

.042 0.169 110.249 18.481 15.534 38.334

.598 0.151 105.289 18.521 15.591 38.355

.674 0.189 104.255 18.416 15.513 38.294

.700 0.159 87.175 18.483 15.511 38.301

.657 0.144 86.897 18.517 15.540 38.365

−9 year−1 (Steiger and Jäger, 1977). (207Pb/204Pb)NHRL= 0.1084 × (206Pb/204Pb)i + 13.491
e ratioswere obtained by using ages of dated samples summarized in Table 2 and age data
, 2013).



Fig. 3. Age histogram showing eruption history of the Abaga–Dalinuoer basaltic magmas
based on data in this study and published data in Luo and Chen (1990), Liu et al. (1992),
Ho et al. (2008), Shao et al. (2008) and Chen et al. (2013).
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due to their limited MgO contents (Fig. 5), nevertheless, positively cor-
related Ni–MgO trend indicates olivine-controlled fractionation
(Fig. 5h).

As shown in Fig. 6, the ADBs display trace element patterns that re-
semble those of OIB (Sun and McDonough, 1989; Willbold and Stracke,
2006), consistent with other Cenozoic basalts from eastern China
(e.g., Liu et al., 1994; Zou et al., 2000). In details, the ADBs are character-
ized by variable degrees of enrichment in light rare earth elements
(LREE) over heavy rare earth elements (HREE) and the absence of neg-
ative Eu anomaly (Fig. 6a). The extent of fractionation between LREE
and HREE decreases from basanites (La/Yb = 22.9–33.2) via alkali ba-
salts (La/Yb= 18.8–25.8) to tholeiitic basalts (La/Yb= 13.4–13.7), sug-
gesting different primarymagmas for the threemagma types. Basanites,
alkali basalts and tholeiitic basalts exhibit prominent enrichment in
large ion lithophile elements (LILE) and high field strength elements
(HFSE) relative to normal mid-ocean ridge basalts (N-MORB), such as
Fig. 4. Na2O + K2O (wt.%) versus SiO2 (wt.%) diagram for the ADB. All data plotted have
been recalculated to 100 wt.% on a volatile-free basis. Classification boundaries are from
Le Bas et al. (1986) and Le Maitre et al. (1989). Boundary line for alkaline and sub-
alkaline series is from Irvine and Baragar (1971). Filled and open symbols represent,
respectively, data in this study and published data in Ho et al. (2008), S.-S. Chen et al.
(2015) and Guo et al. (2016). Rock types shown by letters are as follows: B, basalt; S1,
trachybasalt; S2, basaltic trachyandesite; S3, trachyandesite; U1, basanite; U2,
phonotephrite; O1, basaltic andesite; O2, andesite.
positive Ba, Nb and Ta anomalies and high LREE contents (Fig. 6b), indi-
cating an enriched mantle source.

5.3. Whole-rock Sr–Nd–Pb isotopes

The ADB samples in this study have concentrated Sr [(87Sr/86Sr)i =
0.703722–0.704797)] and Nd [(143Nd/144Nd)i = 0.512817–0.512910]
and Pb [(206Pb/204Pb)i = 18.367–18.521; (207Pb/204Pb)i = 15.504–
15.591; (208Pb/204Pb)i = 38.226–38.400] isotopic compositions,
displaying both agreement with global OIB and deviation from MORB
field (Fig. 7; Zindler andHart, 1986). Uniformwhole-rock Sr–Nd–Pb iso-
topes in basanites, alkali basalts and tholeiitic basalts (Figs. 7 and 8), to-
gether with trace element patterns (Fig. 6), confirm that the ADB
magmas were generated by partial melting of an enriched mantle
source characterized by limited isotopic compositions. Additionally, it
is noted that the ADBs have 87Sr/86Sr and 143Nd/144Nd ratios that coin-
cide with but 206Pb/204Pb ratios that derivate from mantle-derived
magma array defined by typical Late Cenozoic basalts in eastern China
(Figs. 7 and 8; Song et al., 1990; Han et al., 1999; Kuritani et al., 2009;
Zhang et al., 2012; Fan et al., 2014; Yu et al., 2015; Guo et al., 2016),
suggesting both similarities and differences in geochemical and
geodynamic processes responsible for mantle source enrichment.

5.4. Olivine compositions

Simkin and Smith (1970) reported that olivines in peridotite have
lower Ca relative to those in mafic–ultramafic rocks, and subsequently
low Ca content (b0.1 wt.%) has been taken as a diagnostic feature
for mantle olivine (e.g., Hirano et al., 2004; Rohrbach et al., 2005;
Gao et al., 2008). Following this criteria, the ADB olivines are sub-
divided into two groups: (1) olivine phenocrysts with high CaO
(0.13–0.36 wt.%) and low Fo (75.41–84.21) that crystallized from
the ADB magmas, and (2) olivine xenocrysts with low CaO
(0.02–0.10 wt.%) and high Fo (88.46–91.27) that represent disaggre-
gated peridotite xenoliths (Fig. 9a). The ADB magmas exhibit
overlapped Fo-numbers for olivine phenocrysts from basanites
(79.20–84.21), alkali basalts (75.41–83.01) and tholeiitic basalts
(76.89–82.83), but basanite olivines are characterized by remarkably
lower CaO contents (0.13–0.30wt.%; Fig. 9a). Based on Fe–Mg exchange
coefficient KD(Fe–Mg)ol-liq = 0.30 ± 0.03 (Roeder and Emslie, 1970),
olivine-liquid equilibrium was tested for measured olivines in the
ADB. No olivine accumulation can be observed in the ADB samples,
which instead display variable effects of progressive olivine crystalliza-
tion (Fig. 9b). Although olivine phenocrysts with maximum Fo-
numbers appear to be in equilibrium with their host magmas, variable
degrees of olivine fractionation can be quantitatively constrained
by olivine addition model reported in Tamura et al. (2000, 2011,
2014), consistent with observed whole-rock geochemical covariations
(Fig. 5).

Core-to-rim compositional variations are common for olivine phe-
nocrysts from basanites, alkali basalts and tholeiitic basalts, suggesting
diffusive re-equilibrium of elements (e.g., Fe, Mg, and Ni) between
olivine and magmas during crystallization and post-crystallization
processes (Fig. 10a; Danyushevsky et al., 2000, 2002). Therefore, we
conclude that only cores of olivine phenocrysts can provide solid
evidence for nature of their mantle source. Similar element diffusive
re-equilibrium is more prominent for core-to-rim profile of olivine
xenocrysts (Fig. 10b). For example, large single olivine xenocrysts are
commonly characterized by (1) homogenous cores with high Fo-
number, NiO and low CaO (Fig. 11a), and (2) narrow rims with low
Fo-number, NiO and high CaO (Fig. 11a), which correspond to dark
interior and light margin in back-scattered electron (BSE) images
(Fig. 11b, c), respectively. Because of olivine-melt diffusive re-
equilibrium, xenocryst rims tend to overlap with olivine phenocrysts
in compositions (e.g., Fo-number and CaO; Fig. 9a).



Fig. 5. (a) SiO2 (wt.%), (b) Al2O3 (wt.%), (c) FeOT (wt.%), (d) TiO2 (wt.%), (e) CaO (wt.%), (f) CaO/Al2O3, (g)Mg-number and (h) Ni (ppm) versusMgO (wt.%) for theADB. The symbols are as
in Fig. 4.
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6. Discussion

6.1. Fractional crystallization and crustal contamination

Compared to peridotite-sourced primary magmas with high
Mg-number [e.g., 0.68–0.72 in Frey et al. (1978) and 0.75–0.78 in
Tamura et al. (2014)], the ADBs exhibit lower Mg-number (0.55–0.66;
Fig. 5g), which can be explained by removal of early-stage minerals
(e.g., olivine) fromprimarymagmas of eachADBmagma type. Basanites
have high MgO contents (N10 wt.%) and are only affected by limited
olivine fractionation, as indicated by positive Ni-MgO correlation
(Fig. 5h). For alkali basalts, SiO2 and Al2O3 contents increase and Ni



Fig. 6. (a) Chondrite-normalized rare earth element (REE) patterns and (b) primitive mantle-normalized incompatible element diagrams for the ADB. The trace element compositions of
ocean island basalts (OIB), chondrite and primitivemantle normalization values are from Sun andMcDonough (1989). Gray area represents data in previous studies (Ho et al., 2008; S.-S.
Chen et al., 2015; Guo et al., 2016).
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contents decrease with falling MgO (Fig. 5a–h), apparently indicating
fractional crystallization of olivine. Nearly constant CaOwith decreasing
MgO suggests that removal of clinopyroxene from primary magmas of
alkali basalts is insignificant (Fig. 5e). The weak positive correlation be-
tween CaO/Al2O3 and MgO (Fig. 5f) can be attributed to Al2O3 increase
induced by olivine fractionation rather than CaO decrease in response
to clinopyroxene fractionation. Moreover, olivine-controlled fraction-
ation for alkali basalts can also be confirmed by constant FeOT with
varying MgO (Fig. 5c), because olivine-only fractionation would gener-
ate flat MgO–FeO trend (Putirka, 2005). Similar to alkali basalts, tholei-
itic basalts also reflect olivine-controlled fractionation. Plagioclase
appears to be common in tholeiitic basalts, but absence of both negative
Eu anomaly and positive Al2O3–MgO trend excludes the possibility of
plagioclase fractionation (Figs. 5b and 6). Additionally, flat TiO2–MgO
trends of the ADB magma types argue against fractional crystallization
of Fe–Ti oxides (Fig. 5d). Given high MgO (N7 wt.%) of all the ADBs,
whole-rock geochemical covariations controlled by olivine fraction-
ation are consistent with the liquid line of descent for highMgO basaltic
magmas in Herzberg et al. (2007).

In contrast to oceanic basalts, continental intraplate basalts are
more likely to be affected by crustal contamination during magma as-
cent within thick continental crust. Nevertheless, several lines of evi-
dence argue against the significant role of crustal contamination in
Fig. 7. (143Nd/144Nd)i versus (87Sr/86Sr)i for the ADB and other Cenozoic basalts from
eastern China. Data sources: basalts from Changbai (Fan et al., 2006; Kuritani et al.,
2009), Chifeng (Han et al., 1999; Guo et al., 2016), Hannuoba (Song et al., 1990), Jining
(Zhang et al., 2012; Guo et al., 2016) and Wulanhada (Fan et al., 2014). Reference fields
for DM, enrichedmantle (EM1andEM2),MORB andOIB are fromZindler andHart (1986).
petrogenesis of the ADB. The presence of mantle xenoliths in the ADB
is very common (e.g., Pan et al., 2013; Zou et al., 2014; Y. Liu et al.,
2015), suggesting rapid magma ascent process. Each ADB magma type
exhibits nearly constant 87Sr/86Sr and 143Nd/144Nd with increasing
SiO2 (Fig. 12a, b), differing from effects of significant crustal contamina-
tion. As shown in Fig. 12c, most ADB samples have Ce/Pb and Nb/U ra-
tios that are close to average values of oceanic basalts (Ce/Pb = 25 ±
5, Nb/U=47± 10; Hofmann et al., 1986), indicating an asthenospheric
origin for the ADBmagmas rather than crustal contamination. Relatively
lower Ce/Pb of minor tholeiitic basalts may suggest post-magmatic pro-
cesses because of themobility of Pb (Xu et al., 2005), and an alternative
explanation for low Ce/Pb (b20) in tholeiitic basalts may be mantle
source enrichment related with recycled crustal materials (Wang
et al., 2015). If continental crust was involved in petrogenesis of the
ADB, the most contaminated sample with the lowest εNd would also
display the lowest Sm/Nd (Xu et al., 2005). However, such positive
correlation cannot be observed in the ADB, which instead show flat
εNd(t)-Sm/Nd trend related with fractional crystallization and/or partial
melting processes (Fig. 12d). Furthermore, Ba/Nb and La/Nb ratios of
the ADB overlap global OIB but deviate from N-MORB and continental
crust (Fig. 12e), indicating an enriched mantle source instead of crustal
contamination [as the case of Datong basalts from eastern China (Xu
et al., 2005)]. Similarly, the ADBs exhibit positive correlation between
Nb/La and Sm/Nd, in contrast to expected negative trend for crustal
contamination ofmantle-derivedmagmas (Fig. 12f). Therefore, we con-
clude that effects of crustal contamination are insignificant in petrogen-
esis of the ADB, similar to other Cenozoic basalts in eastern China
(e.g., Zhi et al., 1990; Xu et al., 2005; Wang et al., 2015). Additionally,
we also argue against assimilation of the ADBmagmas by subcontinen-
tal lithospheric mantle (SCLM) following above method.
6.2. Mantle source lithology

