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a b s t r a c t
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 eastern margin 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 elements 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 ADB magmas may consist of both pyroxenite and peridotite. The
ADBs display low SiO2 (42.3–50.2 wt.%), high MgO (7.3–11.4 wt.%) and moderate K2O + Na2O (3.8–6.4 wt.%), and
can be subdivided into basanites, alkali basalts and tholeiitic basalts that are all characterized by ocean island basalt (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 relative to those from peridotite melts, but exhibit clearly lower Ni contents (b2500 ppm) compared with expected
Ni range (N 3000 ppm) for olivines crystallized from olivine-free pyroxenite melts. Estimated compositions of the
ADB primary magmas, together with olivine compositions, suggest an iron-rich mantle source related with silicadeﬁcient pyroxenite that is most likely derived from deeply subducted Paciﬁc oceanic crust. Additionally, peridotite and recent subducted sediments are also required to account for high Ni and MgO in primary magmas together 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 our model, pyroxenite melts would either react
with or mechanically mix with peridotite, and the proportion of pyroxenite melts may range from 30% to 45% for
mechanical mixing scenario. A continuous spectrum from tholeiitic to alkali melts revealed by melt-peridotite reaction experiment can explain formation of primary magmas of basanites, alkali basalts and tholeiitic basalts by
increasing melting degree of a similar mantle source. Relatively higher 206Pb/204Pb of the ADB may suggest more
signiﬁcant role of recent (b 0.5 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 continental sediments. 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
directly 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 fragmented Paciﬁc slab (silica-deﬁcient 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 subduction of the Paciﬁc slab in geochemical and geodynamic processes.
© 2016 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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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 studies (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 a matter of heated debate, such as continental roots-plume tectonics (Deng et al., 1992, 2004), continental rifting (Liu et al., 2001), lithospheric thinning/delamination (Xu et al., 2005; Chu et al., 2013),
asthenospheric upwelling (Basu et al., 1991; Zou et al., 2008) and mantle transition zone (MTZ)-derived hydrous plume (Kuritani et al., 2011).
Albeit with much work, several equivocal questions still exist on magma
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
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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 eastern 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 provide 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 isotopes, and olivine major and minor elements for the ADB. Based on
whole-rock and olivine data, we suggest a mixed pyroxenite–peridotite

Fig. 1. (a) Simpliﬁed map showing the eastern Eurasian continent. Abbreviations: CAOB, central Asian orogenic belt; NCC, North China craton; SC, Siberian craton; TC, Tarim craton.
(b) Cenozoic intraplate basalts in eastern China (modiﬁed from Liu et al., 2001). DTGL represents Daxing'anling–Taihang gravity lineament. Red dots with numbers denote typical Cenozoic
volcanic ﬁelds in eastern China: 1, Abaga–Dalinuoer; 2, Chifeng; 3, Hannuoba; 4, Wulanhada; 5, Jining. Blue dashed line AB denotes transection from the Japan island arc via Changbai
volcano to Chifeng and Abaga–Dalinuoer based on tomography image in Huang and Zhao (2006). (c) Distribution of Late Cenozoic basalts and sample locations in Abaga–Dalinuoer volcanic ﬁeld (modiﬁed from Xiao et al., 2003; Ho et al., 2008). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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source lithology for the ADB that can better match observed whole-rock
and olivine signatures, compared with either peridotite only or olivinefree pyroxenite only source lithology. A petrogenetic model involving
upwelling of asthenosphere and fragmented Paciﬁc materials in response to rollback of deeply subducted Paciﬁc slab is proposed as
geodynamic mechanism responsible 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 granitic magma intrusion during Late Paleozoic to Mesozoic 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 alkaline 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 and Mongolia is probably the largest Cenozoic volcanic ﬁeld in East Asia (Wiechert et al.,
1997).
3. Petrography
Fifteen samples of massive 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 classiﬁcation, 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

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 removing minerals that may contain excess argon (e.g., olivine,
pyroxene and plagioclase), fresh matrix of selected basalts were
crushed into powders of 40–60 mesh in size for whole-rock K–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 powders were cleaned with 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
MM1200 mass spectrometer connected to a puriﬁcation and extraction
system at the Institute of Geology, Chinese Earthquake Administration
(IGCEA, Beijing, China). More detailed analytical procedures were reported by Zhu et al. (2001). K–Ar dating results of the ADB are presented
in Table 2.
4.2. Whole-rock major and trace element analyses
For major element analyses, 0.5 g whole-rock powders were accurately weighed and then ignited at 1000 °C for about 60 min. Loss on ignition (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 elements were determined on fused glass discs by X-ray ﬂuorescence spectroscopy (XRF) using an Axios-Minerals instrument at the Institute

Table 1
Phenocryst and groundmass mineral assemblages of the ADB.
Sample no.

