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Abstract

Linkages inferred between the geochemical heterogeneity of the mantle beneath eastern Eurasia and the stagnant Pacific
slab documented geophysically in its mantle transition zone are as yet not clearly characterized. In this paper we report new
elemental and isotopic data for boron (B) on a suite of well-characterized Cenozoic basalts (alkali basalts, basanites and
nephelinites), with ocean island basalt (OIB)-like trace element signatures from western Shandong of the eastern North China
Craton (NCC). Correlations between major elements (e.g., FeOT versus SiO2), trace elements (e.g., CeN/PbN versus BaN/ThN)
and radiogenic isotopes (e.g., 206Pb/204Pb versus 87Sr/86Sr) suggest these basalts are derived via the mixing of melts from two
mantle components: a fluid mobile element (FME; such as Ba, K, Pb and Sr) enriched component, which is most evident in
the alkali basalts, and a FME depleted mantle component that is more evident in the basanites and nephelinites. The alkali
basalts in this study have lower B concentrations (1.4–2.2 lg/g) but higher d11B (�4.9 to �1.4) values than the basanites and
nephelinites (B = 2.1–5.0 lg/g; d11B = �6.9 to �3.9), and all the samples have nearly constant B/Nb ratios between 0.03 and
0.07, similar to the observed range in B/Nb for intraplate lavas. Our high-SiO2 samples have higher d11B than that of our low
SiO2 samples, indicating that the B isotopic differences among our samples do not result from the addition of a continental
crustal component in the mantle source, or direct crustal assimilation during the eruption process. The positive B versus Nb
correlation suggests the B isotopic compositions of the western Shandong basalts primarily reflect the pre-eruptive composi-
tions of their mantle sources. Correlations among B, Nd and Sr isotope signatures of the western Shandong basalts differ from
those among basalts from plume settings (e.g., Azores and Hawaii), and are inconsistent with models suggesting single-step
metasomatic additions to the mantle. We thus call upon multiple metasomatic events in the mantle beneath the eastern NCC
in order to interpret its observed radiogenic and boron isotopic variability. The heavier d11B, FME-enriched mantle source
developed during an older event, while metasomatism by melts from the stagnant Pacific plate in the MTZ led to the devel-
opment of a FME-depleted mantle source at greater depths with a lower d11B.
� 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Subduction of oceanic crust plays the key role on
recycling of earth-surface materials into the mantle (e.g.,
Plank and Langmuir, 1998; Sleep and Zahnle, 2001).
Recent geophysical and geochemical findings indicate
that subducted oceanic crust is likely responsible for
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Fig. 1. (a) Simplified geological map of the eastern China with
distributions of Cenozoic basalts and their mantle components
(modified after Li et al., 2016). Sample locations are marked in
black triangles: ➀ Changwei depression; ➁ Dashan of Wudi. NCC:
North China Craton; BBB: Bohai Bay Basin; WS: Western
Shandong; JP: Jiaodong Peninsula; DTGL: Daxinganling–Taihang
Gravity Lineament; TLFZ: Tan-Lu Fault Zone; Pl: Penglai; Qx:
Qixia. (b) Vertical cross section of P wave velocity perturbations
along the profile shown in the geological map (modified after
Huang and Zhao, 2006).
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heterogeneity in the mantle in intracontinental settings as
well as in sub-arc settings (e.g. Pearce et al., 2007;
Faccenna et al., 2010; Schmandt et al., 2014; Thomson
et al., 2016). The high H2O storage capacity (1–3% wt.)
of the high-pressure phases wadsleyite and ringwoodite pre-
sent the possibility that the mantle transition zone (MTZ,
410–660 km) could host a large reservoir for H2O in the
deep earth (Huang et al., 2005; Pearson et al., 2014). Seis-
mic experimental and field investigations suggest the
MTZ may act as a filter for fluids from the subducted ocea-
nic slab (e.g., Bercovici and Karato, 2003; Schmandt et al.,
2014). In addition, melting experiments on carbonated mid
ocean ridge basalts (MORBs) suggest that a majority of
subducted oceanic crust geotherms are likely to intersect
their solidi at depths of approximately 300–700 km
(Thomson et al., 2016). Therefore, dehydration or decar-
bonation melting of the subducted oceanic slab in or near
the MTZ has the ability to refertilize the overlying mantle
and reduce its solidus, with the potential to trigger mantle
melting at shallower depths (Dasgupta et al., 2007, 2009;
Faccenna et al., 2010; Wang et al., 2015). However, the
question of how subducted oceanic slabs might affect the
heterogeneity of the mantle in an intracontinental setting,
or foster its partial melting, is unclear.

A stagnant subducted segment of the Pacific plate, iden-
tifiable via its high seismic velocities, has been imaged via
P-wave tomography in the MTZ beneath eastern Eurasia
(e.g., Fukao et al., 1992; Zhao, 2004; Zhao et al., 2009).
In eastern China, Cenozoic intracontinental basalts occur
primarily along its eastern continental margin, and their
pattern of geographic distribution appears to be associated
with that of the stagnant Pacific slab in the MTZ (Fig. 1a;
Xu et al., 2012a; Li et al., 2016). These observations suggest
that eastern Eurasia is a potentially ideal place to study
relationships between mantle heterogeneity, magama gener-
ation and materials released from deeply subducted oceanic
plates (e.g. Zhao et al., 2009; Kuritani et al., 2011; Tang
et al., 2014; Wang et al., 2015).

There are three competing models supporting or chal-
lenging the notion that the stagnant Pacific slab in the
MTZ has contributed enriched components to the sources
of Cenozoic basalts in eastern China. The first model advo-
cates wet upwelling triggered by dehydration of the stag-
nant Pacific slab in the MTZ (i.e., the MTZ acting as one
mantle reservoir comprising materials from different sub-
duction episodes), induced intracontinental magmatism in
eastern China (e.g., Zhao et al., 2009; Kuritani et al.,
2011; Wang et al., 2015; Guo et al., 2016). In this model,
the enriched components in these Cenozoic basalts are from
the MTZ. A second model suggests that contributions from
the subducted Pacific slab are related to melting of carbon-
ated oceanic crust (Sakuyama et al., 2013; Li et al., 2016),
and also emphasizes the contribution of pre-existing
enriched ‘‘plums” in the asthenospheric mantle (Li et al.,
2016). The third competing model argues against a role of
subducted Pacific slab materials in the MTZ in the genera-
tion of Cenozoic basalts in eastern China, postulating
instead that the enriched component in these basalts arises
from delaminated lower continental crust of the eastern
North China Craton (NCC; e.g., Liu et al., 2008; Chen
et al., 2009; Zeng et al., 2011).

