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ARTICLE INFO ABSTRACT

Cenozoic intraplate basalts are low in volume but widespread in eastern China. They are predominantly alkaline
and have oceanic island basalt (OIB)-like trace element compositions. Despite numerous studies, the origin of
Cenozoic basalts in eastern China remains elusive. Possible roles of lithosphere thickness, subduction of Pacific
plate and lithosphere-asthenosphere interaction in triggering spatial geochemical variations have not yet been
clarified. Here, we have carried out mineral chemistry, major and trace element and Sr—Nd—Hf isotope analyses
of the late Cenozoic (< 20 Ma) basaltic rocks from the Changbaishan-Baoqing Volcanic Belt (CVB), NE China,
which revealed clear spatial compositional variations. The North CVB is dominated by basanites and alkali
basalts with OIB-like trace element patterns and depleted Sr—Nd—Hf isotopic compositions
(8781/%6Sr = 0.7039-0.7047, eng = 3-5.6; ¢ = 6.7-12), which may have been derived from low degree partial
melting of a depleted source from asthenospheric mantle beneath a thick lithosphere. On the other hand, the
South CVB consists of both alkali and sub-alkali lavas (alkali basalts, tholeiites and basaltic andesites) that
display generally higher SiO,, Sm/Nd, Ba/Nb, Th/U, and lower Nb/Th, La/Sm and more enriched Sr—Nd—Hf
isotopic compositions (57Sr/%6Sr = 0.7038-0.7056, exqg = —2.4— +3.2; eye = 3-8.2). These rocks may have
been produced by larger degrees of partial melting of asthenospheric mantle beneath a relatively thin litho-
sphere. Ancient metasomatized lithospheric mantle might also have contributed to their genesis. In addition, the
similar ranges of Mn, Ni and Fe/Mn for olivine phenocrysts from both the North and the South CVB suggest that
they may have been derived from hybrid mantle sources containing similar proportions of peridotite and pyr-
oxenite/eclogite components. We propose that decompression melting of upwelling asthenosphere and me-
chanical-chemical erosion of basal lithosphere related to lithosphere-asthenosphere interaction responsible for
the genesis of the CVB magmas were likely associated with upper mantle convection and back-arc extension
induced by deep subduction of the Pacific plate and its stagnancy in the transition zone.
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1. Introduction

The large compositional variations observed in intraplate basalts
remain a poorly understood feature of igneous petrogenesis. Variations
in magma compositions may result from the combined effects of the
extent and depth of melting (e.g., McKenzie and Bickle, 1988), mantle
source variation (e.g., Hofmann, 1997; Sobolev et al., 2007), and li-
thosphere (crust + mantle) contamination and complex magma differ-
entiation processes (e.g., Hawkesworth et al., 1984; Arndt and
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Christensen, 1992). The extent and depth of melting are further con-
trolled by variations in lithospheric thickness (e.g., Langmuir et al.,
1992; Fram and Lesher, 1993; Humphreys and Niu, 2009) and mantle
source lithology (peridotite vs. pyroxenite, e.g., Kogiso et al., 2003;
Sobolev et al., 2005). Therefore, in order to understand the petrogenesis
of intraplate basalts from a specific area or on a global scale, the effect
of each of these processes should be identified.

Cenozoic basalts in eastern China are low in volume
(< 10,000 km®) and are primarily alkali basalts with minor quartz and
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olivine tholeiites with an oceanic island basalt (OIB)-like trace element
composition and a heterogeneous isotopic signature (e.g., Basu et al.,
1991; Liu et al., 1994). A high-velocity layer representative of the
stagnant subducted Pacific plate in the mantle transition zone
(410-660 km in depth) beneath eastern China has been imaged by P-
wave tomography (e.g., Fukao et al., 1992; Huang and Zhao, 2006).
Continental extension and upper mantle convection in eastern China,
induced by subduction of the Pacific plate underneath the Asian con-
tinent, has been widely accepted as a possible mechanism for the
genesis of the Cenozoic intraplate basaltic volcanism (e.g., Huang and
Zhao, 2006; Yan and Zhao, 2008; Zhao and Ohtani, 2009; Kuritani
et al., 2009, 2011, 2013; Xu et al., 2012; Sakuyama et al., 2013; Tang
et al., 2014; Liu et al., 2015; Huang et al., 2015; Li et al., 2016; Tian
et al., 2016; Liu et al., 2016, 2017; Li et al., 2017; Chen et al., 2017;
Choi et al., 2017; Wang et al., 2017), although alternative mechanisms
including upwelling of a mantle plume (Wang et al., 2012, 2013, 2015;
Yu et al., 2015a,b) or eastward asthenospheric flow from beneath
western China to eastern China (Niu, 2005; Guo et al., 2014) also have
been proposed. Previous studies also demonstrated that the Cenozoic
basalts from North and northeastern China are dominated by mixing of
the depleted MORB source mantle (DMM) and the EM1 (“Enriched
Mantle”-1, as defined by Zindler and Hart, 1986) components (e.g.,
Zhang et al., 1995; Yan and Zhao, 2008; Kuritani et al., 2011, 2013;
Zeng et al., 2011; Li et al., 2016), whereas those from South China are
dominated by EM2 (“Enriched Mantle”-2) and DMM components (e.g.,
Zou et al., 2000; Huang et al., 2013). The origin of these mantle source
components is still controversial. Some authors suggested that the DMM
and EM1 components were derived from typical asthenospheric mantle
peridotite and ancient metasomatized peridotite in the sub-continental
lithospheric mantle (SCLM), respectively (Zhang et al., 1995; Okamura
et al.,, 2005; Yan and Zhao, 2008). Others proposed that the DMM
mantle component consists of carbonated peridotites or pyroxenites
(Zeng et al., 2010, 2011, 2017; Yang et al., 2012; Tian et al., 2016; Li
et al., 2016; Li et al., 2017). The EM1 mantle component may represent
recycled lower continental crust (Chen et al., 2009; Zeng et al., 2010,
2011) or ancient garnet pyroxenite within the asthenosphere (Li et al.,
2016). In addition, some other authors argued that the EM1 mantle
component consists of ancient marine sediments related to ancient
subduction (Kuritani et al., 2011, 2013; Liu et al., 2015; Wang et al.,
2017).