Locality

Rock type

Phenocryst

Groundmass

100913-5
100913-6
100913-7
100913-8
100916-3
100913-1
100914-1
100914-2
100916-2
100916-4
100913-2
100913-3
100913-4
100915-1
100916-1

Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer
Abaga
Abaga
Dalinuoer
Abaga
Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer

Basanite
Basanite
Basanite
Basanite
Basanite
Alkali basalt
Alkali basalt
Alkali basalt
Alkali basalt
Alkali basalt
Tholeiitic basalt
Tholeiitic basalt
Tholeiitic basalt
Tholeiitic basalt
Tholeiitic basalt

Ol
Ol
Ol
Ol
Ol
Ol + Cpx
Ol + Cpx
Ol + Cpx
Ol + Cpx
Ol + Cpx
Ol + Cpx
Ol + Cpx
Ol + Cpx
Ol + Cpx
Ol + Cpx

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

Abbreviations: Ol, olivine; Cpx, clinopyroxene; Pl, plagioclase.
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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.

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 to monitor
Table 2
Whole-rock K–Ar dating results of the ADB.
Sample
no.

Locality

Rock type

K
(%)

40
Ar rad
(mol/g)

40

Ar
rad (%)

Age
(±1σ, Ma)

100916-3
100914-2
100916-2
100916-4
100913-4

Dalinuoer
Abaga
Dalinuoer
Abaga
Dalinuoer

Basanite
Alkali basalt
Alkali basalt
Alkali basalt
Tholeiitic
basalt

1.58
1.26
1.35
1.09
1.29

5.32 × 10−12
7.59 × 10−12
4.18 × 10−12
1.35 × 10−11
6.37 × 10−12

56.28
67.16
28.21
82.9
77.03

1.94 ± 0.07
3.47 ± 0.10
1.78 ± 0.05
7.14 ± 0.18
2.84 ± 0.06

Parameters for

40

K: 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 method has a relative standard deviation (RSD) of 0.1–1%. Major element
compositions of the ADB are presented in Table 3.
Trace element compositions were 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 instrument 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 standard materials. Analytical
results of standard materials are in excellent agreement with
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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

Locality

Dalinuoer

Dalinuoer

Dalinuoer

Dalinuoer

Dalinuoer

Dalinuoer

Abaga

100914-2
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
TiO2
Al2O3
Fe2OT3
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
Mg-no.
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Sc
V
Cr
Co
Ni
Cu
Zn
Ga
Rb
Sr
Y
Zr
Nb
Ba
Hf
Ta
Pb
Th
U

43.03
3.49
12.25
14.35
0.17
10.48
9.65
3.17
2.18
0.78
−0.02
0.64
46.60
89.0
11.28
45.36
10.20
2.93
8.31
1.18
6.02
1.02
2.48
0.32
1.82
0.25
21.87
281.79
183.51
65.00
207.09
65.14
140.53
23.01
52.2
826.8
24.9
255.6
67.21
715.6
6.41
4.56
3.0
6.33
1.42

43.27
3.23
12.05
14.31
0.17
10.28
9.33
3.95
2.43
0.95
−0.62
0.64
52.07
99.1
12.43
49.40
11.09
3.15
9.02
1.25
6.31
1.07
2.45
0.30
1.62
0.21
19.36
244.32
169.47
61.37
209.40
64.63
146.00
23.73
46.4
896.8
25.3
268.3
74.12
671.6
6.63
4.94
3.4
7.10
1.77

42.96
3.20
11.99
14.28
0.17
10.39
9.22
3.50
2.42
0.90
0.36
0.64
52.12
99.1
12.44
49.69
10.98
3.15
9.05
1.24
6.26
1.07
2.43
0.30
1.57
0.21
20.70
233.89
181.22
61.24
215.82
62.48
145.79
23.42
46.6
708.4
25.0
266.2
74.02
659.0
6.61
4.94
3.4
7.13
1.70

