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We report here the whole-rock Hf–Nd isotopic data on Mesozoic–Cenozoic basaltic lavas from Liaoning,
Shandong, Hebei and Jiangsu–Anhui regions in the North China Craton (NCC). These lavas can be readily
subdivided into two groups. The older (N110 Ma) lavas are relatively depleted in high field strength elements
(HFSEs), and have enriched Sr–Nd–Hf isotopic compositions. The younger (b110 Ma) lavas, by contrast, have
OIB-like trace element systematics and more depleted Sr–Nd–Hf isotopic compositions. Among several possibil-
ities, themost straightforward explanation is that the N110Ma lavas may have largely derived from the “ancient
metasomatized lithosphere” or contain contributions from ancient continental crust in the process of lithosphere
thinning, whereas the b110 Ma lavas with more depleted Sr–Nd–Hf isotopic compositions were most likely
derived from the asthenosphere when the lithosphere had already been thinned with the ancient lithospheric
mantle being removed. We thus propose that the thinning of the ancient cratonic mantle lithosphere beneath
theNCCmust have been largely completed by ~110Ma. In this context,we infer that ancient sub-continental lith-
ospheric material, once entering the asthenosphere, may be important as an enriched component for intra-plate
basaltic magmatism, including ocean island basalts (OIBs). In addition, all these basaltic lavas plot along the
terrestrial array in the Hf–Nd isotopic space, suggesting that the mantle source isotopic variation is largely
controlled by simple magmatic processes, i.e., low-degree melt metasomatic enrichment (e.g., elevated Hf/Lu
and Nd/Sm ratios) and melt extraction-related depletion (e.g., lowered Hf/Lu and Nd/Sm ratios).

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The ancient, cratonic mantle lithosphere of the North China Craton
(NCC) is widely thought to have been thinned from the Late Mesozoic
through to the Cenozoic in response to some form of thermo-tectonic
activities (Menzies et al., 1993; Griffin et al., 1998; Fan et al., 2000; Xu,
2001; Gao et al., 2002; Wu et al., 2003; Gao et al., 2004; Rudnick et al.,
2004; Wu et al., 2005, 2006; Menzies et al., 2007; Zhang et al., 2007;
Zheng et al., 2007; D.B. Yang et al., 2008; J.H. Yang et al., 2008; W.L. Xu
et al., 2008; Y.G. Xu et al., 2008; H.F. Zhang et al., 2009; J.J. Zhang et al.,
2009; Xu et al., 2010; Zhang et al., 2011; Zhang, 2012). The occurrence
of the Ordovician diamondiferous kimberlite pipes in the NCC indicates
the existence of cold and thick (N200 km) lithosphericmantle, typical of
Archean cratons, at least at the time of kimberlite eruption in the
Paleozoic (Menzies et al., 1993; Griffin et al., 1998). The refractory
garnet peridotite xenoliths in the kimberlites give Archean Os model
ages, consistent with the geology that both the crust and the mantle
lithosphere underlying the NCC are of Archean age (e.g., Gao et al.,
Chinese Academy of Sciences,

na Research. Published by Elsevier B.
2002; Wu et al., 2006; Zhang et al., 2008). Geophysical data and studies
of mantle xenoliths from the Cenozoic basalts, however, suggest that
the present-day lithosphere is only 60–80 km thick (Menzies et al.,
1993; Griffin et al., 1998; Menzies and Xu, 1998; Fan et al., 2000;
Zheng et al., 2001; Rudnick et al., 2004; H.F. Zhang et al., 2009). Also,
the Cenozoic basalts carry mantle xenoliths that are equilibrated to a
high geotherm (Xu, 2001; Zheng et al., 2006), have a relatively fertile
bulk composition (Menzies et al., 1993; Griffin et al., 1998; Rudnick
et al., 2004) andOs isotopic compositions similar to themodern convec-
tive mantle (Gao et al., 2002; Wu et al., 2003; Wu et al., 2006).

The above observations have been used to suggest that the ancient,
cratonic mantle lithosphere, similar to that present beneath the
Kaapvaal, Siberian and other Archean cratons, was removed from the
base of the Eastern Block of the NCC in the Mesozoic, and was partly
replenished with younger, less refractory lithospheric mantle
(Menzies et al., 1993; Griffin et al., 1998; Fan et al., 2000; Xu, 2001;
Gao et al., 2002; Wu et al., 2003; Gao et al., 2004; Rudnick et al., 2004;
Wu et al., 2005, 2006; Menzies et al., 2007; Zhang et al., 2007; Zheng
et al., 2007; D.B. Yang et al., 2008; J.H. Yang et al., 2008; W.L. Xu et al.,
2008; Y.G. Xu et al., 2008; H.F. Zhang et al., 2009; J.J. Zhang et al.,
2009; Xu et al., 2010; Zhang et al., 2011; Zhang, 2012). However, the
mechanism and actual timing of the thinning remain controversial
V. All rights reserved.
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(Xu, 2001; Gao et al., 2004;Wu et al., 2005; Menzies et al., 2007; Zhang
et al., 2007; Zheng et al., 2007; D.B. Yang et al., 2008; J.H. Yang et al.,
2008; W.L. Xu et al., 2008; H.F. Zhang et al., 2009; J.J. Zhang et al.,
2009; Xu et al., 2010; Zhang et al., 2011; Zhang, 2012). The major
hypotheses include delamination (Deng et al., 1994; Wu et al., 2003;
Deng et al., 2004; Gao et al., 2004; Deng et al., 2007; Gao et al., 2008;
Ling et al., 2009; Xu et al., 2013), thermo-chemical replacement (Xu,
1999; Zheng, 1999; Lu et al., 2000; Xu, 2001, 2007; Zheng, 2009) and
basal hydration weakening (Niu, 2005). The thinning is proposed to
be mainly occurred 1) in the Mesozoic (e.g., Zhou et al., 2002; Wu
et al., 2003; Zhang et al., 2005; Zhou, 2006, 2009); 2) in the Cenozoic
(Menzies et al., 1993; Griffin et al., 1998; Lu et al., 2000; Xu, 2001) and
3) in two stages, respectively, in the Mesozoic and Cenozoic (e.g.,
Deng et al., 1996, 2004). However, most researchers agree that the
peak period of thinning took place at 130–110 Ma (e.g., Zhou et al.,
2002; Wilde et al., 2003; Zhai et al., 2005; Zhang et al., 2005; Xu et al.,
2009).