This paper reports new elemental and isotopic data for
the strongly fluid mobile trace element (FME) boron (B)
in a suite of Miocene-Quaternary basalts from western
Shandong of the eastern NCC. In combination with pub-
lished geochemical data on these rocks, we place new
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constraints on metasomatic events in the subcontinental
mantle of eastern China. Boron (B) isotopes [reported as
d11B = ((11B/10B)sample/(

11B/10B)NBS 951 � 1) * 1000] can
provide valuable information on mantle heterogeneity
(Chaussidon and Jambon, 1994; Tanaka and Nakamura,
2005; Turner et al., 2007) as: (a) B is extremely fluid mobile
and is present in low concentrations in the mantle (�0.05–
0.10 lg/g) at low d11B values (�4.0 ± 1.6‰ to �9.9
± 1.3‰; Chaussidon and Jambon, 1994; Chaussidon and
Marty, 1995; LeRoux et al., 2004; Turner et al., 2007);
and (b) there are clear contrasts among the B isotope signa-
tures of fresh oceanic crust, altered oceanic crust, marine
sediments and continental crust (Ishikawa and
Nakamura, 1992; Smith et al., 1995; Spivack and
Edmond, 1987; Kasemann et al., 2000; van Hinsberg
et al., 2011; Marschall and Jiang, 2011), which may relate
to possible enriched components in the mantle of eastern
China.

2. GEOCHEMICAL BACKGROUND AND SAMPLES

Cenozoic intraplate basalts are largely concentrated
along two belts in eastern China: the Daxinganlin–Taihang
gravity lineament (DTGL) and the Tan-Lu fault zone
(Fig. 1a; Zhou and Armstrong, 1982; Fan and Hooper,
1991; Xu et al., 2012a). The lavas are primarily tholeiites,
alkali basalts, trachybasalts, basanites, and nephelinites,
e.g., basalts, erupted in Shandong province of eastern
China (Zeng et al., 2010, 2011; Xu et al., 2012b; Li et al.,
2014) and in the Changbaishan region in northeastern
China (e.g., Kuritani et al., 2011; Fig. 1a). All these basalts
show OIB-like trace element signatures, i.e. the enrichment
of highly incompatible elements, enrichment of light rare
earth elements (LREE) over heavy rare earth elements
(HREE), and positive Nb-Ta anomalies on primitive
mantle-normalized trace element variation plots (e.g.,
Zeng et al., 2010, 2011; Li et al., 2014, 2016; Kuritani
et al., 2011).

The NCC, located in the central part of eastern China, is
one of the world’s oldest cratons (�3.8 Ga; Liu et al., 1992).
The NCC is considered to be an amalgamation of the east-
ern and western blocks along the Trans-North China Oro-
gen (approximately along the DTGL) during the Early
Paleoproterozoic (ca. 1.85 Ga; Zhao et al., 2001). It is well
documented that a >100 km thick lithospheric keel beneath
the eastern NCC was removed during the Mesozoic and
Cenozoic (Fan and Menzies, 1992; Griffin et al., 1992,
1998; Menzies et al., 1993; Zheng et al., 1998; Xu, 2001;
Gao et al., 2004; Xu et al., 2004). Delamination of thick-
ened continental lower crust has long been proposed as a
cause for lithospheric thinning beneath the eastern NCC,
based on radiogenic isotope studies (e.g., Gao et al., 2004;
Wu et al., 2005; Liu et al., 2008). Therefore, the petrogene-
sis of Cenozoic basalts in the eastern NCC has significance
in both testing the mechanisms for lithospheric thinning
beneath the eastern NCC and for examining the geochem-
ical evolution of the mantle in response to materials
released from the subducted Pacific slab in the MTZ.

This study focuses on the boron abundance and B iso-
tope compositions of Miocene alkali basalts and basanites
from the Changwei depression, and Quaternary nephelin-
ites from Dashan of Wudi in the western Shandong region
of the eastern NCC (Fig. 1a). The bulk rock major element,
trace element and radiogenic Sr-Nd-Hf-Pb isotopes (Fig. 2;
Supplemental Figures) for these basalts have been discussed
in detail by Zeng et al. (2010, 2011), Xu et al. (2012b),
Sakuyama et al. (2013) and Li et al. (2016). All of the sam-
ples have minor olivine and clinopyroxene phenocrysts in a
groundmass of olivine, plagioclase, clinopyroxene, Ti-
magnetite, and glass. The olivines are very fresh, and
almost all lack iddingsite rims, indicating that their eruptive
B isotopic signatures should be well preserved (Tanaka and
Nakamura, 2005).

The higher SiO2 samples of this study are less alkaline,
and show lower CaO, FeOT, and incompatible element
concentrations, as well as lower La/Yb and Sm/Yb, lower
CeN/PbN ratios and higher BaN/ThN ratios and Sr*/Sr
anomalies [Fig. 2a, b and Supplemental Figures; N: primi-
tive mantle (McDonough and Sun, 1995) normalized;
Sr*/Sr = 2 � SrN/(PrN + NdN)]. Isotopically, the higher
SiO2 basalts have less radiogenic 176Hf/177Hf, 143Nd/144/Nd
and 206Pb/204Pb but more radiogenic 87Sr/86Sr than do
the lower SiO2 samples, suggesting a greater contribution
from an EMI-like mantle source (Fig. 2c and Supplemental
Figures). In Hf-Nd isotope space, the higher SiO2 basalts
fall in the Indian mantle domain while the nephilinites fall
in the Pacific mantle domain (Supplemental Figures).