Basaltic magmas erupted within continental plate are commonly
characterized by geochemical diversity that cannot be solely explained
by varying melting degree of peridotite (e.g., Whitaker et al., 2007),
suggesting lithological heterogeneity in mantle source of basaltic
magmas (Kogiso et al., 2004). Recently, growing evidence from experi-
mental petrology and geochemistry suggests that basaltic magmas
might include components from olivine-poor or olivine-free pyroxenite
(e.g., Hirschmann et al., 2003; Kogiso et al., 2004; Sobolev et al., 2005;
Herzberg, 2006; Sobolev et al., 2007; Lambart et al., 2013; Rosenthal
et al., 2014), which differs from the conventional perspective that
holds peridotite source for basaltic magmas (e.g., McKenzie and
Bickle, 1988). Therefore, evaluating to what extent non-peridotite



Fig. 8. (a) (207Pb/204Pb)i versus (206Pb/204Pb)i, (b) (208Pb/204Pb)i versus (206Pb/204Pb)i, (c) (87Sr/86Sr)i versus (206Pb/204Pb)i and (d) (143Nd/144Nd)i versus (206Pb/204Pb)i for the ADB and
other Cenozoic basalts from eastern China. TheNorthernHemisphere Reference Line (NHRL) is shown for reference (Hart, 1984). Reference ranges for EM1-typeOIB and EM2-typeOIB are
from Willbold and Stracke (2006) and Stracke (2012). Data sources are as in Fig. 7.
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(e.g., pyroxenite) and peridotite contribute to basaltic primary magmas
is critical to understanding origin and geochemical diversity of conti-
nental intraplate basalts.

6.2.1. Constraints from major and trace elements
As indicated by whole-rock geochemical covariations (Fig. 5), the

ADBmagmas are predominantly affected by olivine fractionation during
transit in lithosphere, suggesting that olivine fractionation must be
corrected before exploringmantle source lithology from the perspective
of whole-rock major and trace element data. Therefore, we estimated
compositions of primary magmas of the ADB using olivine addition
model reported in Tamura et al. (2000, 2011, 2014). It should be
noted that most of the ADB olivine phenocrysts exhibit lower Fo-
Fig. 9. (a) CaO (wt.%) versus Fo (mol%) diagram for discrimination between magmatic phenoc
from eastern China are based on published data in Z. Xu et al. (2012), Hong et al. (2013), H. C
whole-rock Mg# for the ADB olivines. Reference Fe-Mg exchange coefficient (KD= 0.3 ± 0.03)
leiitic basalt; Pheno, phenocryst; Xeno, xenocryst.
numbers (b85) and lower NiO contents (b0.3 wt.%) relative to typical
olivines crystallized from peridotite-derived primary magmas
(e.g., Fo = 89, NiO = 0.4 wt.%; Tamura et al., 2000), which however is
common for olivines from sodic basalts (K2O/Na2O b 1) in eastern
China (e.g., Hong et al., 2013; J. Liu et al., 2015; Qian et al., 2015;
Supplementary Table S8).We suggest that the pervasive feature of oliv-
ine phenocrysts may have close affinity with mantle source iron-
enrichment generated by recycling of deeply subducted oceanic crust,
rather than olivine fractionation effects of peridotite-derived magmas.
Therefore, the most magnesian olivine phenocryst observed in the
ADB can represent those initially crystallized from their primary
magmas. The iterative addition of olivine and recalculation of basalt
compositions were repeated until calculated equilibrium olivines have
rysts and mantle xenocrysts for the ADB olivines. Olivine phenocrysts in Cenozoic basalts
hen et al. (2015), J. Liu et al. (2015) and Qian et al. (2015). (b) Olivine Fo (mol%) versus
is from Roeder and Emslie (1970). Abbreviations: BAS, basanite; AB, alkali basalt; TB, tho-



Fig. 10. Core-to-rim variations in Ni (wt.%) and Fo-numbers (mol%) for olivine phenocrysts (a) and xenocrysts (b) in the ADB.
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Fo-number and NiO content similar to the most magnesian olivine
(Tamura et al., 2000, 2011, 2014). Olivines of about 2–5%, 6–9% and
6–9% are required to produce primary magmas of basanites, alkali and
tholeiitic basalts, respectively (see details in Supplementary Table S9).
Additionally, incompatible trace elementswere calculated by a Rayleigh
crystal fractionation model based on the fraction of liquid obtained by
the olivine addition calculation (Tamura et al., 2011), as summarized
in Supplementary Table S9. Primary magmas of basanites and alkali
basalts generally have high MgO (11.52–12.16 wt.%), low SiO2

(43.21–46.50 wt.%) and are nepheline-normative, although sample
100913-1 appears to resemble tholeiitic basalts. In contrast, tholeiitic
primary magmas are hypersthene-normative with relatively lower
MgO (10.05–10.54 wt.%) and higher SiO2 (49.90–50.08 wt.%).

According to on-going discussion on mantle source lithology of OIB
magmas (e.g., Hirose, 1997; Hirschmann et al., 2003; Kogiso et al.,
2003, 2004; Sobolev et al., 2005; Herzberg, 2006; Sobolev et al., 2007;
Herzberg, 2011), pyroxenite contribution to the ADB magmas can be
Fig. 11. (a) Core-to-rim variations in Fo (mol%), NiO (wt.%) and CaO (wt.%) (a) and back-
scattered electron image of olivine xenocryst 16-3-Ol-31 (b) and 16-3-Ol-35 (c).
identified bymajor element data. A prominent signature of the ADB pri-
mary magmas is the low CaO content (7.94–9.45 wt.%; Fig. 13), com-
pared with peridotite partial melts (Herzberg and Asimow, 2008).
Given that CaO is more compatible in pyroxenite source relative to pe-
ridotite source (Herzberg, 2011), low-degree pyroxenite partial melts
would have low whole-rock CaO, suggesting that mantle source of the
ADB primary magmas may contain pyroxenite. Primary magmas of all
the ADB magma types have high MgO and FeOT (11.37–13.30 wt.%;
Fig. 14a) that cannot solely result from partial melting of peridotite
(Takahashi and Kushiro, 1983; Takahashi, 1986; Hirose and Kushiro,
1993; Takahashi et al., 1993; Kushiro, 1996; Hirose, 1997; Dasgupta
et al., 2007) and silica-excess pyroxenite (Pertermann and
Hirschmann, 2003a, 2003b). Furthermore, partial melts of bimineralic
eclogite B-ECL1 have comparable FeOT but are generally low in MgO
(Kogiso and Hirschmann, 2006), together with quartz-normative
eclogite, suggesting that direct partial melting of subducted oceanic
crust is not enough to account for petrogenesis of the ADB. In contrast,
partial melting of silica-deficient pyroxenite would produce melts
with appropriate FeOT and MgO (Hirschmann et al., 2003; Kogiso
et al., 2003; Keshav et al., 2004; Dasgupta et al., 2006; Fig. 14a).

Similarly, high TiO2 contents (N2 wt.%) of the ADB primary magmas
would not reconcile with a peridotite source (Fig. 14b). Therefore, we
conclude that pyroxenite contribution is required to explain high FeOT

and TiO2 of the ADB primary magmas (Kogiso et al., 2003; Prytulak
and Elliott, 2007). Although TiO2-rich signature of OIB magmas can be
alternatively generated by low degree partial melting of carbonated pe-
ridotite (Dasgupta et al., 2007), the absence of negative K, Zr and Hf
anomalies and of high Zr/Hf ratios (Bizimis et al., 2003; Zeng et al.,
2010) excludes contributions from carbonated peridotite in mantle
source of the ADB magmas (Fig. 6b). As shown in Fig. 14c, the ADB pri-
marymagmas exhibit lower Al2O3 at givenMgO relative to partial melts
of peridotite, but they resemble high-pressure experimental melts of
pyroxenite, such as silica-deficient pyroxenite (Hirschmann et al.,
2003; Kogiso et al., 2003; Keshav et al., 2004) and bimineralic eclogite
(Kogiso and Hirschmann, 2006). In addition, it is clear that partial
melts of silica-deficient pyroxenite match better with relatively higher
CaO/Al2O3 at given MgO of the ADB primary magmas, compared with
peridotite partial melts (Fig. 14d). In summary, we conclude that neces-
sary contributions from silica-deficient pyroxenite are required for ori-
gin of the ADB.

During partial melting of mantle source rocks, residual minerals are
critical factors that can affect compositions of basaltic magmas. With
this respect, trace elements of primary magmas are effective indices
for identifying mineral phases involved in partial melting of pyroxenite
and/or peridotite (e.g., Thirlwall et al., 1994; Pertermann et al., 2004; Le
Roux et al., 2010). Similar to OIB magmas with “garnet signature”
(e.g., Niu et al., 2011), the ADBs also have higher La/Yb and Dy/Yb ratios



Fig. 12. (a) (87Sr/86Sr)i versus SiO2 (wt.%), (b) εNd(t) versus SiO2 (wt.%), (c) Ce/Pb versus Nb/U, (d) εNd(t) versus Sm/Nd, (e) La/Nb versus Ba/Nb and (f) Nb/La versus Sm/Nd. Reference
values for Ce/Pb and Nb/U are from Hofmann et al. (1986).
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(Fig. 15a) relative to global MORB that mainly originate from spinel-
facies mantle (Langmuir et al., 1992). Together with low Al2O3 contents
(Fig. 14c), it is clear that the ADBs were derived from mantle source in
which garnet is a residual phase (Tuff et al., 2005). Previous studies
have revealed that garnet is stable in the MTZ and asthenosphere
(Wood et al., 2013), which can also persist on solidus of pyroxenite to
much lower pressures (Hirschmann and Stolper, 1996). Therefore,
mantle source lithology of the ADB magmas may consist of either
garnet-facies peridotite or garnet pyroxenite, or both. The above
possibility can be evaluated by coupled trace elements and isotope sys-
tematics (Stracke and Bourdon, 2009). For example, low La/Nb ratios
combined with enriched isotopic compositions have been considered
as effective features for pyroxenite-derivedmelts owing to the opposing
partitioning behavior of La and Nb in peridotite and pyroxenite-melt
systems (Stracke and Bourdon, 2009). Following this logic, mantle
source lithology composed of enriched pyroxenite in addition to deplet-
ed peridotite may be more plausible for the ADB magmas, because they
exhibit lower La/Nb (0.68–0.81) and 143Nd/144Nd and are plotted be-
tween partial melts from peridotite and pyroxenite (Fig. 15b).
6.2.2. Constraints from olivine chemistry
Olivine is the first silicate mineral to crystallize from almost

all primary magmas (e.g., Roeder and Emslie, 1970; Foley et al., 2013),
thus it can record important fingerprints on source nature of
basaltic magmas. Recent studies on olivine chemistry have demonstrat-
ed its effectiveness in understanding early magmatic processes and
identifying relative contributions from peridotite and pyroxenite to
mantle-derived magmas (e.g., Sobolev et al., 2005, 2007; Straub et al.,
2008; Foley et al., 2011; Herzberg, 2011; Foley et al., 2013; Guo et al.,
2015).