Basalts of Mesozoic age are widespread in eastern China and are
interpreted as resulting from the lithospheric thinning (Zhang et al.,
2002; Zhang and Zheng, 2003; Zhang et al., 2003, 2004; Yang et al.,
2006; Gao et al., 2008; Y.S. Liu et al., 2008). Cenozoic basalts of varying
age are also abundant in this region. These basalts andmantle xenoliths
they carry provide a window into mantle sources and processes. There
has been much research on the petrology and geochemistry of these
rocks, including Sr–Nd–Pb isotope analysis (Zhang et al., 2002; Zhang
and Zheng, 2003; Zhang et al., 2003, 2004; Tang et al., 2006; Huang
et al., 2007; Gao et al., 2008; Y.S. Liu et al., 2008; Yang and Li, 2008; J.J.
Zhang et al., 2009; Xu et al., 2010; Wang et al., 2011; W. Yang et al.,
2012), yet there has been rare Hf isotope study on the NCC basalts
(Yang et al., 2006; Chen et al., 2009; Zeng et al., 2011). Hf and Nd iso-
topes are different between lithospheric mantle and asthenospheric
mantle (Griffin et al., 2000), which are powerful in tracing the source
of basalts. However, because of DLu/DHf N DSm/DNd, Lu–Hf isotopic sys-
tem is more sensitive to mineralogy in the source and melting residues
during partial melting (Johnson et al., 1996; Vervoort and Patchett,
1996; Schmitz et al., 2004), implying that a significant fractionation of
Lu/Hf ratio can occur, which therefore can generate a broad range of
Hf isotopic variation (e.g., Yang et al., 2006) and could better trace the
source and source histories. In addition, the nature of the source of
Cenozoic basalts in the NCC is controversial. Garnet (DLu ≫ 1 and
DHf b 1) as a residual phase will lead to high Lu/Hf ratios in the melting
residue and high 176Hf/177Hf ratios relative to 143Nd/144Nd (i.e.,
decoupling), which might be an important tracer for the recycled
eclogitic lower crust (Chen et al., 2009; Zeng et al., 2011). However,
the Hf and Nd isotopes in this study are coupled. Here, we present
high quality whole-rockHf isotopic data on several suites of representa-
tiveMesozoic–Cenozoic basaltic samples from theNCC. Our results indi-
cate that Hf isotopic compositions of basaltic lavas change abruptly from
N110 Ma to b110 Ma. The N110 Ma lavas have enriched Hf isotopic
compositions. The b110 Ma lavas, by contrast, have more depleted Hf
isotopic compositions. Previous studies indicated that there is also an
abrupt change in the Sr–Nd–Pb–Mg isotope data (Xu, 2001; Zhang
et al., 2002, 2003; Yang and Li, 2008; J.J. Zhang et al., 2009; Xu et al.,
2010; W. Yang et al., 2012) and trace element data (e.g., Y.S. Liu et al.,
2008) between basalts erupted before 120 Ma and those erupted after
110 Ma. The new Hf isotope data, together with the existing Sr–Nd
isotope data and trace element data, offer us new constrains on the pet-
rogenesis of these rocks and insights into the process of lithosphere
thinning beneath the NCC.

2. Geological settings and samples

The NCC (Fig. 1) is one of the world's oldest Archean cratons,
preserving crustal remnants as old as 3800 Ma (Liu et al., 1992; Song
et al., 1996; Liu et al., 2007; D.Y. Liu et al., 2008). It is surrounded by
the Mesozoic Dabie and Sulu Orogenic belts to the south and east (Li
et al., 1993; Meng and Zhang, 2000), and to the north by the Central
Asian Orogenic belt (Sengör et al., 1999; Davis et al., 2001). The craton
is divided into the Eastern Block, theWestern Block and the intervening
Trans-North China Orogen/Central Orogenic Belt (e.g., Zhao et al., 2005;
Santosh, 2010; Kusky, 2011; Zhai and Santosh, 2011; Zhao and Zhai,
2013) (Fig. 1). The Eastern Block has experienced widespread tectono-
thermal reactivation since the Late Mesozoic, as manifested by the
emplacement of voluminous Late Mesozoic mafic to felsic igneous
rocks and Cenozoic basalts (e.g., Fan et al., 2000; Zhang et al., 2002,
2003; Gao et al., 2004; Zhang et al., 2004; Tang et al., 2006; Xu et al.,
2006a, 2006b; Gao et al., 2008; W.L. Xu et al., 2008; Zhang et al., 2011).

The sample locations that we studied are shown in Fig. 1 and the
major element compositions of these samples are summarized in the
total alkalis–silica (TAS) diagram (Fig. 2). The ages of these basalts are
shown in Table 1. The older basalts (N110 Ma) studied here were sam-
pled from Liaoning and Shandong. Sihetun and Yixian basalts inwestern
Liaoning are dated at 122–125 Ma (Zhou et al., 2003; Gao et al., 2008),
while the Feixian basalts from western Shandong give a K–Ar age of
119± 2.3 Ma (Pei et al., 2004). The basalts are porphyritic with pheno-
crysts of olivine, clinopyroxene and minor orthopyroxene (Zhang et al.,
2002; Pei et al., 2004; Gao et al., 2008). Olivine phenocrysts in the
b110 Ma basalts have lower Fo (50–90) (Chi, 1987) compared with
those in the N110 Ma basalts (mostly N90) (Pei et al., 2004; Gao et al.,
2008). The major and trace element data of our studied samples have
been previously published (Y.S. Liu et al., 2008 and references therein),
except for samples 10HNB01, 10HNB02, and 10HNB03 fromHannuoba,
Hebei Province, which are similar to those published in the literature.
The samples in this study plot in basalt, picro-basalt, trachybasalt
and tephrite fields on the TAS diagram (Fig. 2) with varying SiO2