43.77
3.55
12.29
14.31
0.16
10.73
8.76
3.16
2.43
0.68
0.00
0.65
37.97
71.8
9.17
37.31
8.65
2.50
7.18
1.04
5.42
0.98
2.22
0.29
1.66
0.23
19.58
264.94
177.93
69.57
251.16
66.06
136.27
22.27
57.7
664.1
22.4
212.1
56.24
769.8
5.51
3.75
2.1
5.23
1.22

44.29
2.93
11.87
14.61
0.18
11.35
8.67
3.52
1.80
0.86
−0.66
0.66
45.51
88.4
11.13
45.22
10.41
3.10
8.92
1.26
6.38
1.11
2.50
0.31
1.67
0.24
21.53
213.69
353.67
61.33
312.18
57.47
167.47
23.33
38.8
814.7
26.5
255.8
63.58
569.2
6.33
4.12
3.6
5.78
1.50

48.44
2.69
13.51
12.51
0.16
7.28
9.25
3.01
2.03
0.66
0.40
0.59
32.21
60.8
8.04
32.94
8.01
2.52
6.74
1.00
5.23
0.92
2.17
0.29
1.60
0.23
20.89
206.45
202.14
47.40
108.26
48.97
130.17
22.43
31.8
716.4
22.0
206.8
46.62
624.2
5.28
3.03
3.2
4.38
1.12

44.90
3.22
12.42
13.57
0.21
8.18
9.89
3.51
1.65
0.92
1.26
0.60
48.12
91.4
11.73
47.86
11.05
3.15
9.06
1.28
6.48
1.09
2.57
0.33
1.87
0.26
19.63
214.36
180.37
55.12
174.46
54.74
144.35
22.42
26.9
899.1
26.2
237.7
60.93
675.4
5.96
3.84
3.4
5.89
1.27

47.06
2.60
12.49
12.74
0.16
9.57
8.96
3.61
1.28
0.78
0.28
0.65
42.12
79.3
10.06
40.81
9.54
2.72
7.88
1.12
5.84
1.02
2.43
0.32
1.83
0.27
21.41
203.94
275.34
54.69
231.89
68.42
134.46
21.51
18.1
773.9
23.9
217.2
56.93
594.5
5.46
3.52
3.5
5.81
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

SiO 2
TiO2
Al2O3
Fe2OT3
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
Mg-no.
La
Ce
Pr
Nd
Sm
Eu
Gd

46.13
2.60
12.27
13.74
0.17
10.74
8.57
3.57
1.58
0.78
−0.72
0.66
38.63
75.8
9.47
38.29
9.07
2.70
7.82

49.96
2.52
13.31
12.42
0.14
7.70
8.53
3.21
1.47
0.45
−0.40
0.61
20.92
40.6
5.61
24.05
6.43
1.95
5.69

50.09
2.47
13.14
12.56
0.15
8.26
8.68
3.14
1.42
0.44
−0.46
0.62
20.44
39.9
5.43
23.44
6.20
1.88
5.51

45.51
2.91
11.16
13.88
0.17
9.81
10.69
2.59
1.24
0.58
1.44
0.64
32.15
64.8
8.39
34.98
8.87
2.69
7.81

48.71
2.44
12.88
12.13
0.14
7.61
8.37
3.14
1.44
0.44
2.40
0.61
21.16
41.3
5.66
24.26
6.37
1.93
5.72

50.06
2.47
13.33
12.69
0.14
7.25
8.49
3.17
1.46
0.46
0.28
0.59
21.25
41.4
5.53
23.62
6.30
1.96
5.78

50.21
2.45
13.35
12.47
0.14
7.86
8.70
3.16
1.41
0.43
−0.36
0.61
20.70
40.7
5.47
23.30
6.19
1.95
5.68
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Table 3 (continued)
Sample no.