The ADB primary magmas are characterized by lowwhole-rock CaO
(Fig. 13), and their olivine phenocrysts also have low Ca contents that
resemble the Koolau olivines from Hawaii (Fig. 16a; Sobolev et al.,
2007). Since olivines crystallized from low-CaOmagmas tend to capture
less CaO relative to those from peridotite-derived magmas (Herzberg,
2006, 2011), coupled whole-rock and olivine Ca contents would indi-
cate contributions from pyroxenite in which bulk distribution coeffi-
cient (D) for CaO is generally high (N1). Therefore, clinopyroxene
must be an important residual mineral during partial melting of mantle



Fig. 13. CaO (wt.%) versus MgO (wt.%) diagram for the ADB primary magmas (after
Herzberg and Asimow, 2008). Forbidden field represents pyroxenite partial melt
compositions that are excessively Mg-rich and have not been produced experimentally,
and PX# is defined by equation PX# = 13.81–0.274MgO–CaO (Heinonen et al., 2013).
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source rocks of the ADB. It is noted that olivine phenocrysts of the ADB
magma types have comparable Fo-numbers but variable Ca contents
(Fig. 16a). In addition to source lithology, factors that can affect olivine
Ca contents include pressure of crystallization, host magma composi-
tions and forsterite content of olivine (Simkin and Smith, 1970;
Kamenetsky et al., 2006). Given no systematic variations in whole-
rock compositions of the ADB magmas, low Ca olivines in basanites
are likely to reflect higher pressure of crystallization relative to those
in alkali and tholeiitic basalts.
Fig. 14. (a) FeOT (wt.%) versus MgO (wt.%), (b) TiO2 (wt.%) versus MgO (wt.%), (c) Al2O3 (wt.%
compared with high-pressure experimental partial melts of various potential mantle lithologie
Kushiro, 1993; Takahashi et al., 1993; Kushiro, 1996), carbonated peridotite (Hirose, 1997; Das
garnet pyroxenite MIX1G and 77SL-852 (Hirschmann et al., 2003; Kogiso et al., 2003; Keshav
SLEC1 (Dasgupta et al., 2006). Compositions of global OIB are compiled from the GEOROC data
A prominent feature of the ADB olivines is the lower Fo-number at
given Ni content relative to those from peridotite partial melts
(Fig. 16b), suggesting an iron-rich mantle source. Based on literature
data (e.g., Hong et al., 2013; Qian et al., 2015), we note that olivines
with low maximum Fo (b85) and low Ni (b3000 ppm) are common
in Cenozoic sodic basalts from eastern China (Fig. 16b). Clearly, it is un-
realistic that all the high-Fo (N85) olivines have been fractionated from
the ascending magmas before eruption if assuming a peridotite source
for the ADB, suggesting that mantle source lithology composed solely
of peridotite is unlikely to account for observed olivine Ni-Fo trend.
Although olivines from olivine-free pyroxenite melts may have Fo-
numbers ranging from 70 to 85 (Herzberg, 2011), the ADB olivines are
clearly lower in Ni relative to those expected for olivine-free pyroxenite
melts (Ni N 3000 ppm; Herzberg, 2011). An alternative explanation for
iron-rich olivines is pyroxenitemelt-peridotite reaction, because pyrox-
enitemelts that reactedwith peridotite will be in equilibriumwith oliv-
ine with lower Fo (b85) than peridotite melts (Mallik and Dasgupta,
2013). We suggest that iron-enrichment of the ADB and olivine pheno-
crysts can be attributed to silica-deficient pyroxenite melts that either
reacted with or mechanically mixed with peridotite (Fig. 16b). Olivines
in peridotite would be consumed with precipitation of orthopyroxene,
which leads to increase of Ni and MgO contents of the reacted pyroxe-
nite melts (Yaxley and Green, 1998; Mallik and Dasgupta, 2012;
Søager et al., 2015), similar to melt–rock reaction (Sobolev et al., 2005,
2007) and solid-state reaction (Herzberg, 2011) that results in forma-
tion of olivine-free pyroxenite. However, reaction between peridotite
and silica-deficient pyroxenitemelts cannot generate olivine-free lithol-
ogy, due to the existence of the garnet–pyroxene thermal divide
(O'Hara, 1968; Hirschmann et al., 2003; Kogiso et al., 2004).

As shown in Fig. 16c, direct partial melting of peridotite cannot pro-
duce melts in which the ADB olivines with lower Mn contents at given
) versus MgO (wt.%) and (d) CaO/Al2O3 versus MgO (wt.%) for the ADB primary magmas
s. Data source: dry peridotite (Takahashi and Kushiro, 1983; Takahashi, 1986; Hirose and
gupta et al., 2007), dry quartz eclogite (Pertermann and Hirschmann, 2003a, 2003b), dry
et al., 2004), dry eclogite B-ECL1 (Kogiso and Hirschmann, 2006) and carbonated eclogite
base.



Fig. 15. (a) Dy/Yb versus La/Yb diagram showingmechanical mixing between pyroxenite melts with peridotite. SOC denotes subducted oceanic crust with average N-MORB compositions
in Sun and McDonough (1989), and peridotite is from Salters and Stracke (2004). Mixing lines are shown as M1, M2 and M3. Mineral-melt partition coefficients, detailed end-member
compositions and mineral mode are summarized in Table 6. (b) La/Nb versus (143Nd/144Nd)i for the ADB (after Stracke and Bourdon, 2009).
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Fo-numbers crystallized, because modal amount of garnet in peridotite
is too low (5%; Salters and Stracke, 2004) to maintain high bulk DMn

during partial melting of mantle source rocks. Given that Fe and Mn
do not fractionate from each other during partial melting of peridotite
and subsequent olivine fractionation (Ruzicka et al., 2001), high Fe/
Mn ratios of the ADB olivines may suggest contributions from pyroxe-
nite (Fig. 16d), because of Mn retention during melt generation in a
garnet-rich source (e.g., silica-deficient pyroxenite). Furthermore, the
ADB olivines are also characterized by nearly constant and low Ca/Fe
with increasing olivine Fe/Mn (Fig. 17a), in contrast to negative correla-
tion of the global within-plate magmas and MORB array (Søager et al.,
2015). It is also shown that the ADB olivines fall at the high Fe/Mn end
of the global olivine array (Fig. 17b), together with low Ca/Fe, indicating
Fig. 16.Compositions of olivine phenocrysts in theADB comparedwith calculated olivines fromp
Sobolev et al. (2007) are also shown. Olivine phenocrysts in Cenozoic basalts from eastern China
J. Liu et al. (2015) and Qian et al. (2015). (a) Ca (ppm) versus Fo (mol%), (b) Ni (ppm) versus F
an iron-rich mantle source related with silica-deficient pyroxenite for
the ADB.

6.3. A mixed pyroxenite–peridotite source for the ADB magmas

6.3.1. Deeply subducted oceanic crust as origin of silica-deficient pyroxenite
As discussed above, direct partial melting of silica-excess pyroxenite

or bimineralic eclogite cannot match high MgO of the ADB primary
magmas, whereas silica-deficient pyroxenite appears to be a more ap-
propriate choice for their mantle source lithology. However, owing to
its low Ni contents (typically b100 ppm), silica-deficient pyroxenite
cannot producemeltswith high Ni contents (300–450 ppm in equilibri-
um with Fo85 olivine; see details in Supplementary Table S9) that are
artialmelts of peridotite and stage2 pyroxenite afterHerzberg (2011). TheKoolau olivines in
are based on published data in Z. Xu et al. (2012), Hong et al. (2013), H. Chen et al. (2015),
o (mol%), (c) Mn (ppm) versus Fo (mol%) and (d) Fe/Mn versus Fo (mol%).



Fig. 17. (a) 100Ca/Fe and (b) Ni × FeO/MgO versus Fe/Mn in olivine (after Sobolev et al., 2007). The olivine compositions from this study are averages of the 10most Fo-rich olivine cores
from each sample. Olivines from peridotite and secondary pyroxenite melts are shown (Sobolev et al., 2007) and olivines from within-plate magmas and MORB are from Coogan et al.
(2014) and Sobolev et al. (2007).
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comparable to the ADB primary magmas. Therefore, peridotite contri-
bution to the ADB magmas is required, because peridotite possesses
higher Ni than any type of silica-deficient pyroxenite (Hirschmann
et al., 2003; Kogiso et al., 2003; Keshav et al., 2004), silica-excess pyrox-
enite (Pertermann andHirschmann, 2003a, 2003b), bimineralic eclogite
(Kogiso and Hirschmann, 2006) and carbonated eclogite (Dasgupta
et al., 2006). Potential mechanisms responsible for peridotite contribu-
tion in addition to silica-deficient pyroxenite may include but not limit-
ed to the following possibilities: (1) pyroxenite melts reacted with
peridotite by reactive crystallization (Yaxley and Green, 1998; Mallik
and Dasgupta, 2012), and (2) pyroxenite melts mechanically mixed
with peridotite (Kogiso et al., 1998; Mallik and Dasgupta, 2012, 2013,
2014). Additionally, a continuous spectrum from tholeiitic to alkali
melts can be generated by varying melting degree of a similar source
(Mallik and Dasgupta, 2012), which explains primary magmas of the
studied basanites, alkali basalts and tholeiitic basalts.

Silica-deficient pyroxenite can be recycled into asthenospheremain-
ly by delamination of mafic lower continental crust (e.g., Escrig et al.,
2004; Liu et al., 2008) or subduction of oceanic crust (e.g., Hofmann
andWhite, 1982; Helffrich andWood, 2001). Because lower continental
crust tends to have low 206Pb/204Pb ratios that are in contrast to the ADB
with radiogenic 206Pb/204Pb (Fig. 8), recycled oceanic crust is more like-
ly to be origin of silica-deficient pyroxenite. Although subduction of the
Paleo-Asian oceanic plate during Paleozoic times may have contributed
tomantle enrichment (Y. Liu et al., 2015), this possibility can be exclud-
ed owing to the long time interval between Paleozoic subduction and
Late Cenozoic intraplate volcanism in the ADVF. With this respect, we
suggest that deeply subducted Pacific slab can be more plausible origin
of silica-deficient pyroxenite, which is supported by seismic evidence
for stagnant Pacific slab in the MTZ under East Asia (e.g., Huang and
Zhao, 2006). As expected for subducting slab at sub-arc depth, dehydra-
tion and melting of oceanic crust and sediments (Mibe et al., 2011;
Thomson et al., 2016), together with subduction metamorphism
(Bebout, 2007), would finally transfer subducting oceanic crust
(MORB) into silica-deficient pyroxenite (Hirschmann et al., 2003).

It is common that subducted oceanic crust undergoes carbonation
due to seawater alteration (Alt and Teagle, 1999), however, carbonate
contribution to the ADB primary magmas with FeOT/MnO ranging in
69–80 may be insignificant, because carbonated melts tend to have ex-
tremely high Fe/Mn (Mallik and Dasgupta, 2012). Following the equa-
tion (FeO/MnO = 0.71Xpy + 48.01, where Xpy is the percentage of
pyroxenite melts in mantle source) in Søager et al. (2015), proportion
of pyroxenite melts added to mantle source of the ADB may range
from 30% to 45%, consistent with calculated proportion (20–45%) of py-
roxenite melts in a modal batch melting scenario for Dy/Yb–La/Yb vari-
ations in the ADB (Fig. 15a). The above results are both below the
threshold value (e.g., 50%) of pyroxenite melts in mixed experiments
(Mallik and Dasgupta, 2012), at which olivines in peridotite are totally
consumed by pyroxenite melts, arguing against an olivine-free pyroxe-
nite source for the ADB.

Based on above discussion, we suggest that the ADB magmas were
derived from a mixed pyroxenite–peridotite source, where pyroxenite
melts either reacted with or mechanically mixed with peridotite. This
model would better match whole-rock and olivine compositions of
Late Cenozoic sodic basalts relative to previous models involving
either peridotite (e.g., Chen et al., 2007) or olivine-free pyroxenite
(e.g., Wang et al., 2015) source lithology. Additionally, we also empha-
size mantle iron-enrichment related with silica-deficient pyroxenite
from deeply subducted Pacific slab for the ADB magmas. We suggest
that a mixed pyroxenite–peridotite source lithology may be enlighten-
ing for interpreting origin of Cenozoic sodic basalts in eastern China. It
has been proposed that recycled pyroxenite has the capacity to intro-
duce enriched isotopic compositions and incompatible trace elements
into mantle source of basalts (Stracke and Bourdon, 2009; Paulick
et al., 2010). Additionally, involvement of subducting sediments in
silica-deficient pyroxenite by mechanical mixing during subduction is
also important, which would provide considerable incompatible trace
elements required for re-fertilization of depleted mantle.