(39.70–50.52 wt.%). They are enriched in LREEs with low HREEs
(Fig. 3), suggesting thepresence of garnet as residual phase duringman-
tle melting. In the primitive mantle normalized spidergram (Fig. 3),
these basalts show compositional distinction. Samples of N110 Ma are
characterized by relative Nb, Ta, and Ti depletion, resembling typical
arc rocks (or the familiar “arc signature” or continental crustal signa-
ture) (e.g., Elliott, 2003; Rudnick and Gao, 2003). They also have
relatively lower Nb/U and higher Sr/Y and Th/U ratios. On the other
hand, samples of b110 Ma do not show Nb and Ta depletion, and
actually resemble present-day OIB in many ways (Fig. 3). In addition,
previous researches have suggested that the N110 Ma basalts have
negative εNd, variable 87Sr/86Sri, unradiogenic Pb isotope ratios
(e.g., Xu, 2001; Zhang et al., 2002, 2004; Gao et al., 2008), whereas the
b110 Ma basalts with mantle-like Sr–Nd–Pb isotopes (e.g., Zhang and
Zheng, 2003; Tang et al., 2006; Chen et al., 2009; J.J. Zhang et al., 2009;
Wang et al., 2011). A recent study indicates that these two groups also
have distinct Mg isotopic compositions (W. Yang et al., 2012). Here,
we emphasize the new insights gained from Hf (combined with Sr,
Nd) isotopes.

3. Analytical methods

Samples were trimmed to remove altered surfaces, crushed in a
specially designed steel jaw crusher, and dried before powdered in a
tungsten carbidemortar to a grain sizeb200mesh for analysis.Major el-
ement compositions were analyzed by X-ray fluorescence (XRF; Rikagu
RIX 2100) using fused glass disks at Northwest University, China follow-
ing Rudnick et al. (2004). The samples for trace element analysis were
digested using HF + HNO3 in Teflon bombs and analyzed with an
Agilent 7500a ICP-MS at Northwest University, China following
Rudnick et al. (2004).

The Sr andNd isotopic compositionswere determined onMC-ICPMS
(Nu PlasmaHR, Nu Instruments,Wrexham, UK) in staticmode at North-
west University, Xi'an. Approximately 100 mg whole-rock powders
were digested in sealed Teflon bombs with a mixture of concentrated
HNO3, HF and HClO4. The sealed bombs were kept in an oven at
190 °C for 48 h. The decomposed samples were then dried at 140 °C



Fig. 1. Geologic sketch map of the North China Craton (NCC; after Gao et al., 2008). Red circles and blue stars represent samples of N110 Ma and b110Ma, respectively.WB stands for the
Western Block, TNCO for the Trans-North ChinaOrogen and EB for the EasternBlock of theNCC(Zhaoet al., 2005). The inset showsmajor tectonic divisions of China,where theNorth China
Craton is shaded and YZ and SC denote the Yangtze Craton and South China Orogen, respectively.
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followed by adding concentrated HNO3 and HCl. Sr and Nd (and other
REEs) were separated/concentrated using standard chromatographic
columns with AG50W-X8 and HDEHP resins following the procedure
Fig. 2.Variations in Na2O+K2O vs. SiO2 (TAS, LeMaitre et al., 1989) forMesozoic to Cenozoic b
Province have SiO2 b 40%, and are SiO2 under-saturated olivine nephelinite.
Data are from Y.S. Liu et al. (2008).
of Gao et al. (2004). The measured 143Nd/144Nd and 87Sr/86Sr ratios
were normalized to 146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194, re-
spectively. External reproducibility of the isotopic measurements can
asaltic samples from the North China Craton (NCC). Three samples from Qixia in Shandong



Table 1
Sr–Nd–Hf isotopic compositions of Mesozoic to Cenozoic lavas from the North China Craton.

Age 147Sm/144Nd 143Nd/144Nd 2σ TDM (Ma) εNd(t) 87Rb/86Sr 87Sr/86Sr 2σ 87Sr/86Sr (t) 176Lu/177Hf 176Hf/177Hf 2σ TDM (Ma) εHf(t)

SHT-16 124–125 Ma; Gao et al. (2008) 0.008799 0.282633 ± 59 1.1 −2.8
SHT-19 0.008813 0.282553 ± 11 1.2 −5.7
SHT-21 0.008485 0.282544 ± 28 1.2 −5.9
SHT-24 0.008121 0.282486 ± 33 1.3 −8.0
SHT-31 0.008286 0.282562 ± 51 1.2 −5.3
YX-25 122–125 Ma; Zhou et al. (2003) 0.009275 0.282332 ± 16 1.7 −13.5
YX-26 0.009623 0.282265 ± 36 1.8 −15.9
YX-26 dup 0.009623 0.282286 ± 27 1.8 −15.2
YX-28 0.009612 0.282346 ± 17 1.7 −13.0
YX-29 0.009020 0.282290 ± 25 1.7 −15.0
YX-30 0.008898 0.282317 ± 19 1.7 −14.0
SFC-05 124.9 Ma; Zhang et al. (2002) 0.006533 0.282198 ± 72 1.7 −18.0
SFC-09 0.006469 0.282271 ± 15 1.6 −15.4
SFC-17 0.006596 0.282272 ± 48 1.6 −15.4
FX2-88 119 Ma; Pei et al. (2004) 0.006287 0.282352 ± 83 1.5 −12.5
SFX-13 0.006316 0.282299 ± 18 1.6 −14.4
SFX-27 0.006406 0.282216 ± 23 1.7 −17.4
SFX-49 0.006267 0.282359 ± 80 1.5 −12.3
YT-01 10.4 Ma; Liu et al. (1992) 0.138 0.512712 ± 2 0.9 1.51 0.0816 0.705289 ± 3 0.705277 0.005925 0.282941 ± 4 0.5 6.2
YT-02 0.138 0.512741 ± 2 0.8 2.09 0.0899 0.705319 ± 4 0.705306 0.006687 0.282970 ± 8 0.5 7.2
YT-53 0.122 0.512881 ± 1 0.4 4.83 0.0940 0.703833 ± 4 0.703820 0.007654 0.283039 ± 3 0.4 9.6
JG-3 100.4 Ma; Zhang and Zheng (2003) 0.008564 0.282969 ± 10 0.5 8.6
JG-4 0.008257 0.282963 ± 7 0.5 8.4
JG-5 0.008579 0.282953 ± 11 0.5 8.0
JG-6 0.008234 0.282968 ± 9 0.5 8.6
JG-35 0.008688 0.282966 ± 6 0.5 8.5
JG-37 0.124 0.512819 ± 1 0.6 4.47 0.1842 0.703828 ± 5 0.703566 0.008881 0.282981 ± 7 0.5 9.0
JG-37 dup 0.124 0.512828 ± 2 0.5 4.63 0.1842 0.703839 ± 5 0.703577 0.008881 0.282989 ± 12 0.5 9.3
10HNB-01 14.11–17.19 Ma; Wang et al. (1988) 0.126 0.512896 ± 1 0.4 6.21 0.2097 0.723634 ± 3 0.723247 0.003140 0.282989 ± 3 0.4 8.0
10HNB-02 0.125 0.512884 ± 1 0.5 5.98 0.1691 0.722421 ± 4 0.722109 0.003560 0.282979 ± 6 0.4 7.6
10HNB-02 dup 0.125 0.512882 ± 2 0.5 5.95 0.1691 0.722242 ± 20 0.721930
10HNB-03 0.128 0.512879 ± 2 0.5 5.84 0.0864 0.703983 ± 4 0.703823 0.005828 0.282976 ± 7 0.4 7.5
ZB-02 22.8 Ma; Liu et al. (1992) 0.127 0.512861 ± 1 0.5 4.53 0.1141 0.704092 ± 4 0.704060 0.004423 0.282932 ± 25 0.5 6.1