The western Shandong basalts have a wide range of
eNd(t) values from �1.3 to +6.0. However, they have nearly
constant Th/Nb ratios, between 0.06 and 0.09 (Table 1),
which are much lower than the value for bulk continental
crust (Th/Nb = 0.70, Rudnick and Gao, 2003) but are sim-
ilar to OIBs (Th/Nb = 0.08, Sun and McDonough, 1989).
These features rule out crustal contamination as producing
significant compositional variations within the western
Shandong basalts (Li et al., 2016). The western Shandong
basalts span a relatively narrow range of Mg# [defined as
Mg# = 100 �Mg/(Mg + 0.85 � Fetotal), where Mg and Fe
are molar concentrations], from 60 to 69, with the nephelin-
ites have systematically lower SiO2 and Al2O3, but higher
MgO, FeOT and CaO than the basanites and alkali basalts
(Supplemental Table 1). This suggests that while these
basalts have undergone only limited extents of fractional
crystallization, mixing of melts played the key role in their
chemical characteristics.

The higher SiO2 basalts of this study show EMI-like iso-
topic and trace element signatures (e.g., positive Ba anoma-
lies on normalized spider diagrams), but are richer in K, Pb
and Sr than the Gough and Tristan da Cunha basalts that
typify the EMI mantle source (Willbold and Stracke, 2006;
Fig. 2a). The enriched EMI signature in these higher SiO2

basalts is inferred to derive from garnet pyroxenite domains
within their mantle source (Zeng et al., 2010; Xu et al.,
2012b; Li et al., 2016). Interestingly, the associated nephelin-
ites show high-l (HIMU; high 238U/204Pb) type trace ele-
ment characteristics (i.e., depletion of Rb-Ba relative to
Nb and negative K-Pb anomalies on mantle-normalized spi-
dergrams; Willbold and Stracke, 2006; Fig. 2a). Data for
magmatic olivines and associated melt inclusions suggest a
mixed and carbonated peridotite-garnet pyroxenite mantle
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source for the nephelinites (Li et al., 2016). In this study, we
use the terms FME-rich and FME-depleted mantle sources
(fluid-mobile elements: FME, defined here as Ba, K, Pb, Sr,
and B) to distinguish among the high and low SiO2 basalts,
respectively.

The western Shandong basalts fall on mixing trends in
terms of major elements (e.g., FeOT versus SiO2; Supple-
mental Figures), trace elements (e.g., CeN/PbN versus
BaN/ThN; Fig. 2b) and radiogenic isotopes (e.g.,
206Pb/204Pb versus 87Sr/86Sr; Fig. 2c) suggesting the mixing
of melts from different mantle sources (Zeng et al., 2010,
2011; Xu et al., 2012b; Sakuyama et al., 2013; Li et al.,
2016). The EMI-like (206Pb/204Pb approximately from
16.8 to 17.8; Zindler and Hart, 1986) component, which is
prominent in the FME-rich mantle source, requires old
(>1.0 Ga) low-l (238U/204Pb) materials to develop its low
206Pb/204Pb isotopic signature (Rehkämper and Hofmann,
1997; Murphy et al., 2003). This signature cannot be
derived from recently subducted Pacific slab (Kuritani
et al., 2011). Hf-Nd isotopic modeling of the origins for this
FME rich mantle source leads to two possibilities: that this
mantle source includes contributions from ancient marine
sediments and oceanic crust (Supplemental Figures; Li
et al., 2014; Liu et al., 2015), or that delaminated and
evolved lower continental crust is responsible for its signa-
ture (e.g., Chen et al., 2009; Zeng et al., 2010). By contrast,
the FME-depleted mantle source has HIMU-like trace ele-
ment signatures but MORB-like Sr-Pb isotopic systematics
(Fig. 2a, c), indicating it includes inputs from young sub-
ducted oceanic crust (Xu et al., 2012a; Sakuyama et al.,
2013). This is consistent with published conclusions that
the nephelinites carry the Hf–Nd isotopic fingerprint of
Pacific Ocean crust (Supplemental Figures; Sakuyama
et al., 2013; Li et al., 2016).

Kuritani et al. (2011) have proposed a two-stage model
to explain the apparent mantle heterogeneity beneath
northeast China. First, an ancient (>1.0 Ga ago) slab dehy-
dration event metasomatized the MTZ with fluids from
subducted sediments. Dehydration of the recently sub-
ducted Pacific slab refertilized the MTZ by injecting a more
recent enriched component, and triggered wet upwelling of
the MTZ that facilitated the transit of enriched materials
(both ancient and more recent) to shallower mantle depths,
where these materials were sampled during magmatism in
the Changbaishan area (Fig. 1a). Because the FME-
depleted basalts have HIMU-like trace element signatures
but less radiogenic 206Pb/204Pb than typical HIMU sources
Fig. 2. (a) Primitive mantle (McDonough and Sun, 1995) normal-
ized trace element patterns, (b) CeN/PbN-BaN/ThN correlations
(data from Zeng et al., 2010, 2011; Li et al., 2016), and (c)
206Pb/204Pb versus 87Sr/86Sr correlations for western Shandong
basalts (data from Xu et al., 2012b; Sakuyama et al., 2013). In (a),
the average EMI is according the average data of Gough and
Tristan da Cunha basalts, while the average HIMU is according the
average data of St. Helena basalts (Willbold and Stracke, 2006). In
(b), the Ce, Pb, Ba and Th are primitive mantle normalized
according McDonough and Sun (1995). In (c), the fields of average
mid-ocean ridge basalts (MORB) and enriched mid-ocean ridge
basalts (E-MORB) are according Su and Langmuir (2003) and
Workman and Hart (2005), respectively. The field of enriched
mantle I (EMI) is according Zindler and Hart (1986). In (b) and (c),
the data of the Changbaishan region basalts are also plotted in the
context. It include samples with >7% MgO from Changbaishan,
Zengfengshan, Longgang, Wanqing, Jingbohu, Mudanjiang and
Kuandian (Basu et al., 1991; Liu et al., 1994; Hsu et al., 2000; Chen
et al., 2003, 2007; Zou et al., 2008; Yan and Zhao, 2008; Kuritani
et al., 2009, 2011). The data of Kilauea, Mauna Loa and Koolau of
Hawaiian chain are from Tanaka et al. (2002) and Tanaka and
Nakamura (2005), the data of Azores are from Turner et al. (1997).
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Table 1
B elemental and isotopic composition and selected elemental and Sr-Nd isotope data of the western Shandong basalts.