6.3.2. Continental intraplate volcanism linked to deep subduction of the
Pacific slab

Conventional perspective on source nature of Late Cenozoic basalts
from eastern China advocates two end-member mixing between com-
ponents from depleted mantle (DM) and enriched mantle 1 (EM1),
based on whole-rock Sr–Nd–Pb isotopes (e.g., Basu et al., 1991; Zou
et al., 2000; Choi et al., 2005). However, significant enrichment in radio-
genic 206Pb/204Pb for the ADB cannot be explained by mixing between
DM and EM1 end-members (Fig. 8), suggesting that components with
high 206Pb/204Pb must have been involved in their mantle source. We
suggest that deeply subducted Pacific slab is the most likely origin for
high 206Pb/204Pb components, because: (1) modern subducting sedi-
ments (including those from Japan island arc) have remarkable radio-
genic 206Pb/204Pb (18.459–19.452; Plank, 2014), and (2) deeply
subducted Pacific oceanic crust exhibits lead isotopes similar to
Indian-MORB (Straub et al., 2009; Xu, 2014). The involvement of
subducted Pacific materials would shed light on radiogenic
206Pb/204Pb and the DUPAL (from DUPré and ALlègre; Dupré and
Allègre, 1983) signatures of the ADB magmas (Fig. 8).

Ancient subducted continental sediments in the MTZ may contain
K-hollandite with low 238U/204Pb and can evolve to EM1-type low
206Pb/204Pb after long-time (e.g., N1.5 Ga) isolation (Murphy et al.,
2002; Rapp et al., 2008), which has been taken as the EM1



Fig. 18. Coupled geochemical and geodynamic links between deeply subducted Pacific
slab and continental intraplate volcanism in eastern China. Abbreviations: MTZ, mantle
transition zone; BMW, big mantle wedge; AD, Abaga–Dalinuoer; CF, Chifeng; CB,
Changbai. Pb isotope mixing model is from Kuritani et al. (2011). Tomography image is
from Huang and Zhao (2006), which is also shown in Fig. 1b. Red and yellow arrow may
suggest increasing contributions from ancient subducted continental sediments (EM1)
and recent subducted Pacific materials, respectively. Subduction polarity is marked to ex-
plain spatial variations in Pb isotope systematics and slab-mantle structure.
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component captured by basaltic magmas in eastern China
(e.g., Kuritani et al., 2011, 2013). The MTZ-derived EM1 model, if cor-
rect, would match well with the remarkable gap in 206Pb/204Pb be-
tween the ADB and basalts from adjacent volcanic fields (Fig. 8). In
details, subducted Pacific slab-derived materials [silica-deficient
pyroxenite + recent (b0.5 Ga) sediments] must be taken into ac-
count for radiogenic 206Pb/204Pb of the ADB, as indicated by excellent
coherence between the ADB and the triangle field defined by depleted
mantle (peridotite), Pacific oceanic crust (silica-deficient pyroxenite)
and recent subducted sediments (Fig. 18). The Pb isotope systematics
of the ADB agree well with the mixed pyroxenite–peridotite source li-
thology deduced from whole-rock and olivine data, in contrast to Pb
isotope systematics of other Cenozoic basalts (e.g., Changbai; Fig. 18)
from eastern China that exhibit significant contribution from EM1
components.

More importantly, systematic changes in 206Pb/204Pb may suggest
important variations in relative contributions between deeply
subducted Pacific materials (high 206Pb/204Pb) and EM1 components
(low 206Pb/204Pb), i.e., subduction polarity (Fig. 18). A transection
from the Japan island arc to the ADVF (Fig. 1b) clearly shows spatial var-
iations in 206Pb/204Pb of representative sodic basalts in eastern China
(Fig. 18). It is shown that relative contributions from deeply subducted
Pacific materials gradually increase from Changbai via Chifeng to
Abaga–Dalinuoer (Fig. 18), which appears to be contrary to normal sub-
duction polarity. However, considering the long-time preservation of
typical EM1 components in the MTZ beneath big mantle wedge
(BMW; Zhao et al., 2009), the abnormal subduction polarity recorded
by Pb isotope systematics of Cenozoic basalts in eastern China may re-
flect varying influence of EM1 components on mantle source of basaltic
magmas erupted inside (represented by Changbai basalts) of and out-
side (represented by the ADB) of the BMW. In details, a relatively sealed
MTZ or BMW is required for preservation of EM1 signature, which has
been widely invoked as a necessary end-member for Cenozoic basalts
in eastern China (e.g., Basu et al., 1991; Zou et al., 2000). In contrast, at
western edge of deeply subducted Pacific slab, recent subducted sedi-
ments and disintegrated oceanic crust would serve as the dominant
enriched component. Owing to relatively opened slab edge and thus
rapid mantle convection, it is plausible that EM1 components are diffi-
cult to preserve, which instead highlights the role of deeply subducted
Pacific materials in origin of the ADB (Fig. 18). Furthermore, it is
straightforward that fragments of deeply subducted Pacific slab can be
easily involved in mantle source of the ADB (Fig. 18), because frontier
edges of deeply subducted slab are more likely to be fragmentized
(Van der Lee and Nolet, 1997).

Therefore, we suggest that coupled geochemical and geodynamic
links (i.e., subduction polarity) between deeply subducted Pacific slab
and continental intraplate volcanism in eastern China may exist,
which can act as direct evidence for involvement of deeply subducted
Pacific slab in petrogenesis of the ADB. From the perspective of basalt
geochemistry, deep subduction polarity of the Pacific slab has been
identified, whichmatches well with spatial variations in Pb isotope sys-
tematics and slab-mantle structure revealed by seismic evidence
(e.g., Huang and Zhao, 2006). This discovery would definitely support
our model for origin of the ADB involving deep subduction of the Pacific
slab, which can provide both silica-deficient pyroxenite together with
recent sediments and geodynamic mechanism for intraplate volcanism
in the ADVF.

6.4. Asthenosphere upwelling related with subduction kinematics of the
Pacific slab

During Cenozoic times, convergence rates between the Pacific and
Eurasian plates underwent remarkable changes (Northrup et al.,
1995), which probably led to continental intraplate volcanism in east-
ern China (Zhang et al., 2015a) and synchronous lithospheric extension-
al tectonics along eastern margin of the Eurasian continent (Ren et al.,
2002). The Japan Sea mainly opened in Early to Middle Miocene (ca.
25–15 Ma; Tatsumi et al., 1990; Jolivet et al., 1994), as suggested by
abrupt reduce in average convergence rate between the Eurasian and
Pacific plates and subsequent slab rollback and trench retreat
(Fig. 19a; Northrup et al., 1995). Development of the Japan Sea has
been considered as an important geological event that links to
geodynamic mechanism responsible for intraplate volcanism in eastern
China (Liu et al., 2001; Zhang et al., 2015a). Since Late Miocene times
(ca. 15 Ma), intraplate volcanism occurred in several volcanic fields
(including the ADVF) in eastern China, which may represent an impor-
tant geodynamic event that is comparable to opening of the Japan Sea.

Combined with eruption ages of the ADB and results of plate recon-
struction and geodynamic modeling (e.g., Schellart, 2005; Miller et al.,
2006; Faccenna et al., 2010), we suggest that: (1) rollback of subducted
Pacific slab can lead to asthenospheric upwelling and subsequent de-
compression melting responsible for intraplate volcanism in eastern
China; (2) eruptions of basaltic magmas in the ADVF generally started
with termination of opening of the Japan Sea (Jolivet et al., 1994), sug-
gesting close affinity between theADB anddeep subduction of the Pacif-
ic slab. Asthenospheric upwelling related with plate motion can be
generated both in back-arc region and around slab edges (Faccenna
et al., 2010), suggesting that upwelling of asthenospheric mantle and
decompression melting of recycled Pacific materials that either reacted
or mixed with peridotite can account for intraplate volcanism in the
ADVF (Fig. 19b). From the perspective of basalt geochemistry, we sug-
gest that the ADB can shed light on recent geodynamicmodeling results
that argue for close affinity between onset of continental intraplate
volcanism and deep subduction of oceanic plate, as exemplified by the
Yellowstone volcanism and the deeply subducted Pacific slab beneath
North America (Faccenna et al., 2010; Liu and Stegman, 2012).

7. Conclusions

Estimated compositions of the ADB primary magmas exhibit close
affinity (e.g., high FeOT and TiO2) with partial melts of silica-deficient
pyroxenite. Additionally, the ADB olivines are characterized by high
Ni, Fe/Mn and low Ca, Mn, in stark contrast to those from either perido-
tite melts or olivine-free pyroxenite melts. Combined with whole-rock
and olivine data, we suggest an iron-rich mantle source for the ADB,
owing to contributions from silica-deficient pyroxenite related with



Fig. 19. Petrogeneticmodel for theADB (not to scale). (a) The Japan Sea openedduring ca. 25–15Ma (Tatsumi et al., 1990; Jolivet et al., 1994) and volcanismmainly concentrated in arc and
back-arc settings. Abbreviations: ADVF, Abaga–Dalinuoer volcanic field; DTGL, Daxing'anling–Taihang gravity lineament. (b) After termination of opening of the Japan Sea, continental
intraplate volcanism started in theADVF, suggesting close affinitywith asthenospheric upwelling and decompressionmelting induced by rollback of the Pacific slab (Schellart, 2005;Miller
et al., 2006).
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deeply subducted Pacific slab. Moreover, peridotite contribution is also
required for highNi andMgO of the ADBprimarymagmas. Instead of ei-
ther peridotite only or olivine-free pyroxenite only source lithology, we
suggest a more plausible scenario involving both silica-deficient pyrox-
enite and peridotite in mantle source of the ADBmagmas. In the mixed
pyroxenite–peridotite model, pyroxenite melts would either react with
or mechanically mix with peridotite. Experimentally-determined con-
tinuous spectrum from tholeiitic to alkali melts can explain formation
of primary magmas of basanites, alkali basalts and tholeiitic basalts as
a consequence of increasing melting degree of a similar mantle source.

In contrast to other Cenozoic basalts (e.g., Changbai) in eastern
China, relatively more radiogenic 206Pb/204Pb of the ADB may result
from higher contributions from deeply subducted Pacific materials.
We emphasize that coupled geochemical and geodynamic links
(i.e., subduction polarity) between deeply subducted Pacific slab and
continental intraplate volcanism in eastern China may exist, which di-
rectly support the involvement of deeply subducted Pacific materials
in petrogenesis of the ADB. From the perspective of plate motion
kinetics, decompression partial melting of upwelling Pacific materials
(silica-deficient pyroxenite + recent sediments) and subsequent reac-
tion or mechanical mixing with peridotite can be triggered by rollback
of the deeply subducted Pacific slab during Late Cenozoic times.

Acknowledgments

This study was financially supported by the Strategic Priority
Research Program (B) of Chinese Academy of Sciences (Grant No.
XDB03010600) and the National Natural Science Foundation of China
(Grant No. 41572321). We are grateful to editorial work of Dr. Taras
Gerya and constructive comments from two anonymous reviewers
that have greatly improved quality of this manuscript. Special thanks
go to Prof. Yoshihoko Tamura for kind help in olivine addition calcula-
tion. Drs. Xixi Zhao and Edgardo Cañón-Tapia, Wenfeng Guo and Xin
Li are appreciated for support during fieldwork, and Drs. Qian Mao,
Lihong Zhang, He Li, Xindi Jin, Chaofeng Li and Zhihui Cheng are appre-
ciated for olivine and whole-rock analyses.



148 M. Zhang, Z. Guo / Gondwana Research 37 (2016) 130–151
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2016.05.014.
References

Alt, J.C., Teagle, D.A.H., 1999. The uptake of carbon during alteration of ocean crust.
Geochimica et Cosmochimica Acta 63, 1527–1535.

Basu, A.R.,Wang, J., Huang,W., Xie, G., Tatsumoto, M., 1991. Major element, REE, and Pb, Nd
and Sr isotopic geochemistry of Cenozoic volcanic rocks of eastern China: implications
for their origin from suboceanic-type mantle reservoirs. Earth and Planetary Science
Letters 105, 149–169.

Bebout, G.E., 2007. Metamorphic chemical geodynamics of subduction zones. Earth and
Planetary Science Letters 260, 373–393.

Bizimis, M., Salters, V.M., Dawson, J.B., 2003. The brevity of carbonatite sources in the
mantle: evidence from Hf isotopes. Contributions to Mineralogy and Petrology 145,
281–300.

Chen, Y., Zhang, Y., Graham, D., Su, S., Deng, J., 2007. Geochemistry of Cenozoic basalts and
mantle xenoliths in Northeast China. Lithos 96, 108–126.

Chen, S.-S., Fan, Q.-C., Zhao, Y.-W., Shi, R.-D., 2013. Geochemical characteristics of basalts
in Beilike area and its geological significance, Inner Mongolia. Acta Petrologica Sinica
29, 2695–2708 (in Chinese with English abstract).