100916-2

100916-4

100913-2

100913-3

100913-4

100915-1

Locality

Dalinuoer

Abaga

Dalinuoer

Dalinuoer

Dalinuoer

Dalinuoer

100916-1
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
Dy
Ho
Er
Tm
Yb
Lu
Sc
V
Cr
Co
Ni
Cu
Zn
Ga
Rb
Sr
Y
Zr
Nb
Ba
Hf
Ta
Pb
Th
U

1.12
5.82
1.03
2.38
0.31
1.76
0.24
23.39
204.83
371.34
56.98
303.96
53.41
152.02
22.11
30.1
700.5
24.2
218.7
52.52
445.3
5.71
3.41
3.1
5.02
1.28

1.12
5.92
1.08
2.44
0.31
1.71
0.23
25.23
222.92
351.64
57.44
267.33
63.29
152.55
20.49
20.7
663.0
25.0
210.5
39.59
430.0
5.64
2.56
2.6
3.59
0.92

0.87
4.64
0.83
2.04
0.27
1.55
0.22
20.59
195.71
196.08
50.43
152.59
58.73
127.01
21.58
28.2
491.5
20.5
164.2
29.29
311.4
4.37
1.92
2.3
3.13
0.73

0.86
4.69
0.85
2.01
0.26
1.53
0.22
21.06
201.74
183.09
50.27
150.45
40.40
125.43
21.35
27.1
490.0
20.1
154.9
28.68
312.6
4.27
1.91
2.2
3.07
0.69

0.83
4.55
0.85
2.02
0.26
1.51
0.21
20.84
196.06
216.79
53.28
173.35
47.41
124.12
21.04
26.3
490.8
20.1
153.9
28.03
306.7
4.18
1.85
2.1
2.97
0.49

0.87
4.63
0.84
1.99
0.26
1.58
0.22
21.64
193.84
201.77
51.02
166.21
58.98
135.71
21.73
28.7
496.1
20.5
158.3
27.98
358.1
4.30
1.84
2.9
3.20
0.91

0.85
4.57
0.83
1.96
0.26
1.55
0.22
22.03
194.75
205.85
50.73
160.89
62.16
135.40
21.82
28.2
504.3
19.8
153.4
27.31
326.3
4.18
1.81
3.0
3.14
0.63

Site no. for each sample refers to number of sample locality in Fig. 1c.
Fe2OT3 means that total Fe is given as Fe2O3.
Mg-no. = Mg/(Mg + Fe2+), calculated assuming Fe2O3/(FeO + Fe2O3) = 0.1.

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 isotope 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 before 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

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 standard were 87Sr/86Sr = 0.710242 ± 0.000012 (n = 4, 2 SD) and
143
Nd/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,

Table 4
Sr and Nd isotopic compositions of the ADB.
Sample no.

Locality

Rock type

87

Rb/86Sr

87

Sr/86Sr ± 2σ

100913-5
100913-6
100913-8
100916-3
100913-1
100914-1
100914-2
100916-2
100916-4
100913-2

Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer
Abaga
Abaga
Dalinuoer
Abaga
Dalinuoer

Basanite
Basanite
Basanite
Basanite
Alkali basalt
Alkali basalt
Alkali basalt
Alkali basalt
Alkali basalt
Tholeiitic basalt

0.1826
0.1498
0.2514
0.1378
0.1284
0.0866
0.0676
0.1243
0.0903
0.1659

0.703946 ± 12
0.703726 ± 12
0.703785 ± 14
0.703796 ± 10
0.704800 ± 12
0.704469 ± 12
0.704375 ± 10
0.703901 ± 09
0.704180 ± 10
0.704268 ± 13

(87Sr/86Sr)i

εSr(i)

147

Sm/144Nd

0.703942
0.703722
0.703780
0.703793
0.704797
0.704463
0.704371
0.703898
0.704171
0.704261

−7.89
−11.0
−10.2
−10
4.24
−0.45
−1.77
−8.51
−4.55
−3.34

0.1360
0.1358
0.1401
0.1392
0.1471
0.1396
0.1413
0.1433
0.1533
0.1588

143

Nd/144Nd ± 2σ

0.512897 ± 13
0.512868 ± 13
0.512891 ± 13
0.512912 ± 12
0.512819 ± 14
0.512874 ± 12
0.512895 ± 13
0.512881 ± 12
0.512900 ± 11
0.512875 ± 13

(143Nd/144Nd)i

εNd(i)

0.512896
0.512866
0.512890
0.512910
0.512817
0.512870
0.512892
0.512880
0.512893
0.512872