The Changbaishan-Baoqing Volcanic Belt (CVB), the northern part
of the Cenozoic intraplate volcanic belt in eastern China, consists of
numerous volcanoes with ages ranging from 49 Ma to recent. The CVB
was largely associated with the activation and development of the
Fushun-Mishan fault (Liu et al., 1992a, Fig. 1). The lithospheric thick-
ness beneath the South CVB is between 60 and 80 km (Fig. 1c¢, Zheng
et al., 2011), and it is between 100—120 km beneath the north CVB
(Fig. 1c, Zhang et al., 2014). The depth of the LAB (lithosphere-asthe-
nosphere boundary) is estimated from SRFs (S-wave receiver functions)
as the median depth among the ten most negative values in the vertical
CCP (common conversion point) profiles (Zhang et al., 2014). Given the
difference in lithospheric thickness in this region, basaltic lavas in the
CVB may display spatial compositional variation because the litho-
spheric thickness controls the final pressure of decompression melting
and the corresponding depth defines the bulk distribution coefficients
of elements in the source, which ultimately governs the geochemistry of
intraplate basalts (Niu et al., 2011; Humphreys and Niu, 2009). How-
ever, previous studies about this volcanic belt mainly focused on the
genesis of basalts from an individual volcanic field, such as Jingbohu
and Changbaishan (Yan and Zhao, 2008; Kuritani et al., 2009, 2011).
For example, Yan and Zhao (2008) considered that the source of the
Jingbohu alkali basalts contains an EM1 component which is likely
derived from the lithospheric mantle due to lithosphere-asthenosphere
interaction. In contrast, Kuritani et al. (2009, 2011) argued that the
EM1 mantle component in the source of the Changbaishan basalts is
possibly derived from the ancient subducted oceanic slab in the mantle
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transition zone. Spatial compositional variation for the CVB basalts has
not been reported before.

In order to better understand the spatial compositional variation for
the CVB lavas and their possible origins, we carried out an integrated
olivine chemical and whole-rock chemical and Sr—Nd—Hf isotopic
study of the CVB basaltic samples from Northeastern China. Based on
integration of our geochemical data with available geophysical in-
formation, a new tectonomagmatic model was proposed to account for
the generation of these CVB basaltic lavas.

2. Geological background and sampling
2.1. Geological background

Northeast China is composed of two major tectonic units, the
Xing’an Mongolian Orogenic Belt (XMOB) in the north, and the North
China Craton (NCC) in the south (Fig. 1a). The NCC is one of the oldest
tectonic units in China, preserving crustal rocks as old as 3.8 Ga (Liu
et al.,, 1992b). The XMOB is the eastern part of the Paleozoic Central
Asian Orogenic Belt, which is considered as a composite fold belt that
underwent collision and subduction between the NCC and the Siberian
Craton (Jahn et al., 2000). Since the late Mesozoic Era, NE China be-
came an important part of the circum-Pacific tectonic-magmatic belt.
During this stage, intensive deformation, mineralization, and igneous
activity occurred, including extensive eruption of intermediate-acid
volcanic rocks and wide-scale emplacement of granites. During the
Cenozoic Era, intraplate volcanism was widespread in northeastern
China and adjacent areas although volumetrically small. In an area of
about two million square kilometers, over 590 volcanoes developed,
emplacing basaltic rocks over an area of about 50000 km? (Fig. 1a, Liu,
1999; Ma et al., 2002). The erupted products have been grouped into
three successive episodes: (1) late Cretaceous-Paleogene sub-alkaline
and alkaline basalts; (2) Neogene alkali basalts with minor tholeiitic
basalts, and (3) Quaternary alkaline basalts (Fan and Hooper, 1989).
Individual lava flows are typically massive and aphyric or porphyritic at
base and gradually become vesicular to top. Mantle xenoliths, mainly
spinel lherzolite and harzburgite, are mostly found in the Neogene and
Quaternary alkaline basalts and are generally lacking in the tholeiitic
flows. These peridotite mantle xenoliths are mainly anhydrous and lack
metasomatic phases such as amphibole and phlogopite. Numerous
studies have been conducted on these rocks (e.g., Basu et al.,1991;
Tatsumoto et al.,1992; Zhang et al., 2000; Xu et al., 1998, 2003; Wu
et al., 2003; Yu et al., 2009, 2010, 2012). Peridotite xenoliths are es-
sentially Proterozoic in age according to their Re-Os isotopic compo-
sitions (Wu et al., 2003). They are considered to be ancient melting
residues that have experienced later pervasive metasomatism
(Tatsumoto et al., 1992; Zhang et al., 2000; Xu et al., 1998, 2003; Yu
et al., 2009, 2012). The CVB mainly consists of five volcanic fields
(Baoqing, Mudanjiang, Laoheishan, Dunhua and Changbaishan,
Fig. 1b). Detailed description of lavas in these volcanic fields is shown
in Electronic Appendix 1.

2.2. Samples and their petrography

The basaltic samples used in this study were collected from eleven
different locations in five volcanic fields (Baoging, Mudanjiang,
Laoheishan, Dunhua and Changbaishan, Fig. 1b). These samples are
massive and generally fresh with K-Ar or Ar-Ar ages ranging from 16.4
to less than 1 Ma (Electronic Appendix 2, Liu, 1987, Liu et al., 1992a,
Wang et al., 2003, Wei et al., 2007, Qin, 2008). Our basaltic samples are
classified primarily based on the total alkali versus silica (TAS) diagram
(Fig. 2, Le Bas et al., 1986). Samples from the Baoging and Mudanjiang
volcanic fields in the north part of the CVB mostly plot within the al-
kaline series field. They are compositionally basanite to alkaline basalt.
In contrast, samples from the Laoheishan, Dunhua and Changbaishan
volcanic fields in the south part of the CVB plot within both the alkaline
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Fig. 1. (a) Simplified tectonic scheme and distribution of Cenozoic basalts in northeastern China. The Cenozoic basalts in the red box belong to the Changbaishan-
Baoging Volcanic Belt (CVB). (b) The distribution of the Cenozoic basalts in the CVB. The CVB mainly consists of five volcanic fields (Baoqing, Mudanjiang,
Laoheishan, Dunhua and Changbaishan). Basaltic samples were collected from different locations: BS (Baishan), JY (Jingyu), FS (Fusong), LHS (Laoheishan), YMH
(Yanminghu), XKH (Xinkaihe), JBH (Jingbohu), MD (Mudanfeng), DMG (Daimagou), JD (Jidong), XK (Xingkai). TLFZ (Tanlu fault zone), FMFZ (Fushun-Mishan fault
zone). The red triangle represents the sample location for the Jiaohe garnet pyroxenite. (c) Estimated lithospheric thickness along the lines shown in Fig. 1a (modified

after Zheng et al., 2011; Zhang et al., 2014).

series and sub-alkaline series fields. They display variable kinds of li-
thological types (including alkaline basalt, tholeiite and basaltic ande-
site). Given the spatial difference in lithological type, basaltic samples
from the CVB are divided into the two groups of “North CVB” and
“South CVB” (Fig. 2). Alkaline lavas from the Baoqing and Mudanjiang
volcanic fields belong to the “North CVB” group. Alkaline and sub-al-
kaline lavas from the Laoheishan, Dunhua and Changbaishan volcanic
fields belong to the “South CVB” group. Basanites from the North CVB
have high normative nepheline (10-17%), in contrast to generally low
normative nepheline (< 10%) in alkali basalts (Electronic Appendix 2).
In addition, normative nepheline is absent in tholeiites and basaltic
andesites from the South CVB. Basaltic andesites from the South CVB
contain normative quartz (Electronic Appendix 2).