(continued on next page)
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Table 1 (continued)

Age 147Sm/144Nd 143Nd/144Nd 2σ TDM (Ma) εNd(t) 87Rb/86Sr 87Sr/86Sr 2σ 87Sr/86Sr (t) 176Lu/177Hf 176Hf/177Hf 2σ TDM (Ma) εHf(t)

ZB-10 0.146 0.512757 ± 3 0.9 2.45 0.1337 0.704859 ± 4 0.704821 0.006937 0.282947 ± 8 0.5 6.5
ZB-12 0.145 0.512760 ± 1 0.9 2.5 0.1317 0.704853 ± 4 0.704816 0.008174 0.282921 ± 49 0.6 5.6
ZB-15 0.141 0.512758 ± 1 0.8 2.48 0.1275 0.704752 ± 4 0.704716 0.007443 0.282960 ± 8 0.5 7.0
WF1-1 36.3–39.3 Ma; Wang et al. (2007) 0.006062 0.282896 ± 8 0.6 5.1
WF1-1 dup 0.006062 0.282909 ± 14 0.6 5.6
WF1-2 0.005900 0.282879 ± 12 0.6 4.5
WF2-1 0.005967 0.282969 ± 13 0.5 7.7
WF2-2 0.005869 0.282948 ± 8 0.5 6.9
WF2-4 0.006231 0.282962 ± 18 0.5 7.4
WF2-7 0.006166 0.282926 ± 17 0.5 6.2
WF2-7 dup 0.006166 0.282940 ± 12 0.5 6.7
DD18-1 58.4 Ma; Wang et al. (2006) 0.006691 0.283032 ± 31 0.4 10.2
DD18-4 0.006542 0.283040 ± 16 0.4 10.5
DD18-4 dup 0.006542 0.283048 ± 11 0.3 10.8
DD19-1 81.6 Ma; Wang et al. (2006) 0.005792 0.283027 ± 12 0.4 10.5
DD19-2 0.005659 0.283011 ± 13 0.4 9.9
DD19-3 0.005945 0.283033 ± 11 0.4 10.7
QX-77 8.1–6.2 Ma; Liu et al. (1992) 0.112 0.512857 ± 1 0.4 4.38 0.0462 0.703710 ± 5 0.703703 0.003005 0.282978 ± 9 0.4 7.5
QX-92 0.111 0.512850 ± 2 0.4 4.25 0.0613 0.703848 ± 6 0.703839
QX-99 0.111 0.512845 ± 1 0.5 4.14 0.0198 0.703706 ± 4 0.703703 0.003013 0.282975 ± 8 0.4 7.4
DX-6 73.0 Ma; Yan et al. (2005) 0.125 0.512886 ± 2 0.5 5.48 0.1014 0.703636 ± 4 0.703535 0.006011 0.283014 ± 16 0.4 9.8
DX-9 0.126 0.512910 ± 2 0.4 5.94 0.0929 0.703849 ± 4 0.703757 0.006290 0.283034 ± 7 0.4 10.5
DX-17 0.125 0.512885 ± 1 0.5 5.47 0.1024 0.703630 ± 4 0.703528 0.006279 0.283028 ± 7 0.4 10.3
DX-23 0.126 0.512886 ± 1 0.5 5.48 0.1011 0.704038 ± 5 0.703937 0.006268 0.283021 ± 34 0.4 10.0
FS00-55 8.6 Ma; Liu et al. (1992) 0.132 0.512957 ± 2 0.4 6.3 0.1681 0.703539 ± 5 0.703515 0.006110 0.283094 ± 4 0.3 11.6
FS00-59 0.135 0.512931 ± 2 0.4 5.79 0.1808 0.703465 ± 5 0.703439 0.006229 0.283093 ± 7 0.3 11.5
GZS00-01 0.124 0.512935 ± 2 0.4 5.89 0.1029 0.703547 ± 4 0.703532 0.006110 0.283049 ± 8 0.3 10.0
GZS00-01 dup 0.006110 0.283055 ± 5 0.3 10.2
GZS00-02 0.122 0.512926 ± 1 0.4 5.71 0.0963 0.703587 ± 5 0.703573 0.005638 0.283035 ± 8 0.4 9.5
GZS00-08 0.127 0.512907 ± 2 0.4 5.34 0.1259 0.703700 ± 4 0.703682 0.006884 0.283031 ± 6 0.4 9.3
LS99-01 1.41 Ma; Liu et al. (1992) 0.13 0.512811 ± 1 0.6 3.37 0.0905 0.703756 ± 4 0.703756 0.005808 0.282914 ± 25 0.5 5.0
LS99-03 0.131 0.512884 ± 2 0.5 4.81 0.0793 0.704152 ± 4 0.704152 0.005691 0.282964 ± 27 0.5 6.8