Chen, H., Xia, Q.-K., Ingrin, J., Jia, Z.-B., Feng, M., 2015a. Changing recycled oceanic compo-
nents in the mantle source of the Shuangliao Cenozoic basalts, NE China: new con-
straints from water content. Tectonophysics 650, 113–123.

Chen, S.-S., Fan, Q.-C., Zou, H.-B., Zhao, Y.-W., Shi, R.-D., 2015b. Geochemical and Sr–Nd
isotopic constraints on the petrogenesis of late Cenozoic basalts from the Abaga
area, Inner Mongolia, eastern China. Journal of Volcanology and Geothermal Research
305, 30–44.

Choi, S.H., Kwon, S.-T., Mukasa, S.B., Sagong, H., 2005. Sr–Nd–Pb isotope and trace element
systematics of mantle xenoliths from late Cenozoic alkaline lavas, South Korea.
Chemical Geology 221, 40–64.

Chu, Z.-Y., Harvey, J., Liu, C.-Z., Guo, J.-H.,Wu, F.-Y., Tian,W., Zhang, Y.-L., Yang, Y.-H., 2013.
Source of highly potassic basalts in Northeast China: evidence from Re–Os, Sr–Nd–Hf
isotopes and PGE geochemistry. Chemical Geology 357, 52–66.

Class, C., Altherr, R., Volker, F., Eberz, G., McCulloch, M., 1994. Geochemistry of Pliocene to
Quaternary alkali basalts from the Huri Hills, northern Kenya. Chemical Geology 113,
1–22.

Coogan, L.A., Saunders, A.D., Wilson, R.N., 2014. Aluminum-in-olivine thermometry of
primitive basalts: evidence of an anomalously hot mantle source for large igneous
provinces. Chemical Geology 368, 1–10.

Danyushevsky, L.V., Della-Pasqua, F.N., Sokolov, S., 2000. Re-equilibration of melt inclu-
sions trapped by magnesian olivine phenocrysts from subduction-related magmas:
petrological implications. Contributions to Mineralogy and Petrology 138, 68–83.

Danyushevsky, L.V., Sokolov, S., Falloon, T.J., 2002. Melt inclusions in olivine phenocrysts:
using diffusive re-equilibration to determine the cooling history of a crystal, with im-
plications for the origin of olivine-phyric volcanic rocks. Journal of Petrology 43,
1651–1671.

Dasgupta, R., Hirschmann, M.M., Stalker, K., 2006. Immiscible transition from carbonate-
rich to silicate-rich melts in the 3 GPa melting interval of eclogite + CO2 and genesis
of silica-undersaturated ocean island lavas. Journal of Petrology 47, 647–671.

Dasgupta, R., Hirschmann, M.M., Smith, N.D., 2007. Partial melting experiments of
peridotite+ CO2 at 3 GPa and genesis of alkalic ocean island basalts. Journal of Petrol-
ogy 48, 2093–2124.

Davies, D.R., Rawlinson, N., 2014. On the origin of recent intraplate volcanism in Australia.
Geology 42, 1031–1034.

Deng, F.L., Macdougall, J., 1992. Proterozoic depletion of the lithosphere recorded in man-
tle xenoliths from Inner Mongolia. Nature 360, 333–336.

Deng, J.F., Zhao, H.L., Lai, S.C., Luo, Z.H., Mo, X.X., Wu, Z.X., 1992. A mantle plume beneath
the north part of China continent and lithosphere motion. Geoscience 6, 267–274 (in
Chinese with English abstract).

Deng, J.F., Mo, X.X., Zhao, H.L., Wu, Z.X., Luo, Z.H., Su, S.G., 2004. A new model for the
dynamic evolution of Chinese lithosphere: ‘continental roots–plume tectonics’.
Earth-Science Reviews 65, 223–275.

DePaolo, D.J., 1988. Neodymium Isotope Geochemistry: an Introduction. Vol. 230. Springer,
New York.

Dupré, B., Allègre, C.J., 1983. Pb–Sr isotope variation in Indian Ocean basalts and mixing
phenomena. Nature 303, 142–146.

Escrig, S., Capmas, F., Dupre, B., Allegre, C.J., 2004. Osmium isotopic constraints on the
nature of the DUPAL anomaly from Indian mid-ocean-ridge basalts. Nature 431,
59–63.

Faccenna, C., Becker, T.W., Lallemand, S., Lagabrielle, Y., Funiciello, F., Piromallo, C., 2010.
Subduction-triggered magmatic pulses: a new class of plumes? Earth and Planetary
Science Letters 299, 54–68.

Fan, Q., Hooper, P.R., 1991. The Cenozoic basaltic rocks of eastern China: petrology and
chemical composition. Journal of Petrology 32, 765–810.

Fan, Q.-C., Sui, J.-L., Wang, T.-H., Li, N., Sun, Q., 2006. Eruptive history and magma evolu-
tion of the trachybasalt in the Changbai volcano, Changbaishan. Acta Petrologica
Sinica 22, 1449–1457 (in Chinese with English abstract).

Fan, Q.-C., Chen, S.-S., Zhao, Y.-W., Zou, H.-B., Li, N., Sui, J.-L., 2014. Petrogenesis and evo-
lution of Quaternary basaltic rocks from the Wulanhada area, North China. Lithos
206–207, 289–302.
Foley, S., Jacob, D., O'Neill, H.C., 2011. Trace element variations in olivine phenocrysts from
Ugandan potassic rocks as clues to the chemical characteristics of parental magmas.
Contributions to Mineralogy and Petrology 162, 1–20.

Foley, S.F., Prelevic, D., Rehfeldt, T., Jacob, D.E., 2013. Minor and trace elements in olivines
as probes into early igneous and mantle melting processes. Earth and Planetary
Science Letters 363, 181–191.

Frey, F.A., Green, D.H., Roy, S.D., 1978. Integratedmodels of basalt petrogenesis: a study of
quartz tholeiites to olivinemelilitites from South Eastern Australia utilizing geochem-
ical and experimental petrological data. Journal of Petrology 19, 463–513.

Fukao, Y., Obayashi, M., Nakakuki, T., 2009. Stagnant slab: a review. Annual Review of
Earth and Planetary Sciences 37, 19–46.

Galer, S., Abouchami, W., 1998. Practical application of lead triple spiking for correction of
instrumental mass discrimination. Mineralogical Magazine A 62, 491–492.

Gao, S., Rudnick, R.L., Xu, W.-L., Yuan, H.-L., Liu, Y.-S., Walker, R.J., Puchtel, I.S., Liu, X.,
Huang, H., Wang, X.-R., Yang, J., 2008. Recycling deep cratonic lithosphere and gener-
ation of intraplate magmatism in the North China craton. Earth and Planetary Science
Letters 270, 41–53.

Goldstein, S.L., O'Nions, R.K., Hamilton, P.J., 1984. A Sm–Nd isotopic study of atmospheric
dusts and particulates from major river systems. Earth and Planetary Science Letters
70, 221–236.

Guo, Z., Wilson, M., Liu, J., Mao, Q., 2006. Post-collisional, potassic and ultrapotassic
magmatismof thenorthernTibetanplateau: constraints on characteristics of themantle
source, geodynamic setting and uplift mechanisms. Journal of Petrology 47, 1177–1220.

Guo, Z., Wilson, M., Zhang, M., Cheng, Z., Zhang, L., 2015. Post-collisional ultrapotassic
mafic magmatism in South Tibet: products of partial melting of pyroxenite in the
mantle wedge induced by roll-back and delamination of the subducted Indian conti-
nental lithosphere slab. Journal of Petrology 56, 1365–1406.

Guo, P., Niu, Y., Sun, P., Ye, L., Liu, J., Zhang, Y., Feng, Y.-x., Zhao, J.-x., 2016. The origin of
Cenozoic basalts from Central Inner Mongolia, East China: the consequence of recent
mantle metasomatism genetically associated with seismically observed paleo-Pacific
slab in the mantle transition zone. Lithos 240–243, 104–118.

Han, B., Wang, S., Kagami, H., 1999. Trace element and Nd–Sr isotope constraints on origin
of the Chifeng flood basalts, North China. Chemical Geology 155, 187–199.

Hart, S.R., 1984. A large-scale isotope anomaly in the Southern Hemisphere mantle.
Nature 309, 753–757.

Heinonen, J.S., Luttinen, A.V., Riley, T.R., Michallik, R.M., 2013. Mixed pyroxenite–peridotite
sources for mafic and ultramafic dikes from the Antarctic segment of the Karoo conti-
nental flood basalt province. Lithos 177, 366–380.

Helffrich, G.R., Wood, B.J., 2001. The Earth's mantle. Nature 412, 501–507.
Herzberg, C., 2006. Petrology and thermal structure of the Hawaiian plume from Mauna

Kea Volcano. Nature 444, 605–609.
Herzberg, C., 2011. Identification of source lithology in the Hawaiian and Canary Islands:

implications for origins. Journal of Petrology 52, 113–146.
Herzberg, C., Asimow, P., 2008. Petrology of some oceanic island basalts: PRIMELT2.XLS

software for primary magma calculation. Geochemistry, Geophysics, Geosystems 9,
Q09001. http://dx.doi.org/10.1029/2008GC002057.

Herzberg, C., Asimow, P.D., Arndt, N., Niu, Y., Lesher, C.M., Fitton, J.G., Cheadle, M.J.,
Saunders, A.D., 2007. Temperatures in ambient mantle and plumes: constraints
from basalts, picrites, and komatiites. Geochemistry, Geophysics, Geosystems 8,
Q02006. http://dx.doi.org/10.1029/2006GC001390.

Hirano, N., Yamamoto, J., Kagi, H., Ishii, T., 2004. Young, olivine xenocryst-bearing alkali-
basalt from the oceanward slope of the Japan trench. Contributions to Mineralogy
and Petrology 148, 47–54.

Hirose, K., 1997. Partial melt compositions of carbonated peridotite at 3 GPa and role of
CO2 in alkali-basalt magma generation. Geophysical Research Letters 24, 2837–2840.

Hirose, K., Kushiro, I., 1993. Partial melting of dry peridotites at high pressures: determi-
nation of compositions of melts segregated from peridotite using aggregates of dia-
mond. Earth and Planetary Science Letters 114, 477–489.

Hirschmann, M.M., Stolper, E.M., 1996. A possible role for garnet pyroxenite in the origin
of the “garnet signature” in MORB. Contributions to Mineralogy and Petrology 124,
185–208.

Hirschmann, M.M., Kogiso, T., Baker, M.B., Stolper, E.M., 2003. Alkalic magmas generated
by partial melting of garnet pyroxenite. Geology 31, 481–484.

Ho, K.-S., Liu, Y., Chen, J.-C., Yang, H.-J., 2008. Elemental and Sr–Nd–Pb isotopic composi-
tions of Late Cenozoic Abaga basalts, Inner Mongolia: implications for petrogenesis
and mantle process. Geochemical Journal 42, 339–357.

Hofmann, A.W., White, W.M., 1982. Mantle plumes from ancient oceanic crust. Earth and
Planetary Science Letters 57, 421–436.

Hofmann, A.W., Jochum, K.P., Seufert, M., White, W.M., 1986. Nb and Pb in oceanic
basalts: new constraints on mantle evolution. Earth and Planetary Science Letters
79, 33–45.

Hong, L.B., Zhang, Y.H., Qian, S.P., Liu, J.Q., Ren, Z.Y., Xu, Y.G., 2013. Constraints from melt
inclusions and their host olivines on the petrogenesis of Oligocene–Early Miocene
Xindian basalts, Chifeng area, North China craton. Contributions to Mineralogy and
Petrology 165, 305–326.

Huang, J., Zhao, D., 2006. High-resolution mantle tomography of China and surrounding
regions. Journal of Geophysical Research 111, B09305.

Irvine, T.N., Baragar, W.R.A., 1971. A guide to the chemical classification of the common
volcanic rocks. Canadian Journal of Earth Sciences 8, 523–548.

Jacobsen, S.B., Wasserburg, G.J., 1980. Sm–Nd isotopic evolution of chondrites. Earth and
Planetary Science Letters 50, 139–155.

Jahn, B.-M., Wu, F., Chen, B., 2000. Massive granitoid generation in Central Asia: Nd iso-
tope evidence and implication for continental growth in the Phanerozoic. Episodes
23, 82–92.