5.07
4.49
4.95
5.35
3.53
4.65
5.04
4.76
5.14
4.64

Chondritic uniform reservoir (CHUR) at the present day [(87Rb/86Sr)CHUR = 0.0847 (McCulloch and Black, 1984); (87Sr/86Sr)CHUR = 0.7045 (DePaolo, 1988); (147Sm/144Nd)CHUR = 0.1967
(Jacobsen and Wasserburg, 1980); (143Nd/144Nd)CHUR = 0.512638 (Goldstein et al., 1984)] was used for the calculations. λRb = 1.42 × 10−11 year−1 (Steiger and Jäger, 1977); λSm = 6.54 ×
10−12 year−1 (Lugmair and Marti, 1978). Both εSr(i) and εNd(i) were obtained by using ages of dated samples summarized in Table 2 and age data in literature (Luo and Chen, 1990; Liu et al.,
1992; Ho et al., 2008; Shao et al., 2008; Chen et al., 2013).
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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 agreement with NBS981 data recommended by Galer and Abouchami (1998). Pb isotopic compositions
of the ADB are presented in Table 5.

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

Ol

Opx

Cpx

Grt

DLa
DDy
DYb

0.0004
0.0017
0.0015

0.002
0.022
0.049

0.054
0.33
0.28

0.01
1.06
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 peridotite 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) with mineral modes (Ol 0.53, Opx 0.08, Cpx 0.34, Grt 0.05; Salters and Stracke, 2004).

4.4. Olivine composition analyses
Olivine major and minor elements were determined by electron microprobe (EMP) technique at the IGGCAS, following two sets of analytical 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
electron microprobe under 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 rhodonite, 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 precisions 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.

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/39Ar methods
(Shao et al., 2008). As shown in Fig. 3, volcanism in the ADVF ﬁrstly occurred 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. 25–15 Ma; Tatsumi et al., 1990; Jolivet et al., 1994), suggesting possible 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 low SiO2 (42.3–50.2 wt.%), high MgO
(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 between 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 between 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

Table 5
Pb isotopic compositions of the ADB.
Sample no.

Locality

Rock type

206

Pb/204Pb

100913-5
100913-6
100913-8
100916-3
100913-1
100914-1
100914-2
100916-2
100916-4
100913-2

Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer
Dalinuoer
Abaga
Abaga
Dalinuoer
Abaga
Dalinuoer

Basanite
Basanite
Basanite
Basanite
Alkali basalt
Alkali basalt
Alkali basalt
Alkali basalt
Alkali basalt
Tholeiitic basalt

18.498
18.471
18.462
18.400
18.372
18.499
18.532
18.423
18.507
18.526

207

Pb/204Pb

15.576
15.543
15.524
15.504
15.543
15.535
15.592
15.513
15.512
15.540

208

Pb/204Pb

38.410
38.377
38.344
38.236
38.349
38.361
38.373
38.303
38.332
38.377

238

U/204Pb

28.815
32.404
36.001
25.565
22.010
23.042
20.598
25.674
21.700
19.657

235

U/204Pb

0.212
0.238
0.264
0.188
0.162
0.169
0.151
0.189
0.159
0.144

232

Th/204Pb

133.160
134.628
159.357
102.143
88.552
110.249
105.289
104.255
87.175
86.897

(206Pb/204Pb)i

(207Pb/204Pb)i

(208Pb/204Pb)i

18.491
18.463
18.454
18.392
18.367
18.481
18.521
18.416
18.483
18.517

15.576
15.543
15.524
15.504
15.543
15.534
15.591
15.513
15.511
15.540

38.400
38.367
38.332
38.226
38.342
38.334
38.355
38.294
38.301
38.365

λU238 = 0.155125 × 10−9 year−1, λU235 = 0.98485 × 10−9 year−1 and λTh232 = 0.049475 × 10−9 year−1 (Steiger and Jäger, 1977). (207Pb/204Pb)NHRL = 0.1084 × (206Pb/204Pb)i + 13.491
(Hart, 1984); (208Pb/204Pb)NHRL = 1.209 × (206Pb/204Pb)i + 15.627 (Hart, 1984). Initial Pb isotope ratios were obtained by using ages of dated samples summarized in Table 2 and age data
in literature (Luo and Chen, 1990; Liu et al., 1992; Ho et al., 2008; Shao et al., 2008; Chen et al., 2013).
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positive Ba, Nb and Ta anomalies and high LREE contents (Fig. 6b), indicating an enriched mantle source.
5.3. Whole-rock Sr–Nd–Pb isotopes