dup, duplicate analysis.
The Nd model age based on depleted mantle (DM) assumes a linear evolution of isotopic composition from εNd(T) = 0 at 4.56 Ga to approximately +10 at the present time. Model ages (TDM) were calculated using equations:
TDM = 1/λ × ln{1 + [(143Nd/144Nd)sample − 0.51315] / [(147Sm/144Nd)sample − 0.2137]}, where the decay constant (λ) of 147Sm used in model age calculation is 0.00654 Ga−1.
εNd(t) was calculated using equation:
εNd(t) = 10000 × [(143Nd/144Nd)sample − (143Nd/144Nd)chondrite] / (143Nd/144Nd)chondrite, where subscript sample and chondrite denote values of sample and chondrite at the time of sample formation.
The Hf model ages (TDM) were calculated using equations:
TDM = 1/λ × ln{1 + [(176Hf/177Hf)sample − 0.28325] / [(176Lu/177Hf)sample − 0.0384]}, where the decay constant (λ) of 176Lu used in model age calculation is 0.01867 Ga−1.
εHf(t) was calculated using equation:
εHf(t) = 10000 × [(176Hf/177Hf)sample − (176Hf/177Hf)chondrite] / (176Hf/177Hf)chondrite, where subscript sample and chondrite denote values of sample and chondrite at the time of sample formation.
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Fig. 3. (a, b) Chondrite normalized REE patterns and primitive mantle normalized trace-element patterns for older (N110 Ma) and (c, d) younger (b110 Ma) basaltic samples from the
North China Craton. Chondrite values are from Taylor and McLennan (1985), and primitive mantle values from Sun and McDonough (1989). Continental crust and OIB values are from
Rudnick and Gao (2003) and Sun and McDonough (1989), respectively.
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be judged by repeated analyses of international standards. The La Jolla
standard measured along with unknown samples gave an average
143Nd/144Nd of 0.511833 ± 0.000008 (2σ, n = 75), and NBS 987 gave
87Sr/86Sr =0.710233 ± 0.000035 (2σ, n = 28), which are identical to
reference values within analytical errors. Analyses of BCR-2 gave 87Sr/
86Sr =0.704995 ± 0.000039 (2σ, n = 3), and 143Nd/144Nd =
0.512611 ±0.000013 (2σ, n = 6).

The Hf isotopic analyses were done in static mode on the Nu Plasma
MC-ICP-MS at Northwest University, Xi'an and Neptune Plus MC-ICP-
MS at ChinaUniversity of Geosciences inWuhan. About 300mg of pow-
ders were digested in Teflon bombs with a mixture of concentrated
HNO3 + HF and dried on a hot plate. This was followed by addition of
concentrated HNO3, HF and HClO4 sealed in bombs and kept in an
oven at 190 °C. The samples were further digested by adding HNO3,
HCl and evaporation in sequence. Chromatographic column of LN-
Spec resins was used for Hf separation and purification following Yuan
et al. (2007). This method is modified after Münker et al. (2001),
which reduces the time of separation and lowers the blank. The
measured Hf isotopic ratios were corrected for isobaric interference
with Lu at mass 176 by monitoring 175Lu; the 176Lu interference was
subtracted by using a 176Lu/175Lu value of 37.69969 (Rosman and
Taylor, 1997). During the course of our analysis, replicate measure-
ments of the Hf standard JMC 475 gave 0.282179 ± 0.000019 (2σ,
n = 16). Values reported for the samples are adjusted to the accepted
value of 0.282160 for reference Hf standard JMC-475 (Vervoort and
Blichert-Toft, 1999). Alfa Hf measured during the course of analysis
gave an average 176Hf/177Hf of 0.282215 ± 0.000020 (2σ, n = 18),
and BHVO-2 gave 176Hf/177Hf = 0.283090 ± 0.000036. BCR-2 and
AGV-2 gave 176Hf/177Hf = 0.282872 ± 0.000023 and 176Hf/177Hf =
0.282983± 0.000014, respectively. All these are identical to their refer-
ence values within analytical errors.

4. Results

Analytical data of Sr–Nd–Hf isotopes are given in Table 1. Fig. 4
shows that the NCC basalts in Sr–Nd isotope space define a scattered
negative trend. The N110 Ma samples are isotopically more enriched
with low εNd (t) (−1.69 to −14.93) and high (87Sr/86Sr)i (0.706137
to 0.709885), which is consistent with the previous reported Sr–Nd
data (e.g. εNd b 0) (e.g., Xu, 2001; Zhang et al., 2002; Gao et al., 2008;
Yang and Li, 2008; Pei et al., 2011; D.B. Yang et al., 2012). The Feixian
and Fangcheng basalts in western Shandong have more enriched Sr–
Nd isotopic compositions than the Yixian basalts in western Liaoning.
However, the Sr–Nd isotopic compositions for b110 Ma basaltic lavas
are more depleted with low (87Sr/86Sr)i (0.703439 to 0.707545) and
high εNd(t) (+0.22 to +6.3), toward the depleted MORB mantle
(DMM) (Fig. 4).

As for Hf isotopes, all the samples define a broad positive trend that
is parallel to and lies within the terrestrial array (Fig. 5) in εHf (t) vs. εNd
(t) diagram. The N110 Ma lavas display a large range of negative εHf(t)
(−18.0 to −2.8), consistent with an enriched source. In contrast, the
b110 Ma lavas have more depleted Hf isotopic compositions with a
smaller range of positive εHf(t) (+4.5 to +11.6), which is consistent
with the Sr–Nd isotopic characteristics. It is worth to note that although



Fig. 4. Diagram of εNd(t) vs. initial 87Sr/86Sr showing Mesozoic to Cenozoic basaltic samples from the North China Craton, where (t) refers to the basalt eruption ages. Data for N110 Ma
basalts are from Zhang et al. (2002), Gao et al. (2004) and Gao et al. (2008), and for b110 Ma basalts are from Zhang and Zheng (2003), Wang et al. (2006) and Wang et al. (2007).
Data for LCC (model lower continental crust), GLOSS (Global subducting sediments) and DMM are from Jahn et al. (1999), Plank and Langmuir (1998) and Workman and Hart (2005),
respectively. The trends for EM-I and EM-II are from Zindler and Hart (1986). The fields of lithospheric mantle are represented by peridotite xenoliths from Cenozoic basalts in Shanwang
(Chu et al., 2009) and Beiyan (Xiao et al., 2010).
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all the samples plot along the terrestrial array (Fig. 5), they do display
some scattering; some samples show obvious deviation from the array
most likely resulting from mantle source heterogeneity on varying
local scales because these samples are from a geographically large area
(see blue stars in Fig. 1). The effect of the asthenospheric heterogeneity
on εHf(t) isotopes of the erupted basalts is most likely inherited from
varying Lu/Hf ratios in the source regions.