The basanites and alkali basalts from the North CVB and the South
CVB show similar dark green color and porphyritic texture (Fig. 3a and
b), and consist of 2-5% small subhedral olivine phenocrysts
(0.1-0.5 mm in diameter) and minor clinopyroxene. The groundmass is
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composed of fine-grained olivine, plagioclase, clinopyroxene and minor
Fe—Ti oxides. The tholeiites from the South CVB have 5-10% olivine
and clinopyroxene phenocrysts and minor plagioclase in a groundmass
of olivine, plagioclase, clinopyroxene and minor Fe-Ti oxides (Fig. 3c).
Olivine phenocrysts are subhedral to anhedral (0.5-2 mm in diameter).
Some olivine phenocrysts are partially altered to iddingsites leaving
fresh core as relicts. The basaltic andesites from the South CVB consist
of 10-15% clinopyroxene and plagioclase and minor olivine pheno-
crysts (Fig. 3d). Plagioclase phenocrysts are tabular (0.5-1 mm). Poly-
synthetic twinning is common in the plagioclase. The groundmass is
composed of fine-grained plagioclase, clinopyroxene and minor Fe—Ti
oxides.

3. Sample preparation and analytical methods

Concentrations of major elements in whole rocks were determined
using a PANalytical Axios X-ray fluorescence spectrometer (XRF) on



S.-Y. Yu et al.
10
Phono- )
Tephrite Trachyandesite
8 | P
Basaltic\ .- 7
trachy-  \ -~
6
2
o Tephrite *
:+<N Basanite
Q 41
©
z
5 @ . South CVB
P\\é"}\,\/'\\@ North .CVB B Laoheishan
/r:pq,\ J Baoqing A Dunhua
A9 O Mudanjiang @ Changbaishan
0 + Published data| | + Published data
40 42 44 46 48 50 52 54 56 58 60
Si0,(Wt%)

Fig. 2. Total alkali versus silica (TAS) diagram for the Cenozoic CVB lavas (Le
Bas et al., 1986). Line separating alkali and subalkaline series is from Irvine and
Baragra (1971). Published data of the North and the South CVB basaltic lavas
are from Liu et al. (1994), Hsu and Chen (1998), Hsu et al. (2000), Zhang et al.
(2002) and Chen et al. (2007), Yan and Zhao (2008), Kuritani et al. (2009).

fused glass beads in the laboratory of ALS (Analytical chemistry &
testing services) Chemex Ltd in Guangzhou, China. A 0.7 g powder
sample was mixed completely with Li»B40,—LiBO, flux and then fused
to a glass bead at 1050-1100 °C. Loss on ignition (LOI) was determined
by heating a 1 g powder sample to 1100 °C for 3 h. The analytical errors
were mostly < 5% (Electronic Appendix 2).

Trace element and Sr—Nd—Hf isotope analyses were performed at
the Radiogenic Isotope Facility, School of Earth Science, the University
of Queensland, Australia. Approximately 60 mg of each rock powder
was dissolved in Savillex™ Teflon bombs with a distilled HF-HNO;3
mixture. The dissolution was maintained in an oven at 185°C for
3 days. The solutions were then dried down to evaporate HF. Sample
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residues were re-dissolved with concentrated HNO; followed by 1:1
HNO;3 and dried again. Finally, the samples were dissolved in a final
3 ml 2N HNOj stock solution. Sample solutions were mixed with 6 ppb
6Li, INi, Rh, In, Re, and 2*°U internal spikes and diluted with 2% HNO5
to achieve a final dilution factor of about 1:4000 for trace element
analysis. The abundances of trace elements were determined using a
Thermo X Series II ICP-MS following the protocol of Eggins et al.
(1997). USGS standard W2 was used as a calibration standard and
cross-checked with BIR-1. Standards BHVO-2, BCR-2 and W-2a were
determined as unknowns. The overall analytical precision is better than
3% relative to the certified values (Electronic Appendix 3, GeoReM:
http://georem.mpch-mainz.gwdg.de/).

Isotope ratios for Sr, Nd and Hf were obtained on the remaining
stock solution aliquots left from the trace element analyses. Sr, Nd and
Hf chemical separations were performed following a modified proce-
dure described by Pin and Zalduegui (1997), Deniel and Pin (2001) and
Mikova and Denkova (2007). Strontium was separated from other ele-
ments using Sr-Spec resin and deposited on Ta filaments with TaFs, and
isotope ratios were measured on a VG Sector 54 thermal ionization
mass spectrometer (TIMS). The NBS-987 standard was used as a
monitor of the detector efficiency drift of the instrument. It was re-
peatedly measured during the analysis of the samples (n = 45) and
yielded an average of 0.710222 + 20 (20). The deviation of this mean
value from the laboratory’s previously obtained long-term average of
0.710249 + 28 (20) was used for data correction.

Neodimium was separated using Ln-Spec resin, and isotope ratios
were analyzed on a Nu Plasma multi-collector inductively coupled
plasma mass spectrometer (MC-ICPMS). Instrumental bias and mass
fractionation were corrected by normalizing raw ratios to
146Nd/1*Nd = 0.7219. Accuracy was tested by analyzing the JNdi-1,
BCR-2 and BHVO-2 USGS rock standards. The JNdi-1 standard yielded
143Nd/'*Nd = 0.512113 + 9 (20, n = 11), consistent with the ex-
pected value: 0.512115 = 7 (Tanaka et al., 2000). The BCR-2 standard
yielded **Nd/***Nd = 0.512629 = 6 (20, n = 3), consistent with the
expected value of 0.512635 + 29 (GeoReM: http://georem.mpch-
mainz.gwdg.de/), and BHVO-2 yielded ***Nd/***Nd = 0.512977 + 6
(20, n = 2), matching the certified value of 0.512979 + 14 (GeoReM:
http://georem.mpch-mainz.gwdg.de/).