Sample SiO2 (wt%) TiO2 (wt%) MgO (wt%) FeOT (wt%) Mg# Nb (lg/g) Th/Nb K/Rb La/Yb Sm/Yb CeN/PbN BaN/ThN Sr/Sr* 87Sr/86Sr eNd B (lg/g) d11B SE

07CDS05 47.08 1.85 9.51 10.52 65.5 30.8 0.07 1047 16.9 3.7 1.3 1.7 1.4 0.703687 �0.5 1.5 �3.61 0.05
07CDS06 47.10 1.86 9.37 10.46 65.2 30.8 0.07 1057 16.7 3.7 1.2 1.7 1.4 0.703695 �0.7 1.4 �1.38 0.05
07CDS07 47.64 1.90 8.56 10.37 63.4 32.3 0.07 1001 16.7 3.6 1.3 1.7 1.4 0.703782 �0.9 1.5 �2.48 0.04
07FS01 43.68 3.04 8.76 12.49 59.5 68.4 0.07 466 30.1 5.7 1.6 0.9 1.3 0.703290 5.2 3.3 �5.45 0.03
07FS03 43.20 2.86 9.52 12.77 61.0 66.3 0.07 380 31.3 6.0 1.8 0.8 1.2 0.703297 4.9 3.0 �6.30 0.03
07FYS02 47.62 2.00 8.18 10.48 62.1 29.0 0.06 864 14.4 3.5 1.0 1.9 1.4 0.704035 �0.1 1.6
07FYS09 47.38 2.03 9.02 10.54 64.2 40.9 0.07 648 18.7 3.9 1.2 1.4 1.4 0.704459 1.7 1.4
07LIS02 46.93 2.11 8.69 11.27 61.8 45.7 0.07 1004 22.3 4.3 1.3 1.1 1.4 0.703613 2.6 2.2 �3.34 0.04
07LIS04 47.46 2.11 8.08 11.44 59.7 45.9 0.07 1019 22.3 4.3 1.1 1.2 1.4 0.703633 2.7 2.0 �4.87 0.04
07LS05 43.78 2.40 9.84 11.87 63.5 64.4 0.07 1010 33.3 5.8 1.3 0.7 1.2 0.703400 3.9 2.1 �3.87 0.03
07SW01 47.42 1.98 10.04 11.27 65.1 25.7 0.09 760 12.9 3.2 0.9 1.4 1.3 0.704306 0.1 1.7 �3.40 0.04
07SW03 47.44 1.89 10.64 11.18 66.6 24.5 0.09 710 12.6 3.2 0.9 1.4 1.4 0.704437 �1.4 1.7
07THS02 43.60 2.68 11.54 11.38 68.0 59.2 0.07 687 21.4 4.2 1.4 1.0 1.3 0.703268 5.6 3.1 �5.55 0.03
07THS03 43.67 2.68 11.09 11.39 67.1 60.5 0.07 674 21.5 4.1 1.4 1.0 1.3 0.703332 5.8 3.2 �6.90 0.03
WF12 43.51 2.72 10.30 11.27 65.7 56.8 0.08 680 23.4 4.2 1.2 1.0 1.1 0.703282 5.2 2.1 �5.11 0.04
WF22 43.98 2.71 10.42 11.26 66.0 60.1 0.08 740 22.6 3.9 1.3 0.9 1.1 0.703353 5.3 2.9 �4.99 0.04
WF32 44.08 2.79 10.82 11.18 67.0 63.5 0.08 709 21.9 4.0 1.0 0.9 1.1 0.703306 5.2 3.4 �6.67 0.03

�6.67 0.05
YS11 43.84 2.60 10.10 11.86 64.1 64.0 0.08 760 26.6 5.0 1.5 0.7 1.3 0.703918 5.1 3.3 �4.84 0.03
YS13 43.82 2.59 10.05 11.87 64.0 63.2 0.08 730 27.5 5.2 1.5 0.8 1.2 0.703688 5.1 3.1 �6.24 0.03

�6.42 0.05
CZ 40.96 2.91 11.93 14.45 63.4 122.9 0.08 567 40.1 7.1 2.8 0.6 1.0 0.703611 5.9 5.0 �5.01 0.03

Re-analysis of the same solution; N: primitive mantle (McDonough and Sun, 1995) normalized; Sr/Sr* = 2 � SrN/(PrN + NdN); Mg# = 100 �Mg/(Mg + 0.85 � Fetotal), where Mg and Fe are
molar concentrations. The selected major element, trace element and Sr-Nd isotope data are from Zeng et al. (2010) and Li et al. (2016), the full data set is in Supplemental Table 1.
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(Fig. 2c), a young (<1.0 Ga) ocean crustal component
beneath east China is required (Xu et al., 2012a).

Ocean island basalts are conventionally attributed to
decompression melting of deeply-derived hot mantle, driven
by mantle plumes (e.g., Morgan, 1971). Although the mech-
anism is different, a wet upwelling model for intracontinen-
tal basalt generation in eastern China (Kuritani et al., 2011;
Wang et al., 2015) has some similarity to the plume model
for OIBs in that it mobilizes materials from a deeper mantle
reservoir, i.e., the MTZ (Bercovici and Karato, 2003).
Related to this, two different effects are possible as regards
the B isotopic signatures in the MTZ: (1) As boron is
strongly fluid-mobile and does not substitute well into
any major silicate mineral phase in the mantle, B fluid-
rock exchanges may serve to homogenize materials in the
MTZ; or (2) The B isotopic signatures of materials in the
MTZ preserve signatures related to their protoliths, i.e.,
either subducted sediment or crust. In either case, the
basalts in the eastern NCC should reflect the mixing of
MORB-source (with different degrees of alteration) materi-
als and sediment-derived materials if they were generated
via the wet upwelling model of Kuritani et al. (2011). The
boron isotopes, given their sensitivity to subduction-
related materials, should be capable of distinguishing
among different enriched components in both FME-rich
and depleted mantle sources, and among associated meta-
somatic phenomena.