Jolivet, L., Tamaki, K., Fournier, M., 1994. Japan Sea, opening history and mechanism: a
synthesis. Journal of Geophysical Research 99, 22237–22259.

doi:10.1016/j.gr.2016.05.014
doi:10.1016/j.gr.2016.05.014
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0005
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0005
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0010
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0010
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0010
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0010
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0015
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0015
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0020
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0020
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0020
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0025
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0025
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0030
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0030
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0030
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0035
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0035
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0035
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0040
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0040
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0040
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0040
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0045
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0045
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0045
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0050
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0050
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0055
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0055
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0055
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0060
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0060
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0060
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0065
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0065
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0065
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0070
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0070
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0070
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0070
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0075
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0075
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0075
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0075
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0080
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0080
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0080
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0080
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0085
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0085
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0090
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0090
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0095
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0095
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0095
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0100
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0100
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0100
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0105
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0105
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0110
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0110
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0115
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0115
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0115
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0120
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0120
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0125
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0125
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0130
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0130
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0130
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0135
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0135
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0135
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0140
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0140
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0140
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0145
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0145
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0145
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0150
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0150
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0150
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0155
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0155
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0160
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0160
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0165
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0165
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0165
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0170
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0170
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0170
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0175
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0175
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0175
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0180
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0180
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0180
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0180
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0185
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0185
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0185
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0185
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0190
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0190
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0195
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0195
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0200
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0200
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0200
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0205
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0210
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0210
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0215
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0215
http://dx.doi.org/10.1029/2008GC002057
http://dx.doi.org/10.1029/2006GC001390
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0230
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0230
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0230
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0235
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0235
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0235
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0240
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0240
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0240
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0245
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0245
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0245
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0250
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0250
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0255
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0255
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0255
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0260
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0260
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0265
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0265
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0265
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0270
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0270
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0270
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0270
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0275
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0275
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0280
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0280
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0285
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0285
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0290
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0290
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0290
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0295
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0295


149M. Zhang, Z. Guo / Gondwana Research 37 (2016) 130–151
Jurek, K., Hulínský, V., 1980. The use and accuracy of the ZAF correction procedure for the
microanalysis of glasses. Mikrochimica Acta 73, 183–198.

Kamenetsky, V.S., Elburg, M., Arculus, R., Thomas, R., 2006. Magmatic origin of low-Ca
olivine in subduction-related magmas: co-existence of contrasting magmas. Chemi-
cal Geology 233, 346–357.

Keshav, S., Gudfinnsson, G.H., Sen, G., Fei, Y., 2004. High-pressure melting experiments on
garnet clinopyroxenite and the alkalic to tholeiitic transition in ocean-island basalts.
Earth and Planetary Science Letters 223, 365–379.

Khain, E.V., Bibikova, E.V., Kröner, A., Zhuravlev, D.Z., Sklyarov, E.V., Fedotova, A.A.,
Kravchenko-Berezhnoy, I.R., 2002. The most ancient ophiolite of the Central Asian
fold belt: U–Pb and Pb–Pb zircon ages for the Dunzhugur complex, Eastern Sayan,
Siberia, and geodynamic implications. Earth and Planetary Science Letters 199,
311–325.

Kogiso, T., Hirschmann, M.M., 2006. Partial melting experiments of bimineralic eclogite
and the role of recycled mafic oceanic crust in the genesis of ocean island basalts.
Earth and Planetary Science Letters 249, 188–199.

Kogiso, T., Hirose, K., Takahashi, E., 1998. Melting experiments on homogeneous mixtures
of peridotite and basalt: application to the genesis of ocean island basalts. Earth and
Planetary Science Letters 162, 45–61.

Kogiso, T., Hirschmann, M.M., Frost, D.J., 2003. High-pressure partial melting of garnet py-
roxenite: possible mafic lithologies in the source of ocean island basalts. Earth and
Planetary Science Letters 216, 603–617.

Kogiso, T., Hirschmann, M.M., Pertermann, M., 2004. High-pressure partial melting of
mafic lithologies in the mantle. Journal of Petrology 45, 2407–2422.

Kuritani, T., Kimura, J.-I., Miyamoto, T., Wei, H., Shimano, T., Maeno, F., Jin, X., Taniguchi,
H., 2009. Intraplate magmatism related to deceleration of upwelling asthenospheric
mantle: implications from the Changbaishan shield basalts, Northeast China. Lithos
112, 247–258.

Kuritani, T., Ohtani, E., Kimura, J.-I., 2011. Intensive hydration of the mantle transition
zone beneath China caused by ancient slab stagnation. Nature Geoscience 4,
713–716.

Kuritani, T., Kimura, J.-I., Ohtani, E., Miyamoto, H., Furuyama, K., 2013. Transition zone or-
igin of potassic basalts from Wudalianchi volcano, northeast China. Lithos 156–159,
1–12.

Kushiro, I., 1996. Partial melting of a fertile mantle peridotite at high pressures: an exper-
imental study using aggregates of diamond. In: Basu, A., Hart, S. (Eds.), Earth Process-
es: Reading the Isotopic CodeGeophysical Monograph Series Vol. 95. American
Geophysical Union, pp. 109–122.

Lambart, S., Laporte, D., Schiano, P., 2013. Markers of the pyroxenite contribution in the
major-element compositions of oceanic basalts: review of the experimental con-
straints. Lithos 160–161, 14–36.

Langmuir, C.H., Klein, E.M., Plank, T., 1992. Petrological systematics of mid-ocean ridge ba-
salts: constraints on melt generation beneath ocean ridges. In: Morgan, J.P.,
Blackman, D.K., Sinton, J.M. (Eds.), Mantle Flow and Melt Generation at Mid-Ocean
RidgesGeophysical Monograph Series Vol. 71. American Geophysical Union,
pp. 183–280.

Le Bas, M.J., Le Maitre, R.W., Streckeison, A., Zanettin, B., 1986. A chemical classification of
volcanic rocks based on the total alkali-silica diagram. Journal of Petrology 27,
745–750.

Le Maitre, R., Bateman, P., Dudek, A., Keller, J., Lameyre, J., Le Bas, M., Sabine, P., Schmid, R.,
Sorensen, H., Streckeisen, A., Woolley, A., Zanettin, B., 1989. A Classification of Igneous
Rocks and Glossary of Terms. Blackwell Scientific, Oxford, p. 236.

Le Roux, V., Lee, C.T.A., Turner, S.J., 2010. Zn/Fe systematics in mafic and ultramafic sys-
tems: implications for detectingmajor element heterogeneities in the Earth's mantle.
Geochimica et Cosmochimica Acta 74, 2779–2796.

Li, C.-F., Li, X.-H., Li, Q.-L., Guo, J.-H., Li, X.-H., Feng, L.-J., Chu, Z.-Y., 2012a. Simultaneous de-
termination of 143Nd/144Nd and 147Sm/144Nd ratios and Sm–Nd contents from the
same filament loaded with purified Sm–Nd aliquot from geological samples by iso-
tope dilution thermal ionization mass spectrometry. Analytical Chemistry 84,
6040–6047.

Li, C.-F., Li, X.-H., Li, Q.-L., Guo, J.-H., Li, X.-H., Yang, Y.-H., 2012b. Rapid and precise deter-
mination of Sr and Nd isotopic ratios in geological samples from the same filament
loading by thermal ionization mass spectrometry employing a single-step separation
scheme. Analytica Chimica Acta 727, 54–60.

Liu, J., 1999. Volcanoes in China. Science Press, Beijing, p. 219 (in Chinese).
Liu, L., Stegman, D.R., 2012. Origin of Columbia River flood basalt controlled by propagat-

ing rupture of the Farallon slab. Nature 482, 386–389.
Liu, R.X., Chen, W.J., Sun, J.Z., Li, D.M., 1992. The K–Ar age and tectonic environment of

Cenozoic rock in China. In: Liu, R.X. (Ed.), The Age and Geochemistry of Cenozoic
Volcanic Rock in China. Seismic Press, Beijing, pp. 1–43 (in Chinese).

Liu, C.-Q., Masuda, A., Xie, G.-H., 1994. Major- and trace-element compositions of Cenozo-
ic basalts in eastern China: petrogenesis and mantle source. Chemical Geology 114,
19–42.

Liu, J., Han, J., Fyfe, W.S., 2001. Cenozoic episodic volcanism and continental rifting in
northeast China and possible link to Japan Sea development as revealed from K–Ar
geochronology. Tectonophysics 339, 385–401.

Liu, Y., Gao, S., Kelemen, P.B., Xu, W., 2008. Recycled crust controls contrasting source
compositions of Mesozoic and Cenozoic basalts in the North China craton.
Geochimica et Cosmochimica Acta 72, 2349–2376.

Liu, P.-P., Zhou, M.-F., Luais, B., Cividini, D., Rollion-Bard, C., 2014. Disequilibrium iron iso-
topic fractionation during the high-temperature magmatic differentiation of the
Baima Fe–Ti oxide-bearing mafic intrusion, SW China. Earth and Planetary Science
Letters 399, 21–29.

Liu, J., Xia, Q.-K., Deloule, E., Ingrin, J., Chen, H., Feng, M., 2015a.Water content and oxygen
isotopic composition of alkali basalts from the Taihang Mountains, China: recycled
oceanic components in the mantle source. Journal of Petrology 56, 681–702.
Liu, Y., He, D., Gao, C., Foley, S., Gao, S., Hu, Z., Zong, K., Chen, H., 2015b. First direct evi-
dence of sedimentary carbonate recycling in subduction-related xenoliths. Scientific
Reports 5, 11547. http://dx.doi.org/10.1038/srep11547.

Lugmair, G.W., Marti, K., 1978. Lunar initial 143Nd/144Nd: differential evolution of the
lunar crust and mantle. Earth and Planetary Science Letters 39, 349–357.

Luo, X.Q., Chen, Q.T., 1990. Preliminary study on geochronology for Cenozoic basalts from
Inner Mongolia. Acta Petrologica Sinica 9, 37–46 (in Chinese with English abstract).

Ma, G.S.-K., Malpas, J., Xenophontos, C., Chan, G.H.-N., 2011. Petrogenesis of latest
Miocene–Quaternary continental intraplate volcanism along the Northern Dead Sea
fault system (Al Ghab–Homs volcanic field), Western Syria: evidence for
lithosphere–asthenosphere interaction. Journal of Petrology 52, 401–430.

Mallik, A., Dasgupta, R., 2012. Reaction between MORB-eclogite derived melts and fertile
peridotite and generation of ocean island basalts. Earth and Planetary Science Letters
329–330, 97–108.

Mallik, A., Dasgupta, R., 2013. Reactive infiltration of MORB-eclogite-derived carbonated
silicate melt into fertile peridotite at 3 GPa and genesis of alkalic magmas. Journal
of Petrology 54, 2267–2300.

Mallik, A., Dasgupta, R., 2014. Effect of variable CO2 on eclogite-derived andesite and
lherzolite reaction at 3 GPa—implications for mantle source characteristics of alkalic
ocean island basalts. Geochemistry, Geophysics, Geosystems 15, 1533–1557.

McCulloch, M.T., Black, L.P., 1984. Sm–Nd isotopic systematics of Enderby land granulites
and evidence for the redistribution of Sm and Nd during metamorphism. Earth and
Planetary Science Letters 71, 46–58.

McKenzie, D., Bickle, M.J., 1988. The volume and composition of melt generated by exten-
sion of the lithosphere. Journal of Petrology 29, 625–679.

McKenzie, D., O'Nions, R.K., 1991. Partial melt distributions from inversion of rare-earth
element concentrations. Journal of Petrology 32, 1021–1091.

Mibe, K., Kawamoto, T., Matsukage, K.N., Fei, Y., Ono, S., 2011. Slab melting versus slab de-
hydration in subduction-zone magmatism. Proceedings of the National Academy of
Sciences 108, 8177–8182.

Miller, M.S., Kennett, B.L.N., Toy, V.G., 2006. Spatial and temporal evolution of
the subducting Pacific plate structure along the western Pacific margin. Journal of
Geophysical Research - Solid Earth 111, B02401.

Murphy, D.T., Collerson, K.D., Kamber, B.S., 2002. Lamproites from Gaussberg, Antarctica:
possible transition zonemelts of Archaean subducted sediments. Journal of Petrology
43, 981–1001.