Fig. 3. Crossed-polarizers representative photomicrographs for the investigated rock samples from the North and the South CVB. Ol = olivine, Cpx = clinopyroxene,

P] = plagioclase.
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The measurement of Hf isotope ratios was conducted on a Nu
Plasma HR MC-ICP-MS. 10 ppm Hf ICP solution from Choice Analytical
was used as the instrument drift monitor. This in-house standard was
cross-calibrated against the JMC-475 Hf international standard through
parallel bracketing measurements. Its repeated measurements yielded
an average '7®Hf/*””Hf of 0.282145 + 6 (n = 16, 2SD), corresponding
to an average value of 0.282160 + 6 (n = 16, 2SD) for the JMS-475
standard. The in-house Hf standard monitor was measured between
every 5 samples and 37 repeated measurements gave an average
176Hf/177Hf value of 0.282133 + 3 (2SD), which was used to correct
instrumental drift on measured sample ratios relative to the JMS-475 Hf
standard. Accuracy was assessed by analyzing the BHVO-2 USGS rock
standard. The BHVO-2 yielded 7°Hf/'77Hf = 0.283096 + 4 (20,
n = 2), matching the certified value of 0.283082 + 133 (GeoReM:
http://georem.mpch-mainz.gwdg.de/).

The chemical compositions of olivine and clinopyroxene grains
were determined by wavelength-dispersive X-ray emission micro-
analysis using a CAMECA SX50 electron microprobe in the Department
of Geological Sciences at Indiana University. Analytical conditions for
major elements were a 15keV accelerating voltage, a 20nA beam
current, a 1 um beam size and a peak counting time of 20s. Minor
elements (Ca, Mn and Ni) in olivine were analyzed using a beam current
of 100 nA and a peak counting time of 100 s. Under these conditions the
detection limits were estimated to be 20 ppm Ca, 60 ppm Mn and
80 ppm Ni. Matrix effects were corrected using the PAP program sup-
plied by CAMECA. The accuracy of the analyses was monitored using
mineral standards, and analytical uncertainty was within + 2% of
accepted values.

4. Results
4.1. Mineral composition

The chemical compositions of olivine in Cenozoic basalts from the
CVB are listed in Electronic Appendix 4. CaO contents of olivine cores
are typical of magmatic values (0.17-0.3 wt%, Electronic Appendix 4),
significantly higher than those of mantle peridotite xenoliths in this
region (< 0.1 wt%, Xu et al., 2003; Yu et al., 2009), and Fo contents of
olivine cores are lower (75-84) than those of mantle peridotite
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xenoliths (> 89, Xu et al., 2003; Yu et al., 2009). Along with the pre-
sence of euhedral and subhedral shapes and lack of strain textures, all
these features indicate that olivine grains in the Cenozoic basalts from
the CVB represent phenocrysts that crystallized from melt rather than
mantle xenocrysts. Chemical zoning is common in olivine phenocrysts
from both the North and the South CVB with Fo decreasing from core to
mantle and rim (Electronic Appendix 4). No clear chemical distinction
between the South and the North CVB olivine phenocrysts from the
same lithological type was observed in this study. For example, cores of
olivine phenocrysts in alkali basalts from the North and the South CVB
have similar ranges of Fo (76-84 and 76-83, respectively). Cores of
olivine phenocrysts in tholeiites and basaltic andesites from the South
CVB also have a comparable range of Fo (74-83). Moreover, at a given
Fo, olivine cores from the North and the South CVB display similar
ranges of Mn, Ca, Ni contents and Fe/Mn ratios (Fig. 4), regardless of
lithological type. Mn and Ca contents of the CVB samples are negatively
correlated with Fo (Fig. 4a and b). Ni decreases with decreasing Fo
(Fig. 4c). It is noted that Fo of olivine cores (74-79) is slightly lower in
some samples (e.g., CBS-28 and JY-4A, Electronic Appendix 4) and that
clinopyroxene and plagioclase phenocrysts are much more abundant
than olivine.

4.2. Whole-rock chemical composition

Whole-rock major and trace element and Sr-Nd-Hf isotope compo-
sitions of the CVB basalts are listed in Electronic Appendix 2. The CVB
basaltic rocks have variable MgO contents (4.5-11.5wt%) and Mg#
(Mg/(Mg + 0.85 x Fe'®@!)x 100, 47-70). Al,05, CaO, Ni and Sc con-
tents and CaO/Al,O3 ratios in the CVB basaltic samples correlate po-
sitively or negatively with Mg# (Fig. 5). Basanites and alkali basalts
generally have lower SiO, and higher CaO, Fe,05", and TiO, than
tholeiites and basaltic andesites (Fig. 5). Specifically, alkali basalts and
basanites from the North CVB have relatively high Mg# (54-66). In
contrast, alkali basalts from the South CVB have variable Mg# (47-67).
Tholeiites and basaltic andesites from the South CVB also have variable
Mg# (49-70). At a given Mg#, alkali basalts from the North CVB dis-
play slightly lower SiO, and higher Fe,O3T than alkali basalts from the
South CVB (Fig. 5a and d).

In the primitive-mantle normalized incompatible trace element
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diagrams (Fig. 6), samples from the North CVB are strongly enriched in
LILE (Large Ion Lithophile Elements) with peaks at Nb and Ta, similar
to typical OIB (Fig. 6a). In contrast, basalts from the South CVB display
variable degrees of LILE enrichment (e.g., Rb, Ba and K) and HFSE
(High Field Strength Element, e.g., Nb, Zr, Hf and Ti) depletion
(Fig. 6b). Specifically, basanites and alkali basalts from the North CVB
display similarly low Rb/Nb (0.25-0.93), Ba/Nb (6.8-14.5) and Th/Nb

(0.07-0.11) (Electronic Appendix 2)). Alkali basalts and tholeiites from
the South CVB show similarly intermediate Rb/Nb (0.51-1.34), Ba/Nb
(8.6-29.3) and Th/Nb (0.08-0.16) (Electronic Appendix 2)). Basaltic
andesites from the South CVB show the highest Rb/Nb (0.61-2.72), Ba/
Nb (16-46.8) and Th/Nb (0.11-0.22). In addition, basanites and alkali
basalts from the North CVB display similarly high La/Sm (4.5-7.5), Zr/
Zr" ((Zry/(Sm, x Ndy)*®), 0.9-1.7), and low Th/U (2.5-5.3), Sm/Nd
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Fig. 6. Primitive mantle-normalized incompatible element patterns of the CVB basaltic lavas. Normalization values and the pattern for a typical OIB (red color) are

from Sun and McDonough (1989).