3. ANALYTICAL METHODS

B abundance and B isotopic analyses were conducted in
the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences (GIGCAS). About 150 mg of rock powder
was precisely weighed into a pre-cleaned 7 mL
PFA-Teflon beaker, along with 100 lL 1% mannitol,
100 lL H2O2 and 1 mL 24 M HF. The beaker was tightly
capped and placed on a hot plate at a temperature of 60 �C
for 3 days for boron extraction. Both the solution and resi-
due were then transferred into a pre-cleaned polypropylene
(PP) tube, and centrifuged. The supernatant was collected,
and boron was concentrated in this solution, at a recovery
of >99% (Wei et al., 2013). The collected supernatant was
then diluted with B-free Milli-Q deionized water to an
HF molarity of 3 M for ion-exchange purification. The
samples were loaded onto 20 ml columns with Bio-Rad
AG MP-1 strong anion exchange resin for chromato-
graphic purification, following procedures in Wei et al.
(2013). The eluted boron was collected in a pre-cleaned
15 mL PFA beaker, and quantitatively diluted to 12 mL.

A 2 mL aliquot of this solution was taken for boron
concentration measurement using a Varian Vista Pro
inductively coupled plasma atomic emission spectrometer
(ICP-AES) equipped with an HF-resistant Teflon spray
chamber and an Al2O3 injector. Boron was measured using
the 249.678 nm spectral line. Our column procedure sepa-
rates Fe from B, so the large Fe spectral interference at
249.650 nm was minimized, which improved the effective
detection limit to less than 0.01 lg/g B in solution, enabling
measurement of boron concentrations at <1 lg/g in basalts.
Internal precision for our boron concentration determina-
tions were generally better than 5% (RSD). Basalt stan-
dards B-5, JB-2 and JB-3 were measured multiple times as
unknowns with our samples, yielding B concentrations of
10.17 ± 0.22 lg/g (1SD, n = 3), 29.98 ± 0.98 lg/g (1SD,
n = 4) and 19.39 ± 0.52 lg/g (1SD, n = 3), respectively.
Our results for B5 are consistent with the long-time moni-
toring value of 10.18 lg/g B in our laboratory.

The remaining 10 ml of our sample solutions were used
for d11B measurement. 100 lL of 1% mannitol was added
into each beaker to prevent volatilization losses of boron
during drying. The 15 mL PFA beaker was then dried on
a hot plate at temperature of 55 �C for 2–3 days. The dried
samples were re-dissolved in 1.5 mL Milli-Q water, and
then were further diluted to a boron concentration of
�100 ng mL�1. d11B measurements were performed using
a Finnegan Neptune MC-ICPMS in sample-standard-
bracketing (SSB) mode. Details of the analytical procedures
of d11B are described by Wei et al. (2013). The internal pre-
cision for d11B was better than ±0.05‰ (2r standard error),
and the external precision for d11B was better than ±0.30‰
(2 r standard error) estimated by the long-term results of
SRM 951 (Wei et al., 2013). Several basalt standards such
as B5, JB-2 and JB-3 were repeatedly analyzed along with
the samples, yielding the d11B results of �4.78 ± 0.30‰
(1SD, n = 3), 7.16 ± 0.31‰ (1SD, n = 4) and 5.83
± 0.33‰ (1SD, n = 4).

4. RESULTS

The B elemental and isotopic composition of the western
Shandong basalts are presented in Table 1. While their
fields show some overlap, the basanites have overall higher
B concentrations (2.1–3.4 lg/g) than the alkaline basalts
and trachy-basalts (B = 1.4–2.2 lg/g), while our one
nephelinite, sample CZ, has the highest B concentration
at 5.0 lg/g (Fig. 3a). The B concentrations of the western
Shandong basalts correlate positively with their TiO2 and
Nb contents (Fig. 3b, c). All of the samples have B/Nb
ratios between 0.03 and 0.07 (Fig. 4a), similar to the
observed range in B/Nb for intraplate lavas reported by
Ryan et al. (1996), Tanaka and Nakamura (2005) and
Turner et al. (2007). Irrespective of overlap, the basanites
and nephelinites have lower d11B (�6.9‰ to �3.9‰) than
do the alkali basalts (d11B = �4.9‰ to �1.4‰). d11B values
of the western Shandong basalts are negatively correlated
with their B concentrations (Fig. 4b).

5. DISCUSSION

5.1. Post-eruptive effects on B and B isotope systematics

The potential for post-eruptive effects, such as crustal
assimilation, degassing and weathering, on the B elemental
and isotopic composition of western Shandong basalts
must be carefully evaluated, because these processes can
easily modify an initial mantle-derived magmatic B compo-
sition (Spivack and Edmond, 1987; Chaussidon and
Jambon, 1994; Genske et al., 2014). The continental crust
preserves a low d11B value of ��10‰ (Kasemann et al.,



Fig. 3. SiO2 (a), TiO2 (b) and Nb (c, d) versus B diagrams for western Shandong basalts. The SiO2, TiO2, and Nb data of western Shandong
basalts are from Zeng et al. (2010, 2011) and Li et al. (2016). The data source of Kilauea, Mauna Loa and Koolau of Hawaiian chain are from
Tanaka et al. (2002) and Tanaka and Nakamura (2005), the data of Azores are from Turner et al. (1997, 2007), the data of MORB are from
LeRoux et al. (2004).
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2000; van Hinsberg et al., 2011; Marschall and Jiang, 2011).
However, our high-SiO2 samples have higher d11B than our
low SiO2 samples (Fig. 4), which indicates that the B iso-
topic differences among our samples are most likely not
related to crustal assimilation. Nb and B are both strongly
incompatible in mantle minerals, and appear not to be frac-
tionated significantly during melting or crystallization
(Ryan et al., 1996; Brenan et al., 1998a). Therefore, a pos-
itive correlation between B and Nb would be observed if the
basalts preserve their pre-eruption B composition, like fresh
basalts from Hawaii and the Azores (Fig. 3c, d; Tanaka and
Nakamura, 2005; Turner et al., 2007; Genske et al., 2014).
However, as B is strongly fluid-mobile (Ryan et al., 1996;
Brenan et al., 1998a), a positive correlation between B
and Nb will be destroyed if the B composition of basalts
had suffered from any kind of post-eruptive effects, as was
observed among weathered subaerial Koolau samples
(e.g., Fig. 3d; Tanaka and Nakamura, 2005). The regular
positive correlations between Nb, TiO2 and B (Fig. 3b, c)
suggest that the B concentrations of our western Shandong
basalts are dominantly controlled by magmatic processes.