Niu, Y., Wilson, M., Humphreys, E.R., O'Hara, M.J., 2011. The origin of intra-plate ocean is-
land basalts (OIB): the lid effect and its geodynamic implications. Journal of Petrology
52, 1443–1468.

Northrup, C.J., Royden, L.H., Burchfiel, B.C., 1995. Motion of the Pacific plate relative to
Eurasia and its potential relation to Cenozoic extension along the eastern margin of
Eurasia. Geology 23, 719–722.

O'Hara, M., 1968. The bearing of phase equilibria studies in synthetic and natural systems
on the origin and evolution of basic and ultrabasic rocks. Earth-Science Reviews 4,
69–133.

Pan, S., Zheng, J., Chu, L., Griffin, W.L., 2013. Coexistence of the moderately refractory and
fertile mantle beneath the eastern central Asian Orogenic Belt. Gondwana Research
23, 176–189.

Paulick, H., Münker, C., Schuth, S., 2010. The influence of small-scale mantle heterogene-
ities on Mid-Ocean ridge volcanism: evidence from the southern Mid-Atlantic Ridge
(7°30′S to 11°30′S) and Ascension Island. Earth and Planetary Science Letters 296,
299–310.

Pertermann, M., Hirschmann, M.M., 2003a. Anhydrous partial melting experiments on
MORB-like eclogite: phase relations, phase compositions and mineral–melt
partitioning of major elements at 2–3GPa. Journal of Petrology 44, 2173–2201.

Pertermann, M., Hirschmann, M.M., 2003b. Partial melting experiments on a MORB-like
pyroxenite between 2 and 3 GPa: constraints on the presence of pyroxenite in basalt
source regions from solidus location and melting rate. Journal of Geophysical
Research - Solid Earth 108, 2125. http://dx.doi.org/10.1029/2000JB000118.

Pertermann, M., Hirschmann, M.M., Hametner, K., Günther, D., Schmidt, M.W., 2004.
Experimental determination of trace element partitioning between garnet and
silica-rich liquid during anhydrous partial melting of MORB-like eclogite. Geochemis-
try, Geophysics, Geosystems 5, Q05A01. http://dx.doi.org/10.1029/2003GC000638.

Plank, T., 2014. The chemical composition of subducting sediments. In: Holland, H.D.,
Turekian, K.K. (Eds.), Treatise on Geochemistry. Elsevier, Oxford, pp. 607–629.

Pouchou, J.L., Pichoir, F., 1991. Quantitative analysis of homogeneous or stratified
microvolumes applying the model “PAP”. In: Heinrich, K.F.J., Newbury, D.E. (Eds.),
Electron Probe Quantitation. Plenum Press, New York, pp. 31–75.

Prytulak, J., Elliott, T., 2007. TiO2 enrichment in ocean island basalts. Earth and Planetary
Science Letters 263, 388–403.

Putirka, K.D., 2005. Mantle potential temperatures at Hawaii, Iceland, and the mid-ocean
ridge system, as inferred from olivine phenocrysts: evidence for thermally driven
mantle plumes. Geochemistry, Geophysics, Geosystems 6, Q05L08. http://dx.doi.
org/10.1029/2005GC000915.

Qian, S.-P., Ren, Z.-Y., Zhang, L., Hong, L.-B., Liu, J.-Q., 2015. Chemical and Pb isotope com-
position of olivine-hosted melt inclusions from the Hannuoba basalts, North China
Craton: implications for petrogenesis and mantle source. Chemical Geology 401,
111–125.

Rapp, R.P., Irifune, T., Shimizu, N., Nishiyama, N., Norman, M.D., Inoue, T., 2008.
Subduction recycling of continental sediments and the origin of geochemically
enriched reservoirs in the deep mantle. Earth and Planetary Science Letters 271,
14–23.

Ren, J., Tamaki, K., Li, S., Junxia, Z., 2002. Late Mesozoic and Cenozoic rifting and its dy-
namic setting in eastern China and adjacent areas. Tectonophysics 344, 175–205.

Roeder, P.L., Emslie, R.F., 1970. Olivine–liquid equilibrium. Contributions to Mineralogy
and Petrology 29, 275–289.

http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0300
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0300
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0305
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0305
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0305
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0310
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0310
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0310
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0315
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0315
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0315
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0315
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0320
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0320
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0320
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0325
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0325
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0325
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0330
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0330
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0330
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0335
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0335
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0340
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0340
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0340
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0345
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0345
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0345
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0350
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0350
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0350
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0355
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0355
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0355
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0355
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0360
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0360
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0360
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0365
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0365
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0365
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0365
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0365
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0370
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0370
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0370
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0375
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0375
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0380
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0380
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0380
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0385
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0390
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0390
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0390
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0390
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0395
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0400
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0400
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0405
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0405
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0405
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0410
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0410
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0410
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0415
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0415
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0415
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0420
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0420
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0420
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0425
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0425
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0425
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0425
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0430
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0430
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0430
http://dx.doi.org/10.1038/srep11547
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0440
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0440
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0440
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0440
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0445
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0445
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0450
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0450
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0450
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0450
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0455
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0455
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0455
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0460
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0460
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0460
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0465
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0465
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0465
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0465
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0470
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0470
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0470
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0475
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0475
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0480
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0480
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0485
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0485
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0485
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0490
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0490
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0490
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0495
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0495
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0495
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0500
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0500
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0500
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0505
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0505
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0505
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0510
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0510
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0510
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0515
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0515
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0515
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0520
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0520
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0520
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0520
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0525
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0525
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0525
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0525
http://dx.doi.org/10.1029/2000JB000118
http://dx.doi.org/10.1029/2003GC000638
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0540
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0540
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0545
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0545
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0545
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0550
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0550
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0550
http://dx.doi.org/10.1029/2005GC000915
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0560
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0560
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0560
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0560
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0565
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0565
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0565
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0570
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0570
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0575
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0575


150 M. Zhang, Z. Guo / Gondwana Research 37 (2016) 130–151
Rohrbach, A., Schuth, S., Ballhaus, C., Münker, C., Matveev, S., Qopoto, C., 2005. Petrological
constraints on the origin of arc picrites, New Georgia Group, Solomon Islands.
Contributions to Mineralogy and Petrology 149, 685–698.

Rosenthal, A., Yaxley, G.M., Green, D.H., Hermann, J., Kovács, I., Spandler, C., 2014.
Continuous eclogite melting and variable refertilisation in upwelling heterogeneous
mantle. Scientific Reports 4, 6099. http://dx.doi.org/10.1038/srep06099.

Ruzicka, A., Snyder, G.A., Taylor, L.A., 2001. Comparative geochemistry of basalts from the
moon, earth, HED asteroid, and Mars: implications for the origin of the moon.
Geochimica et Cosmochimica Acta 65, 979–997.

Salters, V.J.M., Stracke, A., 2004. Composition of the depleted mantle. Geochemistry,
Geophysics, Geosystems 5, Q05B07. http://dx.doi.org/10.1029/2003GC000597.

Schellart, W.P., 2005. Influence of the subducting plate velocity on the geometry of the
slab and migration of the subduction hinge. Earth and Planetary Science Letters
231, 197–219.

Shao, J.A., Ji, J.Q., Lu, F.X., Zhang, L.Q., 2008. Response of the continental lithosphere to the
spreading mechanism: space–time distribution of the Meso-Cenozoic volcanic activ-
ities in the Liao-Meng geological corridor, China. Geological Bulletin of China 27,
1431–1440 (in Chinese with English abstract).

Simkin, T., Smith, J.V., 1970. Minor-element distribution in olivine. The Journal of Geology
78, 304–325.

Søager, N., Portnyagin, M., Hoernle, K., Holm, P.M., Hauff, F., Garbe-Schönberg, D., 2015.
Olivine major and trace element compositions in southern Payenia basalts,
Argentina: evidence for pyroxenite–peridotitemeltmixing in a back-arc setting. Jour-
nal of Petrology 56, 1495–1518.

Sobolev, A.V., Hofmann, A.W., Sobolev, S.V., Nikogosian, I.K., 2005. An olivine–free mantle
source of Hawaiian shield basalts. Nature 434, 590–597.

Sobolev, A.V., Hofmann, A.W., Kuzmin, D.V., Yaxley, G.M., Arndt, N.T., Chung, S.L.,
Danyushevsky, L.V., Elliott, T., Frey, F.A., Garcia, M.O., 2007. The amount of recycled
crust in sources of mantle-derived melts. Science 316, 412.

Song, Y., Frey, F.A., Zhi, X., 1990. Isotopic characteristics of Hannuoba basalts, eastern
China: implications for their petrogenesis and the composition of subcontinental
mantle. Chemical Geology 88, 35–52.

Steiger, R., Jäger, E., 1977. Subcommission on geochronology: convention on the use of
decay constants in geochronology and cosmochronology. Earth and Planetary Science
Letters 36, 359–362.

Stracke, A., 2012. Earth's heterogeneous mantle: a product of convection-driven interac-
tion between crust and mantle. Chemical Geology 330–331, 274–299.

Stracke, A., Bourdon, B., 2009. The importance of melt extraction for tracing mantle het-
erogeneity. Geochimica et Cosmochimica Acta 73, 218–238.

Straub, S.M., LaGatta, A.B., Martin-Del Pozzo, A.L., Langmuir, C.H., 2008. Evidence from
high-Ni olivines for a hybridized peridotite/pyroxenite source for orogenic andesites
from the central Mexican Volcanic Belt. Geochemistry, Geophysics, Geosystems 9,
Q03007. http://dx.doi.org/10.1029/2007GC001583.

Straub, S.M., Goldstein, S.L., Class, C., Schmidt, A., 2009. Mid-ocean-ridge basalt of Indian
type in the Northwest Pacific Ocean basin. Nature Geoscience 2, 286–289.

Sun, S.-S., McDonough, W.F., 1989. Chemical and isotopic systematics of oceanic basalts:
implications for mantle composition and processes. In: Saunders, A.D., Norry, M.J.
(Eds.), Magmatism in the Ocean Basins. Geological Society, London, Special Publica-
tions Vol. 42, pp. 313–345.

Takahashi, E., 1986. Melting of a dry peridotite KLB-1 up to 14 GPa: implications on the
origin of peridotitic upper mantle. Journal of Geophysical Research - Solid Earth 91,
9367–9382.

Takahashi, E., Kushiro, I., 1983. Melting of a dry peridotite at high pressures and basalt
magma genesis. American Mineralogist 68, 859–879.

Takahashi, E., Shimazaki, T., Tsuzaki, Y., Yoshida, H., 1993.Melting study of a peridotite KLB-
1 to 6.5 GPa, and the origin of basalticmagmas. Philosophical Transactions of the Royal
Society of London. Series A: Physical and Engineering Sciences 342, 105–120.

Tamura, Y., Yuhara, M., Ishii, T., 2000. Primary arc basalts from Daisen Volcano, Japan:
equilibrium crystal fractionation versus disequilibrium fractionation during
supercooling. Journal of Petrology 41, 431–448.

Tamura, Y., Ishizuka, O., Stern, R.J., Shukuno, H., Kawabata, H., Embley, R.W., Hirahara, Y.,
Chang, Q., Kimura, J.-I., Tatsumi, Y., Nunokawa, A., Bloomer, S.H., 2011. Two primary
basalt magma types from northwest Rota-1 volcano, Mariana Arc and its mantle dia-
pir or mantle wedge plume. Journal of Petrology 52, 1143–1183.

Tamura, Y., Ishizuka, O., Stern, R.J., Nichols, A.R.L., Kawabata, H., Hirahara, Y., Chang, Q.,
Miyazaki, T., Kimura, J.-I., Embley, R.W., Tatsumi, Y., 2014. Mission immiscible: dis-
tinct subduction components generate two primary magmas at pagan volcano,
Mariana arc. Journal of Petrology 55, 63–101.

Tang, Y., Obayashi, M., Niu, F., Grand, S.P., Chen, Y.J., Kawakatsu, H., Tanaka, S., Ning, J., Ni,
J.F., 2014. Changbaishan volcanism in northeast China linked to subduction-induced
mantle upwelling. Nature Geoscience 7, 470–475.

Tatsumi, Y., Maruyama, S., Nohda, S., 1990. Mechanism of backarc opening in the Japan
Sea: role of asthenospheric injection. Tectonophysics 181, 299–306.