(0.18-0.24). In contrast, alkali basalts and tholeiites from the South
CVB show similarly intermediate La/Sm (2.5-5.9), Zr/Zr" (0.8-1.3),
Th/U (3.4-8.8), Sm/Nd (0.21-0.31). Basaltic andesites from the South
CVB show the lowest La/Sm (1.4-4.0), Zr/Zr" (0.6-1.1), and the highest
Sm/Nd (0.27-0.36) (Electronic Appendix 2)).

The Sr, Nd and Hf isotope compositions of Cenozoic basalts from the
CVB plot within the MORB and OIB field and define a negative correlation
in the Sr—Nd isotopic plot (Fig. 7a) and a positive correlation in the
Nd—Hf isotopic plot (Fig. 7b). Specifically, basanites and alkali basalts
from the North CVB display a rather uniform Sr—Nd—Hf isotopic
composition (87Sr/%°sr = 0.7038-0.7047, 1**Nd/***Nd = 0.5127-0.5129,
176Hf/177Hf = 0.2830-0.2831). Samples from the South CVB display si-
milarly  higher %Sr/%°Sr  (0.7038-0.7054), lower **Nd/'*Nd
(0.5125-0.5128) and '76Hf/!”7Hf (0.2828-0.2830), regardless of litholo-
gical type (Fig. 7).

5. Discussion

The late Cenozoic CVB basaltic samples in this study display clear
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spatial difference in lithological types: The North CVB (including the
Baoqing and Mudanjiang volcanic fields), where the lithosphere is re-
latively thick (100-120 km, Fig. 1c, Zhang et al., 2014), is dominated
by alkali lavas (basanites and alkali basalts, Fig. 2), whereas the South
CVB (including the Dunhua, Laoheishan and Changbaishan volcanic
fields), where the lithosphere is thinner than 80km (Fig. 1c, Zheng
et al., 2011), includes both alkali and sub-alkali lavas (basanites, alkali
basalts, tholeiites and basaltic andesites, Fig. 2). Previous studies also
have demonstrated that late Cenozoic basaltic samples collected from
the Mudanjiang volcanic field in the North CVB are primarily basanites
and alkali basalts (Hsu and Chen, 1998; Zhang et al., 2002; Chen et al.,
2007; Yan and Zhao, 2008, Fig. 2). Basaltic samples from the Chang-
baishan and Laoheishan volcanic fields in the South CVB consist of
basanites, alkali basalts, tholeiites and basaltic andesites (Hsu et al.,
2000; Chen et al., 2007; Qin et al., 2008; Kuritani et al., 2009, Fig. 2).
All these observations support our speculation that there is clear dis-
tinction in lithological types between the North and the South CVB
basaltic lavas, although sampling bias cannot be totally excluded. In
addition, the North CVB basalts display relatively constant depleted



S.-Y. Yu et al.
0.5134
Jiaoh ¢ North CVB
iaohe garne f
0.5132 7470 pyroxenites A Base?nne
% A O Akali basalt
0.5130 - )
= T
E )
z'% 0.5128 K ?
£ g Mo 2
0.5126 A
“‘
0.5124 :\@
(172
“ )
0.5122 : . EML -
0.702 0.703 0.704 0.705 0.706 0.707
87Sr/865ri

Journal of Asian Earth Sciences 164 (2018) 260-273

0.2834
South CVB
0.2833 1| @ Alkali basalt
@ Tholeiite &
0.2832 - : )
l Basaltic andesite %"
o $
0.2831 A S
e
0.2830 - %
l/
0.2829 - ’
y:
0.2828 - a
/
N/
0.2827 A O
EM-I ‘?/ 0)
0.2826 [:I : : ; :
0.5122 0.5124 0.5126 0.5128 0.513 0.5132 0.5134

143Nd/144Nd‘

Fig. 7. Whole-rock ***Nd/***Nd vs. 8”Sr/®Sr and '7®Hf/*””Hf for the CVB basaltic lavas. Data for the Jiaohe garnet pyroxenites are from Yu et al. (2010) and this
study (Electronic Appendix 5). Mid-Ocean Ridge Basalt (MORB) and Ocean Island Basalt (OIB) and Enriched Mantle I (EM-I) end-member compositions are after

Hofmann (1997), Ballentine et al. (1997) and Chauvel and Blichert-Toft (2001).

Sr—Nd—Hf isotopic compositions, whereas samples from the South CVB
demonstrate largely variable Sr—Nd—Hf isotopic compositions from
depleted to enriched (Fig. 7). Any viable petrogenetic models proposed
should be able to account for such lithological and compositional dif-
ferences between basalts from the North and the South CVB. Several
possible parameters include (1) post-magmatic alteration and crystal
fractionation, (2) crustal contamination and mantle source hetero-
geneity, and (3) the influence of lithosphere thickness. The role of these
parameters and processes in the genesis of the late Cenozoic basalts in
the North and the South CVB will be discussed below.

5.1. Post-magmatic alteration and crystal fractionation

The basaltic samples from the CVB are Neogene to Quaternary in
age (< 20Ma) and are generally very fresh, as indicated by the ob-
servation of fresh phenocrysts and matrix (Fig. 3), low loss on ignition
(LOI) values (mostly below 1 wt%, Electronic Appendix 2) and lack of
correlation between LOI and fluid-mobile elements (such as Rb, Ba, Sr,
Pb, U, not shown). More importantly, post-magmatic hydrothermal
alteration cannot explain the chemical differences between the North
and the South CVB basaltic samples because they have similar ranges of
LOI (—0.2- +4.4wt% and —0.6 - +4.3 wt%, respectively, Electronic
Appendix 2).

Basaltic samples from the South CVB have experienced variable
degrees of crystal fractionation. This is reflected by wide ranges of Mg#
(47-70), Cr (35-346 ppm) and Ni contents (37-290 ppm, Fig. 5g), all of
which are remarkably lower than those of primary magmas (i.e.,
Mg# = 68-75, Cr > 1000 ppm, Ni > 500 ppm, Frey et al., 1978),
although variation of the Cr and Ni contents are also partially related to
possible incorporation of olivine or pyroxene phenocrysts during
powder making processes. Moreover, Fo of olivine phenocrysts (76-84)
is significantly lower with respect to primitive olivine (Fo90) in equi-
librium with primary basaltic magmas. In contrast, basaltic samples
from the North CVB have experienced lesser crystal fractionation, as
indicated by narrower ranges of Mg# (54-66), Cr (98-314 ppm) and Ni
contents (88-260 ppm, Fig. 5g). To further evaluate the effects of
crystal fractionation, we simulated the fractional crystallization paths
of two Mg-richer samples from the North CVB (MD-12 (basanite,
Mg# = 65), BQ-7 (alkali basalt, Mg# = 66)) and three Mg-richer
samples from the South CVB (DH-6 (alkali basalt, Mg# = 67), DH-2
(tholeiite, Mg# = 70), LHS-2 (basaltic andesite, Mg# = 60)) in a
water-free system at 5 kbar and fO, = QFM using the MELTS program
of Ghiorso and Sack (1995). The modeled mineral crystallization se-
quences of basaltic samples from the North CVB are different from those
from the South CVB (Fig. 5). For basanites and alkali basalts from the
North CVB (e.g., MD-12, BQ-7), olivine is the first silicate phase on the