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).

due to their limited MgO contents (Fig. 5), nevertheless, positively correlated Ni–MgO trend indicates olivine-controlled fractionation
(Fig. 5h).
As shown in Fig. 6, the ADBs display trace element patterns that resemble 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 characterized by variable degrees of enrichment in light rare earth elements
(LREE) over heavy rare earth elements (HREE) and the absence of negative Eu anomaly (Fig. 6a). The extent of fractionation between LREE
and HREE decreases from basanites (La/Yb = 22.9–33.2) via alkali basalts (La/Yb = 18.8–25.8) to tholeiitic basalts (La/Yb = 13.4–13.7), suggesting different primary magmas for the three magma 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 subalkaline 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.

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 and Hart, 1986). Uniform whole-rock Sr–Nd–Pb isotopes in basanites, alkali basalts and tholeiitic basalts (Figs. 7 and 8), together 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 coincide 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 subdivided 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 disaggregated 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 (0.13–0.30 wt.%; 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 crystallization (Fig. 9b). Although olivine phenocrysts with maximum Fonumbers 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 phenocrysts 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 Fonumber, 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 reequilibrium, xenocryst rims tend to overlap with olivine phenocrysts
in compositions (e.g., Fo-number and CaO; Fig. 9a).
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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) versus MgO (wt.%) for the ADB. The symbols are as
in Fig. 4.

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) from primary magmas of each ADB magma 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
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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 primitive mantle normalization values are from Sun and McDonough (1989). Gray area represents data in previous studies (Ho et al., 2008; S.-S.
Chen et al., 2015; Guo et al., 2016).

contents decrease with falling MgO (Fig. 5a–h), apparently indicating
fractional crystallization of olivine. Nearly constant CaO with decreasing
MgO suggests that removal of clinopyroxene from primary magmas of
alkali basalts is insigniﬁcant (Fig. 5e). The weak positive correlation between 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 fractionation for alkali basalts can also be conﬁrmed by constant FeOT with
varying MgO (Fig. 5c), because olivine-only fractionation would generate ﬂat MgO–FeO trend (Putirka, 2005). Similar to alkali basalts, tholeiitic 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 (N 7 wt.%) of all the ADBs,
whole-rock geochemical covariations controlled by olivine fractionation are consistent with the liquid line of descent for high MgO 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 ascent within thick continental crust. Nevertheless, several lines of evidence argue against the signiﬁcant role of crustal contamination in

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 contamination. As shown in Fig. 12c, most ADB samples have Ce/Pb and Nb/U ratios 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 ADB magmas rather than crustal contamination. Relatively
lower Ce/Pb of minor tholeiitic basalts may suggest post-magmatic processes because of the mobility of Pb (Xu et al., 2005), and an alternative
explanation for low Ce/Pb (b 20) 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 of mantle-derived magmas (Fig. 12f). Therefore, we conclude that effects of crustal contamination are insigniﬁcant in petrogenesis 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 ADB magmas by subcontinental lithospheric mantle (SCLM) following above method.

6.2. Mantle source lithology

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, enriched mantle (EM1 and EM2), MORB and OIB are from Zindler and Hart (1986).

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 experimental 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
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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. The Northern Hemisphere Reference Line (NHRL) is shown for reference (Hart, 1984). Reference ranges for EM1-type OIB and EM2-type OIB are
from Willbold and Stracke (2006) and Stracke (2012). Data sources are as in Fig. 7.

(e.g., pyroxenite) and peridotite contribute to basaltic primary magmas
is critical to understanding origin and geochemical diversity of continental intraplate basalts.
6.2.1. Constraints from major and trace elements
As indicated by whole-rock geochemical covariations (Fig. 5), the
ADB magmas are predominantly affected by olivine fractionation during
transit in lithosphere, suggesting that olivine fractionation must be
corrected before exploring mantle 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-

numbers (b 85) and lower NiO contents (b 0.3 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 olivine phenocrysts may have close afﬁnity with mantle source ironenrichment 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