The fractionation of stable isotopes is controlled by
reactivity differences among the isotopes. For both Li and
B, the heavier isotopes (i.e., 7Li and 11B) partition more
readily into aqueous solution while the lighter isotopes
(i.e., 6Li and 10B) are better retained in minerals during
low temperature weathering processes (Ishikawa and
Nakamura, 1992; Hervig et al., 2002; Kısak}urek et al.,
2005; Marschall et al., 2007). Low temperature weathering
also preferentially mobilizes Rb relative to K (Feigenson
et al., 1983; Tanaka et al., 2002). Therefore, low tempera-
ture weathering of basalts (in the absence of seawater) after
emplacement should reduce their B contents and d11B val-
ues but increase their K/Rb ratios (Tanaka and
Nakamura, 2005). Based on the findings of Kuritani and
Nakamura (2006), post-eruptive degassing can also
decrease both B concentrations and d11B values, as vapor
phases preferentially take up 11B relative to coexisting melt
and solid phases. Our alkali basalts and basanites show
negative rather than positive correlations between B and
d11B and a narrow range of K/Rb ratios, and there is no
obvious correlation between K/Rb and d11B values
(Fig. 4c, d). Thus, weathering or degassing are not major
factors in the B elemental and isotopic composition of the
Shandong basalts.

The observed boron abundance patterns are consistent
with those of incompatible trace elements in the western
Shandong during the Cenozoic. The B isotopic composi-
tions of the western Shandong basalts primarily reflect the
pre-eruptive compositions of their mantle sources, and the
Nb/B and d11B are in the range of those observed in other
intraplate settings (Tanaka and Nakamura, 2005; Turner
et al., 2007; see also below).

5.2. The boron isotopic composition of the mantle

High-precision boron isotopic data for volcanic rocks
derived from mantle sources away from subduction zones



Fig. 4. B/Nb versus BaN/ThN (a), B versus d11B (b), d11B versus K/Rb (c) and B versus K/Rb (d) diagrams for western Shandong basalts. The
Nb, K and Rb data are from Zeng et al. (2011) and Li et al. (2016). The data source of basalts from Hawaiian and Azores are as in in Fig. 3.

Fig. 5. Diagram of d11B versus Nb/B for the global arc basalt
database (Ryan and Chauvel, 2014) with data for NCC basalts,
other intraplate of Hawaiian from Tanaka and Nakamura (2005)
and Tanaka et al. (2002), and Azores of Turner et al. (1997, 2007),
and ocean ridge basalts of LeRoux et al. (2004). Our NCC d11B
suite are consistent with other basalts derived from non-subduc-
tion-related mantle sources in that they show and intermediate
range of d11B values (�1.4‰ to �7.6‰) and very high Nb/B ratios.
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are uncommon, because the low boron concentrations of
these rocks have historically presented challenges to the
available methods for high-precision B isotope analysis,
i.e., PTIMS via dicesium borate (Nakamura et al., 1992;
Tonarini et al., 1997), and/or in-situ ICP-MS analysis
(LeRoux et al., 2004). As such, the new B isotopic results
presented in this study expand the database for intraplate
mantle sources, both in terms of number of measurements
and in providing the first high-precision data for rocks
derived from subcontinental mantle sources.

Ryan and Chauvel (2014) present a current compilation
of available high-precision d11B data for mafic volcanic
rocks plotted versus Nb/B (after Ishikawa and
Nakamura, 1994) as a means of defining the global mixing
endmembers for B and B isotopes in relation to subduction
processes. We have modified this diagram in Fig. 5 to
include our new results and all available high-precision B
isotopic data for other ocean ridge and intraplate volcanic
settings. The d11B signatures of most lavas from modern
subduction zones can be explained as a mixture of two
B-enriched components, one with very high d11B (up to
+18‰) and one with much lower d11B (as low as �10‰).
MORBs and intraplate basalts, including our eastern China
suites, record intermediate d11B signatures, between �1.4‰
and �7.7‰, at lower boron concentrations than almost any
subduction-related lava.

In terms of B concentrations, our data are consistent
with the contention (e.g., Ryan et al., 1996) that the mantle
sources of intraplate volcanic rocks are relatively poorer in
boron than those of ocean ridge or subduction-related
lavas, as Nb/B ratios in our eastern NCC basalts range to
far higher values than any arc lavas, MORB and most other
intraplate lavas, e.g., Hawaiian and Azores basalts
(Figs. 4a, 5). The d11B of the eastern China basalts argue
for an overall intraplate mantle boron isotopic signature
of no lower than ��7‰, consistent with the results of



H.-Y. Li et al. /Geochimica et Cosmochimica Acta 194 (2016) 77–90 85
Tanaka and Nakamura (2005), Turner et al. (2007) and
LeRoux et al. (2004), and similar to the lunar basalt d11B
signature reported by Zhai et al. (1996). These newer
high-precision d11B results suggest a heavier B isotopic sig-
nature for mantle-derived rocks than was inferred from
early ion microprobe analyses (i.e., Chaussidon and
Marty, 1995; Roy-Barman et al., 1998), and point out the
need for expanding the high-precision B isotope database
for fresh mid-ocean ridge and intraplate volcanic samples.