liquidus, followed by clinopyroxene and then plagioclase. This is gen-
erally consistent with petrographic observations. For example, olivine is
the dominant phenocryst in the Mg-richer samples (e.g., MD-12, BQ-7,
Fig. 3a and b). More abundant clinopyroxene phenocrysts are observed
in relatively evolved melts (e.g., MD-3, not shown). Fe;O3T and TiO,
contents of residual melts increase during fractional crystallization
(Fig. 5d and e), while SiO, contents keep nearly constant (Fig. 5a).
Early crystallization of olivine results in increasing Al,O3 and CaO in
residual melts with decreasing Mg# (Fig. 5b and c), and then crystal-
lization of clinopyroxene accounts for sharply decreasing CaO and CaO/
Al,O3 in residual magmas (Mg# < 58, Fig. 5c¢ and f). In contrast, for
alkali basalts from the South CVB (e.g., DH-6), the sequence of mineral
crystallization is: olivine — orthopyroxene — clinopyroxene — plagio-
clase. Tholeiites and basaltic andesites (e.g., DH-2, LHS-2) from the
South CVB display a crystallization sequence similar to that of the
above alkali basalts. This is partially consistent with petrographic ob-
servations. Mg-richer samples (e.g., DH-2 and DH-6) contain abundant
olivine phenocrysts with minor clinopyroxene (Fig. 3c). Samples with
low Mg# have more abundant clinopyroxene and plagioclase (e.g., JY-
4A, Fig. 3d). However, no orthopyroxene phenocryst is observed in the
basaltic samples from the South CVB. In general, most samples from the
CVB follow the modeled fractionation paths. Variations of major ele-
ment and some trace element (e.g., Ni and Sc) contents with decreasing
Mg# for the CVB samples (Fig. 5) can be readily explained by variable
degrees of fractional crystallization of olivine and pyroxene. It should
be pointed out that, at a given Mg#, generally higher SiO, and lower
Fe,03T for samples from the South CVB than those from the North CVB
(Fig. 5a and d) cannot be explained by fractional crystallization, but
may simply be attributed to more abundant sub-alkali lavas (tholeiites
and basaltic andesites) in the South CVB.

5.2. Crustal contamination versus mantle source heterogeneity

Most CVB samples underwent insignificant crustal contamination,
regardless of lithological types. This is supported by their oceanic ba-
salt-like Nb/U ratios and lack of correlation between MgO/SiO, and
Nb/U (Fig. 8a), and between Mg# and (La/Nb),, (Fig. 8b). This is also
supported by lack of correlation between eng and Nb/U (Fig. 8c) and
(La/Nb), (Fig. 8d). However, eight basaltic andesitic samples and one
tholeiitic sample from the South CVB show abnormally low Nb/U
(19-30) and high (La/Nb), (1.2-2.0). These samples have experienced
significant crustal contamination and will be excluded in further dis-
cussions.

Sobolev et al. (2005, 2007) used the composition of olivine phe-
nocrysts to evaluate the importance of magma derivation from a peri-
dotitic mantle source relative to that of a pyroxenitic (recycled eclogitic
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Although the above data support the recycled oceanic crust (in the
form of pyroxenite/eclogite) in the mantle source of the North and the
South CVB basaltic lavas, the following evidence shows that it was only
a minor component in the source region. Fig. 9 shows that all the CVB
samples match well with partial melting of a peridotitic source. Basa-
nites and alkali basalts from the North CVB can be explained by low
degrees (2.5-8%) of partial melting. Alkali basalts, tholeiites and ba-
saltic andesites from the South CVB can be attributed to higher degrees
(5-25%) of partial melting. This implies that the partial melting process
governs the variations of REE (Rare Earth Element). In addition, we
speculate that there is a possible relationship between partial melting
degrees and lithospheric thickness. The North CVB samples that erupted
on a thick lithosphere (100-120 km, Zhang et al., 2014) underwent low
melting degrees and were dominated by alkali lavas with high La/Sm,
and low Sm/Nd and SiO,. In contrast, the South CVB samples that
erupted on a thin lithosphere (60-80 km, Zheng et al., 2011) underwent
moderate to high melting degrees and consist of both alkali and tho-
leiitic lavas with relatively low La/Sm, and high Sm/Nd and SiO..
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Fig. 9. Plot of Sm/Nd against La/Sm for the CVB basaltic lavas. Also shown are
nonmodal batch partial melting of garnet peridotite (red solid line) and re-
cycled oceanic crust (ROC, pink solid line). The modeling parameters are from
Stracke et al. (2003). ROC is composed of 95% of subducted basalt and 5% of
subducted sediment with 2.69 ppm La, 8.15 ppm Nd and 2.76 ppm Sm (Stracke
et al., 2003). Numbers beside the batch melting curves represent variable de-
grees of partial melting. The green dashed lines represent binary mixing be-
tween ROC-derived melts and peridotite-derived melts. It is noted that samples
that have experienced significant crustal contamination were excluded from
this figure.

These observations indicate that the lithosphere influenced the geo-
chemistry of the CVB basaltic lavas and can be attributed to the “Lid
effect” (e.g., Humphreys and Niu, 2009; Niu et al., 2011; Davies et al.,
2015). Based on statistical research on global geochemical variation in
OIBs, Humphreys and Niu (2009) and Niu et al. (2011) have proposed
that lithospheric thickness controls the final pressure of decompression
melting and corresponding depth defines the bulk distribution



S.-Y. Yu et al. Journal of Asian Earth Sciences 164 (2018) 260-273
2 1.6
North CVB South CVB
A Basanite 14 1 ' @ Alkali basalt
1.6 1| O Alkali basalt = : [ @ Tholeiite
u * [ ] »® me % B Basaltic andesite
& [ ] .. @ 1.2 A [ ]
27 * ° 5 o ®n
< Y <
2 o ™ * £ 10 1 m By
€ 08 ol O@ * o = OO@OIB
0 o ) m 08 A e & 004
0Q o )
oy o o
04 4 @] 06 o
< O
O o O o
a b
0 T T T T T T 0.4 T T T T T T ®)
0 0.5 1 1.5 2.5 3 3 0.6 0.8 1 1.2 14 1.6 1.8 2
(Ba/Nb), (Nb/Th),
1.8 7
6 4
16 1 ° 5 ©
el
14 A 4 A
d @8 ©° o 3 1 C&O
1.2 A ¢ ¢ Q0
N & 5 Q. © 21
Nig | A olB o 3 14 * Do
: n % u
* l’. 0 - s
08 ¢ q ‘ 4 )
[ ]
| 2 M
06 o,
3
(c) d
0.4 T T T T T -4 T T T T T T @)