Fig. 9. (a) CaO (wt.%) versus Fo (mol%) diagram for discrimination between magmatic phenocrysts and mantle xenocrysts for the ADB olivines. Olivine phenocrysts in Cenozoic basalts
from eastern China are based on published data in Z. Xu et al. (2012), Hong et al. (2013), H. Chen et al. (2015), J. Liu et al. (2015) and Qian et al. (2015). (b) Olivine Fo (mol%) versus
whole-rock Mg# for the ADB olivines. Reference Fe-Mg exchange coefﬁcient (KD = 0.3 ± 0.03) is from Roeder and Emslie (1970). Abbreviations: BAS, basanite; AB, alkali basalt; TB, tholeiitic basalt; Pheno, phenocryst; Xeno, xenocryst.
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Fig. 10. Core-to-rim variations in Ni (wt.%) and Fo-numbers (mol%) for olivine phenocrysts (a) and xenocrysts (b) in the ADB.

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 elements were 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 backscattered electron image of olivine xenocryst 16-3-Ol-31 (b) and 16-3-Ol-35 (c).

identiﬁed by major element data. A prominent signature of the ADB primary magmas is the low CaO content (7.94–9.45 wt.%; Fig. 13), compared with peridotite partial melts (Herzberg and Asimow, 2008).
Given that CaO is more compatible in pyroxenite source relative to peridotite 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 peridotite (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 primary magmas exhibit lower Al2O3 at given MgO 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 necessary contributions from silica-deﬁcient pyroxenite are required for origin 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
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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).

(Fig. 15a) relative to global MORB that mainly originate from spinelfacies 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 systematics (Stracke and Bourdon, 2009). For example, low La/Nb ratios
combined with enriched isotopic compositions have been considered
as effective features for pyroxenite-derived melts 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 depleted 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 between 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 demonstrated 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 low whole-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-CaO magmas tend to capture
less CaO relative to those from peridotite-derived magmas (Herzberg,
2006, 2011), coupled whole-rock and olivine Ca contents would indicate contributions from pyroxenite in which bulk distribution coefﬁcient (D) for CaO is generally high (N1). Therefore, clinopyroxene
must be an important residual mineral during partial melting of mantle
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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).

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 compositions and forsterite content of olivine (Simkin and Smith, 1970;
Kamenetsky et al., 2006). Given no systematic variations in wholerock 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.
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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 (b 3000 ppm) are common
in Cenozoic sodic basalts from eastern China (Fig. 16b). Clearly, it is unrealistic that all the high-Fo (N 85) 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 Fonumbers 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 pyroxenite melt-peridotite reaction, because pyroxenite melts that reacted with peridotite will be in equilibrium with olivine with lower Fo (b85) than peridotite melts (Mallik and Dasgupta,
2013). We suggest that iron-enrichment of the ADB and olivine phenocrysts 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 pyroxenite 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 formation of olivine-free pyroxenite. However, reaction between peridotite
and silica-deﬁcient pyroxenite melts cannot generate olivine-free lithology, 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 produce melts in which the ADB olivines with lower Mn contents at given

Fig. 14. (a) FeOT (wt.%) versus MgO (wt.%), (b) TiO2 (wt.%) versus MgO (wt.%), (c) Al2O3 (wt.%) versus MgO (wt.%) and (d) CaO/Al2O3 versus MgO (wt.%) for the ADB primary magmas
compared with high-pressure experimental partial melts of various potential mantle lithologies. Data source: dry peridotite (Takahashi and Kushiro, 1983; Takahashi, 1986; Hirose and
Kushiro, 1993; Takahashi et al., 1993; Kushiro, 1996), carbonated peridotite (Hirose, 1997; Dasgupta et al., 2007), dry quartz eclogite (Pertermann and Hirschmann, 2003a, 2003b), dry
garnet pyroxenite MIX1G and 77SL-852 (Hirschmann et al., 2003; Kogiso et al., 2003; Keshav et al., 2004), dry eclogite B-ECL1 (Kogiso and Hirschmann, 2006) and carbonated eclogite
SLEC1 (Dasgupta et al., 2006). Compositions of global OIB are compiled from the GEOROC database.
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Fig. 15. (a) Dy/Yb versus La/Yb diagram showing mechanical 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).