5. Discussion

5.1. Petrogenesis of Mesozoic–Cenozoic basaltic rocks in the NCC

In contrast to oceanic basalts, continental basalts would pass
through the thick continental crust prior to eruption. Thus, the effect
of crustal contamination might be considered in their petrogenesis.

The occurrence of mantle xenoliths within these lavas suggests that
they ascended rapidly, thus avoiding significant interaction with crust
and wall-rock. The OIB-like features of the b110 Ma basalts (e.g., high
Ce/Pb, high Nb/U, and low La/Nb ratios) further ruled out the significant
crustal contamination. In addition, the majority of the b110 Ma basalts
have MgO N 8 wt.% and the N110 Ma basalts have even higher MgO,
which rule out significant crustal contamination. Therefore, there
was no significant interaction between the basaltic magmas and the
continental crust during magma ascent.

The data and foregoing discussion demonstrate that the NCC basalts
show compositional distinction between older basalts (N110 Ma) and
younger ones (b110 Ma). This time-dependent difference or division
points to their contrasting differences in their sources or processes or
both.

The N110 Ma basalts are isotopically enriched with εNd b 0 and εHf
b 0. They all fall along the terrestrial array (Fig. 5). The Hf isotopes in
this study are consistent with the Hf data of Fangcheng basalts reported
byYang et al. (2006). Previous studies indicate that theMesozoic basalts
derived from an isotopically enriched mantle source with negative εNd,
variable 87Sr/86Sri, unradiogenic Pb isotope ratios (e.g., Xu, 2001; Zhang
et al., 2002; Gao et al., 2008; Yang and Li, 2008). In addition, the
N110 Ma basalts have significant Nb, Ta, and Ti depletion (also see
Fig. 3) and high Nb/Ta ratios, and Nb and Ta are both negatively corre-
lated with MgO, which can be interpreted as indicating a low Nb and
Tamantle sourcewith highNb/Ta ratios (Y.S. Liu et al., 2008). Compared
with rocks frommantle derivedmagmas in all geological environments,
Nb–Ta–Ti depletion is characteristic of volcanic arc rocks or the “arc-
signature” shared by continental crustal materials. Combined with
their relatively low Nb/U, high Sr/Y and Th/U ratios, it has been
interpreted that the N110 Ma basalts may have continental crust in-
volved in their petrogenesis (e.g., Zhang et al., 2002; Gao et al., 2008;
W.L. Xu et al., 2008; Y.S. Liu et al., 2008; Yang and Li, 2008; Xu et al.,
2010) (Fig. 6). Our new Hf data cannot rule out any continental crustal
contribution, there are still somequestions to be resolved. TheNb–Ta–Ti
depletion could be interpreted as the presence of rutile as a residual
phase, but this would require the source rock to be basaltic (e.g.,
eclogite). However, partial melting of eclogites cannot produce basaltic
melts (see Fig. 2) we studied here, and importantly, rutile has very high
solubility in silicate melt and cannot exist as a residual phase during ba-
salt melting (Ryerson and Watson, 1987). Basaltic melts must be pro-
duced by partial melting of mantle peridotites or pyroxenites formed
via interaction of peridotite with melt from eclogite (references in Gao
et al., 2008). The contribution of recycled continental crust with
imparted Nb–Ta–Ti signature could be invoked, but the amount of
such crustal material required to explain the strong Nb–Ta–Ti signature
needs further investigation to see if it would be too large and would
produce much more felsic melt rather than basalts.

Alternatively, metasomatism might explain the large negative εNd
and εHf values of the N110 Ma basalts. While sub-continental mantle
lithosphere as a result of previous melt extraction is likely depleted in
major elements (i.e., high Mg#, low Al2O3 and high CaO/Al2O3), it can
be enriched in terms of incompatible elements throughout its long his-
tories throughmantlemetasomatism (e.g., O'Reilly andGriffin, 1988), in
processes similar to that taking place at the lithosphere–asthenosphere
boundary beneath ocean basins (Niu and O'Hara, 2003, 2009) or in a
mantle wedge environment (Donnelly et al., 2004). The metasomatism
would not significantly affect the major elements, but will result in the



Fig. 5. (a) Diagram of εHf vs. εNd showing Mesozoic to Cenozoic basaltic rocks from the
North China Craton. The field for Hf–Nd crust–mantle array is from Vervoort et al.
(1999). (b) Close-up of portion of (a) to illustrate the 2σ analytical error bar of εHf for
N110 Ma basalts. (c) Close-up to illustrate the 2σ analytical error bar of εHf for b110 Ma
basalts. The 2σ analytical error for most of these basalts is within ±1 epsilon unit,
although several N110 Ma basalts have a large error of ~3 epsilon units as shown.
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enrichments of volatiles and progressivelymore incompatible elements,
e.g., the elevated ratios of Rb/Sr, Nd/Sm and Hf/Lu, which can also
explain the isotopically enriched signatures in the N110 Ma basalts
(i.e., high 87Sr/86Sr, low εNd[t] and εHf[t]).
The mantle lithosphere, by definition, is too cold to melt and is not
the dominant source of basaltic magmas, but it can participate in basal-
tic magmatism if there is thermal perturbation, which would not affect
the bulk lithosphere, but can readily melt its metasomatic components
because of their low solidus temperatures (Niu, 2005, 2008). The ther-
mal perturbation could be related to the lithosphere thinning in theMe-
sozoicwithout the need ofmantle plumeswhich did not exist in eastern
China at least since the Mesozoic (see Niu, 2005) because of the pres-
ence of the cold Pacific plate in the mantle transition zone (Kárason
and van der Hilst, 2000; Zhao et al., 2004) that prevents hot deep
plumes to rise from below and to develop above (Niu, 2005).

The stagnant Pacific plate in the transition zone will inevitably
undergo isobaric heating, which will result in phase changes from
water-rich to water-poor, and to anhydrous minerals. This transition-
zone dehydration process will facilitate the production of hydrous
melt that ascends and migrates upwards to weaken the base of the
ancient lithosphere by hydration, i.e., basal hydration weakening,
which can effectively convert the basal lithospheric mantle into the as-
thenosphericmantle. This is in effect the process of lithosphere thinning
(Niu, 2005), accompanied by the surface volcanism with the ascending
hydrous melt assimilated with the metasomatic components in the
prior lithosphere to form geochemically enriched basaltic melts (Niu,
2005), i.e., the N110 Ma basaltic melts in the NCC (Fig. 6).