Thirlwall, M., Upton, B., Jenkins, C., 1994. Interaction between continental lithosphere and
the Iceland plume—Sr–Nd–Pb isotope geochemistry of tertiary basalts, NE Greenland.
Journal of Petrology 35, 839–880.

Thomson, A.R., Walter, M.J., Kohn, S.C., Brooker, R.A., 2016. Slab melting as a barrier to
deep carbon subduction. Nature 529, 76–79.

Tuff, J., Takahashi, E., Gibson, S.A., 2005. Experimental constraints on the role of garnet py-
roxenite in the genesis of high-Fe mantle plume derived melts. Journal of Petrology
46, 2023–2058.

Van der Lee, S., Nolet, G., 1997. Seismic image of the subducted trailing fragments of the
Farallon plate. Nature 386, 266–269.

Viccaro, M., Giuffrida, M., Nicotra, E., Cristofolini, R., 2016. Timescales of magma storage
and migration recorded by olivine crystals in basalts of the March–April 2010 erup-
tion at Eyjafjallajökull volcano, Iceland. American Mineralogist 101, 222–230.
Wang, X.-C., Wilde, S.A., Li, Q.-L., Yang, Y.-N., 2015. Continental flood basalts derived from
the hydrous mantle transition zone. Nature Communications 6, 7700. http://dx.doi.
org/10.1038/ncomms8700.

Whitaker, M.L., Nekvasil, H., Lindsley, D.H., Difrancesco, N.J., 2007. The role of pressure in
producing compositional diversity in intraplate basaltic magmas. Journal of Petrology
48, 365–393.

Wiechert, U., Ionov, D.A., Wedepohl, K.H., 1997. Spinel peridotite xenoliths from the
Atsagin-Dush volcano, Dariganga lava plateau, Mongolia: a record of partial melting
and cryptic metasomatism in the upper mantle. Contributions to Mineralogy and
Petrology 126, 345–364.

Willbold, M., Stracke, A., 2006. Trace element composition of mantle end-members:
implications for recycling of oceanic and upper and lower continental crust.
Geochemistry, Geophysics, Geosystems 7, Q04004. http://dx.doi.org/10.1029/
2005GC001005.

Wilson, B.M., 1989. Igneous Petrogenesis: a Global Tectonic Approach. Chapman & Hall,
London, p. 466.

Wilson, M., Downes, H., 1991. Tertiary–Quaternary extension-related alkaline
magmatism in western and central Europe. Journal of Petrology 32, 811–849.

Windley, B.F., Alexeiev, D., Xiao, W., Kröner, A., Badarch, G., 2007. Tectonic models for ac-
cretion of the Central Asian Orogenic Belt. Journal of the Geological Society 164,
31–47.

Wood, B.J., Kiseeva, E.S., Matzen, A.K., 2013. Garnet in the Earth's mantle. Elements 9,
421–426.

Wu, F.-Y., Sun, D.-Y., Li, H., Jahn, B.-M., Wilde, S., 2002. A-type granites in northeastern
China: age and geochemical constraints on their petrogenesis. Chemical Geology
187, 143–173.

Xiao, W., Windley, B.F., Hao, J., Zhai, M., 2003. Accretion leading to collision and the Perm-
ian Solonker suture, Inner Mongolia, China: termination of the central Asian orogenic
belt. Tectonics 22, 1069–1089.

Xiao, W.J.,Windley, B.F., Yuan, C., Sun, M., Han, C.M., Lin, S.F., Chen, H.L., Yan, Q.R., Liu, D.Y.,
Qin, K.Z., Li, J.L., Sun, S., 2009. Paleozoic multiple subduction–accretion processes of
the southern Altaids. American Journal of Science 309, 221–270.

Xu, Y.-G., 2014. Recycled oceanic crust in the source of 90–40 Ma basalts in North
and Northeast China: evidence, provenance and significance. Geochimica et
Cosmochimica Acta 143, 49–67.

Xu, Y.G., Ma, J.L., Frey, F.A., Feigenson, M.D., Liu, J.F., 2005. Role of lithosphere–
asthenosphere interaction in the genesis of Quaternary alkali and tholeiitic basalts
from Datong, western North China Craton. Chemical Geology 224, 247–271.

Xu, Y.-G., Zhang, H.-H., Qiu, H.-N., Ge, W.-C., Wu, F.-Y., 2012a. Oceanic crust components
in continental basalts from Shuangliao, Northeast China: derived from the mantle
transition zone? Chemical Geology 328, 168–184.

Xu, Z., Zhao, Z.-F., Zheng, Y.-F., 2012b. Slab–mantle interaction for thinning of cratonic
lithospheric mantle in North China: geochemical evidence from Cenozoic continental
basalts in central Shandong. Lithos 146–147, 202–217.

Yang, J.J., 1988. Petrology of Cenozoic basalts from Simen, Inner Mongolia. Acta
Petrologica Sinica 2, 13–32 (in Chinese with English abstract).

Yang, Z.-F., Zhou, J.-H., 2013. Can we identify source lithology of basalt? Scientific Reports
3. http://dx.doi.org/10.1038/srep01856.

Yang, Z.-F., Li, J., Liang, W.-F., Luo, Z.-H., 2016. On the chemical markers of pyroxenite con-
tributions in continental basalts in Eastern China: implications for source lithology
and the origin of basalts. Earth-Science Reviews 157, 18–31.

Yaxley, G., Green, D., 1998. Reactions between eclogite and peridotite: mantle
refertilisation by subduction of oceanic crust. Schweizerische Mineralogische und
Petrographische Mitteilungen 78, 243–255.

Yu, X., Lee, C.-T.A., Chen, L.-H., Zeng, G., 2015. Magmatic recharge in continental flood ba-
salts: insights from the Chifeng igneous province in Inner Mongolia. Geochemistry,
Geophysics, Geosystems 16, 2082–2096. http://dx.doi.org/10.1002/2015GC005805.

Zeng, G., Chen, L.-H., Xu, X.-S., Jiang, S.-Y., Hofmann, A.W., 2010. Carbonated mantle
sources for Cenozoic intra-plate alkaline basalts in Shandong, North China. Chemical
Geology 273, 35–45.

Zhang, W.-H., Zhang, H.-F., Fan, W.-M., Han, B.-F., Zhou, M.-F., 2012. The genesis of Ceno-
zoic basalts from the Jining area, northern China: Sr–Nd–Pb–Hf isotope evidence.
Journal of Asian Earth Sciences 61, 128–142.

Zhang, M., Guo, Z., Cheng, Z., Zhang, L., Liu, J., 2015a. Late Cenozoic intraplate volcanism in
Changbai volcanic field, on the border of China and North Korea: insights into deep
subduction of the Pacific slab and intraplate volcanism. Journal of the Geological So-
ciety 172, 648–663.

Zhang, M., Guo, Z., Sano, Y., Cheng, Z., Zhang, L., 2015b. Stagnant subducted Pacific slab-
derived CO2 emissions: insights into magma degassing at Changbaishan volcano,
NE China. Journal of Asian Earth Sciences 106, 49–63.

Zhao, D., Tian, Y., 2013. Changbai intraplate volcanism and deep earthquakes in East Asia:
a possible link? Geophysical Journal International 195, 706–724.

Zhao, G., Wilde, S.A., Cawood, P.A., Sun, M., 2001. Archean blocks and their boundaries in
the North China Craton: lithological, geochemical, structural and P–T path constraints
and tectonic evolution. Precambrian Research 107, 45–73.

Zhao, D., Tian, Y., Lei, J., Liu, L., Zheng, S., 2009. Seismic image and origin of the Changbai
intraplate volcano in East Asia: role of big mantle wedge above the stagnant Pacific
slab. Physics of the Earth and Planetary Interiors 173, 197–206.

Zhi, X., Song, Y., Frey, F.A., Feng, J., Zhai, M., 1990. Geochemistry of Hannuoba basalts,
eastern China: constraints on the origin of continental alkalic and tholeiitic basalt.
Chemical Geology 88, 1–33.

Zhu, R., Pan, Y., Shaw, J., Li, D., Li, Q., 2001. Geomagnetic palaeointensity just prior to the
cretaceous normal superchron. Physics of the Earth and Planetary Interiors 128,
207–222.

Zindler, A., Hart, S., 1986. Chemical geodynamics. Annual Review of Earth and Planetary
Sciences 14, 493–571.

http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0580
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0580
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0580
http://dx.doi.org/10.1038/srep06099
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0590
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0590
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0590
http://dx.doi.org/10.1029/2003GC000597
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0600
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0600
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0600
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0605
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0605
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0605
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0605
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0610
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0610
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0615
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0615
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0615
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0620
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0620
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0625
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0625
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0630
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0630
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0630
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0635
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0635
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0635
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0640
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0640
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0645
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0645
http://dx.doi.org/10.1029/2007GC001583
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0655
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0655
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0660
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0660
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0660
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0660
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0665
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0665
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0665
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0670
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0670
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0675
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0675
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0675
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0680
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0680
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0680
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0685
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0685
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0685
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0690
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0690
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0690
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0695
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0695
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0700
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0700
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0705
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0705
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0705
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0710
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0710
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0715
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0715
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0715
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0720
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0720
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0725
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0725
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0725
http://dx.doi.org/10.1038/ncomms8700
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0735
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0735
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0735
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0740
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0740
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0740
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0740
http://dx.doi.org/10.1029/2005GC001005
http://dx.doi.org/10.1029/2005GC001005
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0750
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0750
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0755
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0755
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0760
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0760
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0760
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0765
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0765
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0770
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0770
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0770
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0775
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0775
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0775
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0780
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0780
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0785
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0785
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0785
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0790
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0790
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0790
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0795
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0795
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0795
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0800
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0800
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0800
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0805
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0805
http://dx.doi.org/10.1038/srep01856
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0815
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0815
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0815
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0820
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0820
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0820
http://dx.doi.org/10.1002/2015GC005805
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0830
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0830
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0830
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0835
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0835
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0835
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0840
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0840
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0840
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0840
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0845
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0845
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0845
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0845
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0850
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0850
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0855
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0855
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0855
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0860
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0860
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0860
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0865
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0865
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0865
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0870
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0870
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0870
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0875
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0875


151M. Zhang, Z. Guo / Gondwana Research 37 (2016) 130–151
Zou, H., Zindler, A., Xu, X., Qi, Q., 2000. Major, trace element, and Nd, Sr and Pb isotope
studies of Cenozoic basalts in SE China: mantle sources, regional variations, and tec-
tonic significance. Chemical Geology 171, 33–47.

Zou, H., Fan, Q., Yao, Y., 2008. U–Th systematics of dispersed young volcanoes in NE China:
asthenosphere upwelling caused by piling up and upward thickening of stagnant
Pacific slab. Chemical Geology 255, 134–142.
Zou, D., Liu, Y., Hu, Z., Gao, S., Zong, K., Xu, R., Deng, L., He, D., Gao, C., 2014. Pyroxenite and
peridotite xenoliths from Hexigten, Inner Mongolia: insights into the Paleo-Asian
Ocean subduction-related melt/fluid–peridotite interaction. Geochimica et
Cosmochimica Acta 140, 435–454.

http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0880
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0880
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0880
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0885
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0885
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0885
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0890
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0890
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0890
http://refhub.elsevier.com/S1342-937X(16)30112-5/rf0890

	Origin of Late Cenozoic Abaga–Dalinuoer basalts, eastern China: Implications for a mixed pyroxenite–peridotite source relat...
	1. Introduction
	2. Geological setting
	3. Petrography
	4. Analytical methods
	4.1. Whole-rock K–Ar dating
	4.2. Whole-rock major and trace element analyses
	4.3. Whole-rock Sr–Nd–Pb isotope analyses
	4.4. Olivine composition analyses

	5. Results
	5.1. Whole-rock K–Ar ages
	5.2. Whole-rock major and trace elements
	5.3. Whole-rock Sr–Nd–Pb isotopes
	5.4. Olivine compositions

	6. Discussion
	6.1. Fractional crystallization and crustal contamination
	6.2. Mantle source lithology
	6.2.1. Constraints from major and trace elements
	6.2.2. Constraints from olivine chemistry

	6.3. A mixed pyroxenite–peridotite source for the ADB magmas
	6.3.1. Deeply subducted oceanic crust as origin of silica-deficient pyroxenite
	6.3.2. Continental intraplate volcanism linked to deep subduction of the Pacific slab

	6.4. Asthenosphere upwelling related with subduction kinematics of the Pacific slab

	7. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