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 pyroxenite (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 correlation 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

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 appropriate choice for their mantle source lithology. However, owing to
its low Ni contents (typically b 100 ppm), silica-deﬁcient pyroxenite
cannot produce melts with high Ni contents (300–450 ppm in equilibrium with Fo85 olivine; see details in Supplementary Table S9) that are

Fig. 16. Compositions of olivine phenocrysts in the ADB compared with calculated olivines from partial melts of peridotite and stage 2 pyroxenite after Herzberg (2011). The Koolau olivines in
Sobolev et al. (2007) are also shown. Olivine phenocrysts in Cenozoic basalts from eastern China are based on published data in Z. Xu et al. (2012), Hong et al. (2013), H. Chen et al. (2015),
J. Liu et al. (2015) and Qian et al. (2015). (a) Ca (ppm) versus Fo (mol%), (b) Ni (ppm) versus Fo (mol%), (c) Mn (ppm) versus Fo (mol%) and (d) Fe/Mn versus Fo (mol%).
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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 10 most 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).

comparable to the ADB primary magmas. Therefore, peridotite contribution 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 pyroxenite (Pertermann and Hirschmann, 2003a, 2003b), bimineralic eclogite
(Kogiso and Hirschmann, 2006) and carbonated eclogite (Dasgupta
et al., 2006). Potential mechanisms responsible for peridotite contribution in addition to silica-deﬁcient pyroxenite may include but not limited 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 asthenosphere mainly 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
and White, 1982; Helffrich and Wood, 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 likely to be origin of silica-deﬁcient pyroxenite. Although subduction of the
Paleo-Asian oceanic plate during Paleozoic times may have contributed
to mantle enrichment (Y. Liu et al., 2015), this possibility can be excluded 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, dehydration 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 extremely high Fe/Mn (Mallik and Dasgupta, 2012). Following the equation (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 pyroxenite melts in a modal batch melting scenario for Dy/Yb–La/Yb variations 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 pyroxenite 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 emphasize 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 enlightening for interpreting origin of Cenozoic sodic basalts in eastern China. It
has been proposed that recycled pyroxenite has the capacity to introduce 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 components 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 radiogenic 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 sediments (including those from Japan island arc) have remarkable radiogenic 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
206
Pb/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
206
Pb/204Pb after long-time (e.g., N 1.5 Ga) isolation (Murphy et al.,
2002; Rapp et al., 2008), which has been taken as the EM1
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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, which matches well with spatial variations in Pb isotope systematics 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.
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 explain spatial variations in Pb isotope systematics and slab-mantle structure.

component captured by basaltic magmas in eastern China
(e.g., Kuritani et al., 2011, 2013). The MTZ-derived EM1 model, if correct, would match well with the remarkable gap in 206Pb/204Pb between 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 account 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 lithology 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 variations 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 subduction 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 reﬂect varying inﬂuence of EM1 components on mantle source of basaltic
magmas erupted inside (represented by Changbai basalts) of and outside (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 sediments 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 difﬁcult to preserve, which instead highlights the role of deeply subducted
Paciﬁc materials in origin of the ADB (Fig. 18). Furthermore, it is

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 eastern China (Zhang et al., 2015a) and synchronous lithospheric extensional 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 important geodynamic event that is comparable to opening of the Japan Sea.
Combined with eruption ages of the ADB and results of plate reconstruction 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 decompression 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), suggesting close afﬁnity between the ADB and deep subduction of the Pacific 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 suggest that the ADB can shed light on recent geodynamic modeling 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 peridotite 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
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Fig. 19. Petrogenetic model for the ADB (not to scale). (a) The Japan Sea opened during ca. 25–15 Ma (Tatsumi et al., 1990; Jolivet et al., 1994) and volcanism mainly 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 the ADVF, suggesting close afﬁnity with asthenospheric upwelling and decompression melting induced by rollback of the Paciﬁc slab (Schellart, 2005; Miller
et al., 2006).

deeply subducted Paciﬁc slab. Moreover, peridotite contribution is also
required for high Ni and MgO of the ADB primary magmas. Instead of either peridotite only or olivine-free pyroxenite only source lithology, we
suggest a more plausible scenario involving both silica-deﬁcient pyroxenite and peridotite in mantle source of the ADB magmas. In the mixed
pyroxenite–peridotite model, pyroxenite melts would either react with
or mechanically mix with peridotite. Experimentally-determined continuous 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 directly 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 reaction or mechanical mixing with peridotite can be triggered by rollback
of the deeply subducted Paciﬁc slab during Late Cenozoic times.
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