06 08 1 12 14 16 18
(Nb/Th),

04 06 08 1 12 14 16 18 2 22
(Th/U),

Fig. 10. Plots of (Ba/Nb), vs. (Rb/Nb), (a), (Nb/Th), vs. (Th/La), and Zr/Zr*(Zr,/(Sm, X Nd,)%%) (b and c), and (Th/U), vs. exq for the CVB basaltic lavas. It is
noted that samples that have experienced significant crustal contamination were not included in this figure.

coefficients of elements in the source, which ultimately governs the
geochemistry of OIBs (the so-called “Lid effect”). Basalts erupted on a
thick lithosphere typically relate to high pressure and a low extent of
melting of upwelling mantle and display low SiO,, and high La/Sm and
Sm/Nd. In contrast, those erupted on a thin lithosphere are generated
by low mean pressure and a high extent of melting and are character-
ized by high SiO,, and low La/Sm and Sm/Nd. It should be pointed out
that the lithosphere thickness obtained according to the seismic data
only reflects the present-day state of the mantle lithosphere in the
studied area. It may be different from that at the ages of our samples
(16-1 Ma).

However, variations of Sr—Nd—Hf isotopic compositions and some
trace element ratios (such as Rb/Nb, Ba/Nb, Th/La, Nb/Th, Zr/Zr" and
Th/U) for the CVB samples cannot be attributed to partial melting
processes under variable conditions but may reflect their source het-
erogeneity. For example, the North CVB basalts show OIB-like trace
element ratios (such as Rb/Nb, Ba/Nb, Th/La, Nb/Th, Zr/Zr" and Th/U)
and depleted isotopic compositions, regardless of lithological types
(Fig. 10), suggesting the involvement of depleted source components. In
contrast, basaltic samples from the South CVB are characterized by
variable Rb/Nb, Ba/Nb, Th/La, Nb/Th, Zr/Zr" and Th/U (Fig. 10), and
variable Sr—Nd—Hf isotopic compositions from depleted to EM-I like,
regardless of lithological types (Fig. 7), suggesting the involvement of
both depleted and enriched source components. One possibility is that
both enriched and depleted source components are from asthenospheric
mantle. Depleted source components may represent typical peridotitic
mantle. Enriched components may represent recycled continental crust
or ancient marine sediments that exist as ‘plums’ or ‘blobs’ in the
convective mantle (Zeng et al., 2011; Kuritani et al., 2011, 2013; Liu
et al., 2015; Wang et al., 2017). In this scenario, such enriched mate-
rials should contribute more to the genesis of the basalts from the North
CVB that erupted on a thicker lithosphere (Fig. 1c), because they are
more fusible and start to melt at a deeper depth relative to typical
mantle peridotite and contribute more to basalts generated beneath a

thicker lithosphere (e.g., Sobolev et al., 2007). This is apparently the
opposite of what we observed in the samples from the North and the
South CVB. Moreover, the coupled Hf—Nd isotopic compositions of
basalts from the South CVB (Fig. 7b) also preclude the possible in-
volvement of significant marine sediments during magma generation
because both modern and ancient marine sediments commonly display
decoupled Hf—Nd isotopic compositions with high eng and low ey
values compared with the mantle array (e.g., Chauvel et al., 2008). We
argue that melting of upwelling asthenosphere containing recycled
continental crust or marine sediments cannot explain variations of
isotopic compositions and trace element ratios for the CVB samples.

As discussed earlier, olivine phenocrysts from the North and the
South CVB with similar Mn, Ni and Fe/Mn ratios at a given Fo (Fig. 4)
support similar proportions of pyroxenite/eclogite components in the
sources of the North and the South CVB basalts. If these pyroxenite/
eclogite components derived from the subducted Pacific slab (Xu et al.,
2012; Li et al., 2016; Chen et al., 2017; Choi et al., 2017), this implies
that the chemical differences between the South and the North CVB
basalts cannot be explained by different contributions of the Pacific slab
materials during magma generation. Moreover, enriched source mate-
rials that contributed to the generation of the South CVB basalts are not
likely related to the subducted Pacific slab (or the earlier Farallon-
Izanagi slab) because the subduction of the Farallon-Izanagi plate or the
Pacific plate happened since the late Mesozoic Era (Maruyama et al.,
1997; Sun et al., 2007) and thus there is not enough time for the evo-
lution of enriched isotopic signatures after such events.

We therefore propose that the depleted source components are from
the asthenosphere, while the EM1-like enriched components are likely
from the base of the sub-continental lithospheric mantle (SCLM) that
has experienced ancient metasomatism. Information about the com-
position of the lithospheric mantle beneath the CVB is available from
previous studies on the spinel peridotite xenoliths hosted in the
Cenozoic alkali basalts from Huinan, Wangqing, Jiaohe, Shuangliao,
Yong’an and Wudalianchi (Xu et al., 1998, 2003; Zhang et al., 2000; Wu
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et al., 2003; Yu et al., 2009, 2012). The SCLM in northeastern China is
essentially Proterozoic in age according to Re-Os isotopic compositions
of peridotite xenoliths (Wu et al., 2003; Yu et al., 2012). These xenoliths
are anhydrous and lack metasomatic phases such as amphibole and
phlogopite. A large proportion of these peridotite xenoliths show
variable enrichment of LILE with negative HFSE anomalies on the
spider diagram plots (Xu et al., 1998, 2003; Yu et al., 2009, 2012). The
involvement of metasomatized peridotites in the genesis of the South
CVB basalts can therefore explain HFSE depletion (lower Zr/Zr", Nb/
Th, Hf/Sm, Fig. 10c) and LILE enrichment (higher Rb/Nb, Ba/Nb, Th/
La, Fig. 10a and b). However, peridotite xenoliths cannot be regarded as
a direct mantle source of the South CVB basaltic samples because they
are all spinel peridotites rather than garnet peridotites, whereas sam-
ples from the South CVB display fractionated HREE with (Gd/Yb),
ranging from 1.8 to 4.9 which indicate residual garnet during partial
melting. In addition, LILE-enriched peridotite xenoliths show more
depleted Sr-Nd isotopic compositions (¥7Sr/%°Sr = 0.7030-0.7052;
eng = —1.3- +8.7, Xu et al., 1998, 2003; Zhang et al., 2000; Yu et al.,
2009, 2012) relative to the South CVB basalts
(®7Sr/%Sr = 0.7038-0.7053; eng = —2.6— +3.1). To resolve these
discrepancies, we speculate that the basal SCLM beneath the South CVB
is dominated by garnet peridotite with more enriched chemical com-
positions compared with shallower spinel peridotite, given that mantle
metasomatism is far more significant at the interface between the base
of lithosphere and the seismic low-velocity zone atop asthenosphere
relative to the lithospheric mantle at shallow level (e.g., Humphreys
and Niu, 2009). Infiltration and mixing of asthenosphere-derived small
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volume melts enriched in volatiles (e.g., H,O and CO,) and in-
compatible elements with depleted mantle peridotite would generate
an enriched peridotite source which can evolve to an EM-1 isotopic
signature, provided that there is enough time for the evolution of iso-
topic signatures after the metasomatic event (Pilet et al., 2005). Such
metasomatized garnet peridotites were later eroded during lithosphere-
asthenosphere interaction and contributed to the genesis of the South
CVB basaltic lavas during lithosphere-asthenosphere interaction.