Recent advances in the study of OIBs suggest their
sources usually include ancient recycled materials (e.g.,
Blichert-Toft et al., 1999; Sobolev et al., 2005, 2007;
Herzberg, 2011). The B isotope compositions of basalts
from Hawaii and the Azores show correlations with their
Sr, Nd, and Os isotopic signatures (Tanaka and
Nakamura, 2005; Turner et al., 2007) that indicate B iso-
topes may provide useful information in distinguishing
among the mantle sources of OIBs. On a plot of eNd vs
d11B, the Hawaii and Azores samples show a positive corre-
lation with a high d11B (about �3‰) high eNd (�6; Fig. 6a)
endmember that has higher d11B than fresh MORBs
Fig. 6. eNd versus d11B (a) and 87Sr/86Sr versus d11B (b) diagrams
for bulk rocks of basalts from western Shandong. The Sr-Nd
isotope data of western Shandong basalts are from Zeng et al.
(2010) and Li et al. (2016). The data source of Hawaiian and
Azores are as in Fig. 3. The MORB (Su and Langmuir, 2003;
LeRoux et al., 2004), marine sediments (GLOSS; Plank and
Langmuir, 1998; Tonarini et al., 2011) and altered oceanic crust
(AOC; Staudigel et al., 1996; Smith et al., 1995; Leeman et al.,
2004) values are also plotted in the context. The eNd of the 1.0 Ga
AOC (5.4) and GLOSS (�14.1) were calculated after the method of
Chauvel et al. (2008).
(LeRoux et al., 2004) but lower values than that of the
altered oceanic crust. This higher d11B value may reflect
the contribution of ancient subducted MORBs, lithospheric
mantle or ambient mantle peridotite in the mantle source of
OIBs (Tanaka and Nakamura, 2005; Turner et al., 2007).
The Hawaiian and Azores samples also share an endmem-
ber with low d11B, low eNd and high 87Sr/86Sr (Fig. 6). This
endmember is consistent with some role for subducted sed-
iments in their mantle sources. It is thus possible that B iso-
topic signatures of the OIBs (or at least of Hawaiian and
Azores basalts) may thus be governed by varying inputs
of subducted sedimentary and ocean crustal materials
(Tanaka and Nakamura, 2005; Turner et al., 2007). Our
eastern NCC samples show different B-Nd isotope relation-
ships as compared to Hawaii and the Azores, however,
indicating that the B isotope characteristics of the mantle
beneath the eastern NCC are different from those of intra-
plate ocean islands.

5.3. B isotope heterogeneity in the mantle sources beneath

eastern China

Our eastern China data appear to document variation in
their B abundance and isotopic signatures that is not
related to the effects of differentiation (i.e., not due to crus-
tal assimilation or other possible inputs of exotic 11B-rich
boron). The alkali basalts in our suite are more enriched
in Ba, Pb and Sr than the basanites and nephelinites
(Fig. 2). However, these rocks do not show significant vari-
ation in their B/Nb ratios (Fig. 4a). Divergence between the
systematics of B and that of other incompatible elements is
also seen among the Hawaiian volcanoes, where the Koolau
Makapu’u series lavas (>1 Ma) are similar in CeN/PbN,
Sr/Sr* and BaN/ThN to the more recent Kilauea and
Mauna Loa lavas (<0.2 Ma) (Fig. 2b and Supplemental
Figures), but have higher B/Nb than either Kilauea or
Mauna Loa (Fig. 4a). It would thus appear that the source
of the Koolau Makapu’u lavas was enriched in B relative to
the sources of more recent Hawaiian lavas, including lavas
from Haleakala (Ryan et al., 1996; West and Leeman,
1987), which likely reflect changes in the mantle source con-
tributors to Hawaiian magmatism over time. As such, the
observed differences between the systematics of B and other
trace elements in the basalts of western Shandong likely
reflect differences in mantle sources.

In contrast with published data for the Azores and
Hawaii ocean island suites, d11B in the western Shandong
basalts is negatively correlated with eNd (Fig. 6; Turner
et al., 2007; Tanaka and Nakamura, 2005). As boron can-
not be isotopically fractionated at magma generation tem-
peratures (Hervig et al., 2002), it is therefore clear that
the mantle beneath the eastern NCC is heterogeneous in
terms of its boron isotopic signature. The FME-enriched
mantle component observed in rocks of the eastern NCC,
which is most evident in the signatures of our alkali basalts,
has higher d11B and lower eNd than the FME-depleted man-
tle component that is more evident in our NCC basanites
and nephelinites (Fig. 6a). Also, there appears to be a clear
contribution from a MORB-like source (high eNd, low
d11B) in the western Shandong basalts (Fig. 6). The B



Table 2
Parameters for calculation of Rayleigh fractionation of B isotope
during progressive dehydration.

B (lg/g) d11B (‰) H2O (wt%)

Starting composition

Altered oceanic crust 26 5.5 7.29
Subducted sediments 115 �4.1 2.7

Residual at 250 km depth

Altered oceanic crust 16.2 1.3 0.23
Subducted sediments 74.6 �8.8 0.87

B elemental and isotopic data are from Smith et al. (1995), Leeman
et al. (2004) and Tonarini et al. (2011), while the initial chemical
composition and water content are from Plank and Langmuir
(1998) and Staudigel et al. (1996). The dehydration paths are
calculated using PerpleX (Connolly, 2005), setting the subduction
zone thermal model as that of Bonin arc (Syracuse et al., 2010). The
Rayleigh fractionation of B isotope is calculated according the
equations of Marschall et al. (2006), partition coefficient of B
between hydrous fluids and residual rock of 0.05 (Phengite bearing
condication; Marschall et al., 2007), and temperature-dependent B
fractionation factor of Hervig et al. (2002).
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isotopic systematics in western Shandong cannot easily be
derived solely via varying material inputs related to an
ancient subduction event, as can fresh Hawaiian and
Azores basalts. Our alkali basalts have higher SiO2,
but lower FeOT at a given Mg#, and lower degrees of
LREE/HREE fractionation than do our basanites and
nephelinites (Supplemental Figures), indicating that the
alkali basalt parental magmas were likely derived from
shallower mantle depths than basanite or nephelinite
parental melts (Li et al., 2014, 2016). It would thus appear
that the deeper mantle beneath the eastern NCC has a
lower d11B than the shallower mantle.