It should be noted that the effect of transition-zone slab dehydration
differs from subduction-zone metamorphic dehydration in triggering
arc magmatism and arc rocks characterized by enrichments of water-
soluble elements but depleted in water-insoluble high field strength
elements (e.g., Nb, Ta and Ti). The transition-zone dehydration is a
magmatic process producing hydrous melt that rises and weakens the
base of the lithosphere (Niu, 2005). Such hydrous melt should be
compositionally characterized by, andmore enriched than, OIB. Howev-
er, the N110 Ma basaltic melt resulted from hydration-weakened litho-
sphere with inherited composition (i.e., depletion in Nb, Ta and Ti) of
prior metasomatic origin (Niu, 2005).

The above two models both can explain the “arc signatures” and
enriched isotopic compositions. Unfortunately, our new data could not
give more constrains on these. Hf data are consistent with Nd isotopes.

The b110 Ma basaltic rocks are isotopically depleted with low 87Sr/
86Sri, εNd N 0 and εHf N 0, which is consistent with the previously report-
ed Sr–Nd–Pb–Hf data (e.g., Zou et al., 2000; Zhang and Zheng, 2003; Xu
et al., 2005; Tang et al., 2006; Yang et al., 2006; Yang and Li, 2008; Chen
et al., 2009; Zeng et al., 2011). In terms of trace elements, all the
b110 Ma basaltic rocks are enriched in incompatible elements and
decoupled with the depleted isotopic compositions. The “garnet signa-
tures” (i.e., [Sm/Yb]N N 1) suggest that melting should happen at the
garnet peridotite stability field. These younger samples resemble
present-day OIB inmanywayswithout Nb and Ta depletion and slightly
negative Pb anomalies (Fig. 3).

Various hypotheses have been put forward to explain these charac-
teristic features. Many previous studies inferred a convective astheno-
spheric source (e.g., Zou et al., 2000; Zhang and Zheng, 2003; Niu,
2005; Yang and Li, 2008). On the other hand, partial melting of the
juvenile SCLM (pyroxenite formed by interaction between oceanic
crustal-derived melt and overlying mantle-wedge peridotite) has also
been proposed (J.J. Zhang et al., 2009; Wang et al., 2011). In addition,
the recycled lower continental crust (e.g., Y.S. Liu et al., 2008; Chen
et al., 2009; Zeng et al., 2011) and sub-continental lithospheric mantle
(Xu et al., 2005; Tang et al., 2006) have been suggested to be involved
in the mantle source.

Previous studies suggest that dewatering as well as melting of oce-
anic crust during subduction produce negative ΔεHf, which describes
the deviation of a sample from the OIB array in the y-axis direction
(e.g., Gaffney et al., 2007). However, our new Hf and Nd isotopes of
b110 Ma basalts all plot along the terrestrial array. In addition, if the
subducted oceanic crusts melt in the deep lower mantle, this melt, de-
pending upon its composition, may have greater (up to 15%) density



Fig. 6. Cartoon showing the possible petrogenesis of basaltic lavas from the North China Craton. The lithospheric mantle beneath the North China Craton is thick in the Paleozoic (a). The
subducted slab (for illustration, but it is actually located in themantle transition zone depth) dehydration process will weaken the base of the ancient lithosphere by hydration, which can
effectively convert the basal lithospheric mantle into the “asthenospheric mantle”. This is in effect the process of lithosphere thinning (Niu, 2005), accompanied by the geochemically
enriched basaltic melts, i.e., the N110 Ma basaltic melts in the NCC (b). The N110 Ma lavas might also contain contributions from ancient continental crust in the process of lithosphere
thinning as proposed byGao et al. (2004) (c). The thinning of the lithosphere beneath theNorth China Cratonmust have been completed by ~110Ma. The b110Ma lavasweremost likely
derived from the asthenosphere when the lithosphere had already been thinned (d).
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than solid peridotitic mantle (Niu and O'Hara, 2003). Therefore, it is dif-
ficult to ascend. These basalts might not derive from the juvenile SCLM
formed by interaction between oceanic crustal-derived melt and
overlying mantle-wedge peridotite.

Previous studies of Cenozoic basalts in the NCC have suggested
an asthenospheric source with the contributions of subcontinental lith-
ospheric mantle as the enriched end-member (Xu et al., 2005;
Tang et al., 2006). Recycled lithospheric mantle has a variably higher
176Hf/177Hf at a given 143Nd/144Nd as has been observed in Hawaiian
peridotite xenoliths and abyssal peridotites in oceanic settings (Bizimis
et al., 2004; Stracke and Snow, 2009) and peridotite xenoliths from
continents (Chu et al., 2009; Xiao et al., 2010). The coupled Hf and Nd
isotopes of b110 Ma basalts indicate that the contributions of sub-
continental lithospheric mantle are insignificant.

The recycled lower continental crust has also been suggested to be
the enriched end-member in depleted asthenospheric mantle source
of b110 Ma basalts (Y.S. Liu et al., 2008; Chen et al., 2009; Zeng et al.,
2011). The melting of recycled eclogites will increase their 176Lu/177Hf
ratios more strongly than 147Sm/144Nd ratios, because the HREEs are
compatible in garnet (e.g., vanWestrenen et al., 1999). Thus, the residue
will evolve in time toward highly radiogenic Hf isotopes butmoremod-
erately radiogenic Nd isotopes. It seems apparent that re-melting of this
residuewould produce the decoupled Hf and Nd isotopes as interpreted
by Chen et al. (2009) and Zeng et al. (2011). However, if the eclogites
are residues of subduction dehydration metamorphism (not melting
residues), the bulk-rock Lu/Hf should be unchanged, and melting of
such eclogites should not producemelt with decoupled Nd–Hf isotopes.
Hence, the interpretation in the literaturemay not be valid. Importantly,
the b110 Ma basalts except those from Luanshishanzi and Qujiatun
have coupled Hf and Nd isotopes, which might not support significant
involvement of recycled lower continental crust in mantle source
of b110 Ma basalts.