5.3. A model for the spatial distribution of basalts from the CVB

To account for spatial compositional variations of the late Cenozoic
basaltic lavas from the CVB, we propose a model including dynamic
melting of heterogeneous asthenospheric mantle and asthenosphere-
lithosphere interaction induced by subduction of the Pacific plate
(Fig. 11). The subducting Pacific slab became stagnant in the mantle
transition zone at depths of 410-660km beneath eastern China
(Fig. 11a, e.g., Fukao et al., 1992; Huang and Zhao, 2006). The upper
mantle above this stagnant Pacific slab may have formed a large mantle
wedge where oceanic subduction and convective circulation induced
back-arc extension, continental rifting and upwelling of asthenospheric
mantle in eastern China (Fig. 11a, e.g., Huang and Zhao, 2006; Zhao
and Ohtani, 2009). Interaction between lithosphere and upwelling
asthenosphere created a “plum-pudding” type convective mantle. The
extent of lithosphere extension and thinning is likely heterogeneous in
space (Fig. 11b). Geophysical data have demonstrated that thickness of
the present-day lithosphere beneath the South CVB is between 60 and

North CVB —

e

Mudanfeng

Weak lithosphere-asthenosphere interaction

South CVB
Tianchi

Strong lithosphere-asthenosphere interaction

Fig. 11. Cartoon illustrating the proposed model
accounting for the spatial distribution of the CVB
basaltic lavas. (a) The subduction of Pacific plate
underneath the Asian continent resulted in upper
mantle convection and back-arc extension. The up-
welling mantle flux consists of garnet pyroxenite/
eclogite which may be derived from the stagnant
oceanic slab in the mantle transition zone. The in-
teraction between lithosphere and upwelling asth-
enosphere created a plum-pudding type convective
mantle which acted as the magma source of the CVB
basalts. (b) Schematic lithospheric profiles along the
lines shown in Fig. 1la. Larger degrees of litho-
spheric erosion occurred beneath the South CVB due
to more severe extension and lithosphere-astheno-
sphere interaction.
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80 km (Fig. 1c, Zheng et al., 2011). In contrast, the lithosphere beneath
the North CVB is much thicker (Fig. 1c, 100-120 km, Zhang et al.,
2014). Such differences in thickness are likely due to variable degrees
of extension and lithosphere-asthenosphere interaction by means of
thermo-mechanical erosion (e.g., Davis, 1991). In this model, the am-
bient temperature of the basal SCLM was raised due to infiltration of
asthenosphere-derived small melt fractions that acted as an agent for
advectively transporting heat upwards to the lithosphere (Chung et al.,
1994). This was followed by a progressive erosion of the basal SCLM
through multiple thermo-mechanical processes accompanying con-
vective upwelling of the asthenosphere. Consequently, the basal SCLM
beneath the South CVB was gradually replaced by a ‘plum-pudding’-
type convecting mantle which mixed material from the SCLM (the
‘plums’) with the asthenospheric matrix (the ‘pudding’, Fig. 11b).

The basaltic samples from the South CVB with higher Sm/Nd, SiO,,
and lower La/Sm, and more enriched Sr—Nd—Hf isotope compositions,
and variable degrees of HFSE depletion (Figs. 9 and 10) can thus be
explained by larger melting degrees of asthenosphere at a shallower
depth involving a larger amount of eroded, metasomatized lithospheric
mantle due to asthenosphere-lithosphere interaction. In contrast, the
much thicker lithosphere beneath the North CVB indicates relatively
limited lithosphere-asthenosphere interaction and lithospheric thinning
(Fig. 11Db). Basalts from the North CVB are thus primarily produced by
low melting degrees of asthenospheric mantle at high depths without
significant contribution of lithospheric mantle materials. The upwelling
asthenospheric materials consisting of predominantly typical mantle
peridotite and dispersed garnet pyroxenite veins or blobs possibly de-
rived from the stagnant Pacific slab in the mantle transition zone (e.g.,
Zhang et al., 2009; Yu et al., 2010; Xu et al., 2012; Li et al., 2016; Zhang
and Guo, 2016; Chen et al., 2017), likely contributed equally to the
genesis of the basaltic lavas from both the North and the South CVB.

6. Concluding remarks

The late Cenozoic basalts in the CVB delineate a remarkable com-
position-space variation pattern. The North CVB is dominated by ba-
sanites and alkali basalts with depleted Sr—Nd—Hf isotopic composi-
tions, which may have been derived from low partial melting degrees at
high depths of depleted source materials from the asthenospheric
mantle consisting of peridotite and garnet pyroxenite. On the other
hand, the South CVB consists of both alkali and sub-alkali basaltic lavas
with highly variable Sr—Nd—Hf isotopic compositions from depleted to
enriched, which may have been produced by larger degrees of partial
melting of asthenospheric mantle at shallower depths. This involved a
large amount of eroded, metasomatized lithospheric mantle formed as a
result of asthenosphere-lithosphere interaction. We propose that de-
compression melting of upwelling asthenosphere and mechanical-che-
mical erosion of basal lithosphere related to lithosphere-asthenosphere
interaction responsible for the genesis of the CVB magmas were likely
associated with upper mantle convection and back-arc extension in-
duced by deep subduction of the Pacific plate and its stagnancy in the
transition zone.
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