5.4. Tectonic implications

5.4.1. B isotopes argue against a delamination model for

lithospheric thinning

The B isotope systematics of the western Shandong
basalts provides new constraints on two aspects of the tec-
tonic evolution of the eastern NCC. The first relates to the
mechanism of lithospheric thinning of the eastern NCC. As
the high SiO2 basalts of the eastern NCC are FME- (e.g.,
Ba and Sr) enriched, and are derived from a mantle source
affected by materials with an EMI-like isotopic signature
(Fig. 2), some workers have argued, based on radiogenic
isotopes, that delaminated lower continental crust evolved
to become the EMI components in the convective mantle
beneath the eastern NCC (e.g., Liu et al., 2008; Chen
et al., 2009; Zeng et al., 2011). However, the continental
crust preserves a d11B value of about �10‰ (Kasemann
et al., 2000; van Hinsberg et al., 2011; Marschall and
Jiang, 2011). It thus appears that the involvement of this
kind of material in the convective mantle is inconsistent
with the B isotopic systematics of western Shandong
basalts, i.e., the EMI radiogenic isotopic component is
associated with higher d11B signatures. These higher d11B
values point to a mantle component that experienced low-
temperature (<600 �C) geological processes at or near the
earth’s surface (Tanaka and Nakamura, 2005). Thus, the
B isotope signatures of the western Shandong basalts are
more likely related to subduction of oceanic plates rather
than delamination of continental crust.

5.4.2. Multiple metasomatic events in the mantle beneath the

eastern NCC revealed by B isotopes

As discussed above, the petrogenesis of the western
Shandong basalts cannot be explained solely via contribu-
tions from an ancient subducted component. The wet
upwelling model of Kuritani et al. (2011) and Wang et al.
(2015) for intracontinental basalt generation in eastern
China would constrain the B isotopic signature of western
Shandong basalts to be derived from a mixture of materials
released from the MTZ (subducted MORB and sedimen-
tary materials). However, the high eNd Shandong samples
have low d11B, unlike what is observed in OIBs (Fig. 6a).
As such, a single stage metasomatic event is inadequate to
explain the B isotope composition of western Shandong
basalts. In order to clarify the contribution of different sub-
ducted materials to the mantle’s B isotopic heterogeneity,
we have conducted Rayleigh fractionation calculations of
the B isotopic compositions for subducted sediments and
altered oceanic crust during the progressive dehydration
(melting is not taken into account) of a subducted oceanic
plate (Table 2). Our calculations indicate that dehydrated
oceanic crust (�+1.3‰) will maintain a higher d11B than
sediments (��8.8‰) even when subducted to 250 km
depths.

Based on correlations between B, Nd and Sr isotopes,
the alkali basalts reflect the involvement of both subducted
altered oceanic crust and marine sediments in their mantle
source (Fig. 6), as is also evident based on their Hf-Nd iso-
tope correlations (Li et al., 2014; Supplemental Figures).
However, these materials cannot have been derived from
the recent subducted Pacific slab (Zeng et al., 2010;
Kuritani et al., 2011; Li et al., 2016). Therefore, an ancient
subduction event is likely responsible for this mantle reser-
voir. In view of the differences in mantle isotopic signatures
in northern (EMI + DM) and southern (EMII + DM,
Fig. 1a) China, this ancient event may be related to a par-
ticular geological event in the NCC, i.e., the collision and
amalgamation of the eastern and western NCC at
�1.85 Ga (Zhao et al., 2001). Another possibility is that
these materials were transported into the NCC subconti-
nental mantle via subduction-related mantle convection.

The basanites and nephelinites from this study have
lower d11B and higher eNd than the alkali basalts (Fig. 6a).
These characteristics are broadly similar to available data
for St. Helena, though the available B isotope results (early
SIMS data: Chaussidon and Marty, 1995; new, high-
resolution SIMS: Walowski et al., 2016) make a more
detailed comparison difficult. Models for the petrogenesis
of the basanites and nephelinites from western Shandong
are similar to those that have been proposed for St. Helena
basalts, i.e., metasomatism by carbonatite from subducted
oceanic crust may be responsible for their HIMU signa-
tures, as well as their low SiO2 high FeOT and CaO (e.g.,
Jackson and Dasgupta, 2008). In terms of their major
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and trace elements, the nephelinites and basanites from
western Shandong have been argued to reflect a mantle
source that had experienced metasomatism by carbonatite
melts from the subducted Pacific slab (Sakuyama et al.,
2013; Li et al., 2016), The most recent B isotope results
reported for St. Helena and other HIMU OIBs (i.e.,
Walowski et al., 2016) appear to be compatible with such
a model.

FTIR results for olivines, orthopyroxenes and clinopy-
roxenes in basalts and peridotite xenoliths reveal that the
subcontinental lithospheric mantle beneath the eastern
NCC was water rich (>1000 lg/g) at �120 Ma (Xia et al.,
2013). However, the water contents of the NCC mantle
became markedly lower in the Cenozoic (25 ± 18 lg/g;
Xia et al., 2010). Thus, a wet upwelling event beneath the
NCC is unlikely to relate to the currently subducting Pacific
plate, as this subduction began in the Mesozoic (Müller
et al., 2008) and lasted to the present (Reagan et al.,
2013), during which period the NCC mantle was compara-
tively dry. It is more likely that the eastern NCC experi-
enced hydration and related metasomatism before
subduction of the Pacific plate began (Müller et al., 2008).
The contribution of the subducting Pacific slab to mantle
heterogeneity beneath the eastern NCC is most likely
related to carbonatite and associated silicate melting of car-
bonated eclogite (Li et al., 2016).

6. CONCLUSIONS

Correlations between B and d11B signatures and other
elemental and radiogenic isotopic tracers confirm that the
Cenozoic basalts from western Shandong preserve their
pre-eruptive B compositions. The B isotopic composition
of western Shandong basalts reveal mantle sources that
may be vertically heterogeneous. The FME- (e.g., Cs, Ba,
K, Pb, and Sr) rich, isotopically EMI-like mantle source
within the NCC has higher d11B than a deeper FME-
depleted mantle component that appears to derive from
the mantle transition zone. Thus our B isotope results,
together with radiogenic Sr-Nd isotopes, suggest the mantle
beneath the eastern NCC underwent at least two metaso-
matic events. The older event created an FME-enriched,
higher d11B mantle source in the convecting mantle above
the mantle transition zone, whereas the more recent event
(s), related to the ongoing subduction of the Pacific slab,
led to the formation of a lower d11B mantle source at depth.
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