The straightforward interpretation for the petrogenesis of the
b110 Ma basalts with more depleted Sr–Nd–Hf isotopic composition
is that the sources are normal fertile asthenosphere after the cratonic
lithospheric root had been removed prior to 110 Ma (Fig. 6). Zhang
and Zheng (2003) indicate that the Jianguo basalts (100.4Ma) show as-
thenospheric isotope signature, thus the lithosphere beneath this region
could be no more than 65 km. Since ~110 Ma, the asthenospheric
melting began in the garnet peridotite stability field, but may undergo
greater extent of melting because of the already thinned lithosphere
that allowed decompression melting continued to a shallow level (Niu
et al., 2011).

The question remainswhy decompressionmelting could have taken
place. One possibility is the western Pacific subduction-induced
asthenospheric flow from beneath the thickened lithosphere in the
west towards beneath the thinned lithosphere to the east, where de-
compression can take place and explain the Cenozoic basaltic
magmatism in the NCC as well as the geochemical characteristics (Niu,
2005). The extension induced by the western Pacific subduction might
further facilitate lithosphere thinning in eastern China. In this context,
we should note the apparent isotope-trace element decoupling in the
b110 Ma basalts. That is, the association of the depleted isotopes (e.g.,
relatively low 87Sr/86Sr, and high–low εNd[t] and εHf[t]) with enriched
incompatible elements (e.g., [La/Sm]N ≫ 1 and [Sm/Yb]N ≫ 1; see
Fig. 3). This is in fact a global phenomenon, and is actually associated
with a straightforward process as a result of recent or even current en-
richment process that is too short to produce enough radiogenic in-
growths for isotopes (see Niu et al., 1996). The paleo-pacific plate still
exists today in the mantle transition zones beneath eastern China, and
its dehydration, hydrous melt formation (enriched in volatiles and in-
compatible elements) and its percolation through the upper mantle
during ascent continues to refertilize themelting asthenosphere, giving
rise to the incompatible elements enriched and isotopically depleted
younger (b110 Ma) basalts. Previous studies have attributed this
decoupling to metasomatism by SiO2-richmelt derived from subducted
oceanic crust of the western Pacific plate (Yang and Li, 2008). A recent
study found that the b110 Ma basalts exhibit light Mg isotopic compo-
sition, and the source might be metasomatized by carbonate melt from
the subducted Pacific oceanic crust (W. Yang et al., 2012). Bizimis et al.
(2003) showed that mantle carbonate assemblages are capable of pro-
ducing anomalously radiogenic Hf on a short timescale (10–50 Myr)
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due to their extremely high Lu/Hf, while leaving the Nd isotopes unaf-
fected.Hence,melting of agedmantle carbonatewould result in a signif-
icant departure from the terrestrial Nd–Hf isotope array along a vertical
trend. While this is an important contribution, this proposed scenario is
inconsistent with the Hf–Nd data in this study. Future studies are re-
quired to test the contribution of the carbonate melt. In any case, the
subducted Pacific plate may play an important role in generating the
b110 Ma basalts.

5.2. The significance of Hf–Nd isotopes

The Hf–Nd isotopic data of b110 Ma basalts show a scattered trend
parallel to andwithin the terrestrial array defined by crustal andmantle
rocks (Vervoort et al., 1999) with some obvious deviation (Fig. 5). Some
samples plot below the mantle array, while others above the array.
However, they all plot within the array and have similar Hf and Nd iso-
topic compositions for each area. The deviation and scatter beyond the
analytical errors are likely reflecting source heterogeneity genetically
related to sources and histories (i.e., varying Lu/Hf ratios most likely
controlled by modal variation of garnet as a residual phase during
previous melt extraction) on varying local scales because these
samples are from a geographically large area. However, basalts from
Luanshishanzi and Qujiatun close to each other in geography have
shallower slope. Their slightly higher 176Hf/177Hf ratios at given Nd
isotopic compositions (Fig. 5) could reflect mantle sources containing
components of pelagic sediments (Chauvel and Blichert-Toft, 2001;
Bertrand et al., 2003; Doucet et al., 2004; Janney et al., 2005; Salters
et al., 2006) or lower crustal mafic material (Vervoort et al., 2000;
Schmitz et al., 2004; Y.S. Liu et al., 2008; Chen et al., 2009; Zeng et al.,
2011), but recycled lithosphericmantlemay be amuch better candidate
as variably higher 176Hf/177Hf at a given 143Nd/144Nd has been observed
in Hawaiian peridotite xenoliths and abyssal peridotites in oceanic
settings (Bizimis et al., 2004; Stracke and Snow, 2009) and peridotite
xenoliths from continents (Chu et al., 2009; Xiao et al., 2010). In this
context, it is probable that recycled ancient metasomatized deep
portions of mantle lithosphere, both continental (McKenzie and
O'Nions, 1995) and oceanic (Niu and O'Hara, 2003), are important
material for incompatible element enriched OIB and some continental
basalts, including b110 Ma basalts from the NCC that we study here.

6. Conclusions

A whole-rock Hf isotope study of Mesozoic–Cenozoic basalts from
the NCC has offered new perspectives on the petrogenesis of these
rocks in the context ofmantle evolution in eastern China. These include:

1) The older N110Ma basalts and younger b110Ma basalts are distinc-
tively different in both Hf–Nd isotopes and incompatible element
systematics. The N110 Ma basalts have enriched Hf–Nd isotopic
compositions with arc-like trace element signatures (i.e., relatively
depleted in HFSEs). By contrast, the b110 Ma basalts have more
depleted Hf–Nd isotopic compositions with present-day OIB-like
trace element patterns. This confirms previous documentation
using Sr–Nd isotopes and trace elements.

2) The petrogenesis of the N110 Ma basalts is most consistent with
the mantle source with significant contributions from ancient
metasomatized lithospheric mantle or continental crust. The
magmatism represented by these basalts is coeval and genetically
associated with the lithosphere thinning beneath the NCC. The
petrogenesis of the b110Ma basalts is most consistent with melting
of asthenospheric mantle.

3) The compositional contrast betweenbasalts erupted before and after
~110 Ma clearly indicates that the lithosphere thinning beneath the
NCC indeed took place in the Mesozoic. Importantly and explicitly,
the thinning of this ancient cratonic lithosphere had mainly ended
by 110 Ma.
4) The geochemically enriched signatures of the metasomatized
mantle lithosphere as reflected by the N110 Ma basalts suggest
that such material, when transported into the asthenosphere
through lithosphere thinning, may contribute to the geochemically
enriched component for intra-plate volcanism like ocean island
basalts and continental alkaline basalts.
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