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Deep subduction of lower continental crust to mantle depths has been recognized in outcrops and drill cores
of eclogites and other ultra-high pressure (UHP) rocks of the Sulu intra-continental orogenic belt. In a search
of evidence for such subducted crustal sources of melts, we study the elemental and isotope geochemistry of
basalts from Anfengshan, a Miocene volcano located in the Sulu UHP belt, as well as Nd–Hf isotopes of
eclogites from the Sulu belt itself. The Anfengshan basalts are basanites and nephelinites with low SiO2, high
incompatible element contents, positive Nb, Ta, Sr, and negative K, Pb, Zr, Hf, and Ti anomalies. Radiogenic
isotopes (87Sr/86Sr=0.70337–0.70359, εNd=+5.1–+6.7, εHf=+10.6–+12.3, 206Pb/204Pb=17.5–18.0)
show some highly unusual correlations: εNd correlates positively with 87Sr/86Sr, but negatively with
εHf. 87Sr/86Sr, 143Nd/144Nd, and 206Pb/204Pb ratios all correlate negatively with ΔεHf (= deviation from the
global εHf–εNd correlation). The correlations form two distinct mixing arrays with one common, high-εNd
end-member. Superchondritic Zr/Hf ratios (~55), and negative Zr, Hf, Ti anomalies indicate that the common
mantle source component has been metasomatized by carbonatitic liquids. We suggest that the other two
source components are eclogites derived from subducted lower crust: both of these differ from ordinary
mantle components by their low 87Sr/86Sr and low εNd and 206Pb/204Pb, but high ΔεHf.
The εNd–εHf values of the eclogites form two groups, both of which lie close to the Hf–Nd mantle array, and
are therefore not direct analogues of possible source eclogites for the basalts. We explain the shift toward
high ΔεHf-basalt sources as follows: an early Cretaceous igneous event extracted partial melts from the
eclogites residing in the mantle, thereby increasing their (residual) Lu/Hf ratios, while changing Sm/Nd only
slightly. During the Anfengshan melting event, these garnet-rich sources produced melts with low Zr/Hf and
increased Nb/Nb*, Hf/Hf *, Sm/Yb ratios relative to the peridotitic source end-member. We therefore suggest
that the eclogites represent the residues of mafic lower continental crust subducted during the Triassic
continent–continent collision. This interpretation is supported by recent seismic tomography, which revealed
a high-velocity anomaly in the uppermost mantle beneath the Sulu belt.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Subduction recycles crustal rocks into the mantle, and the
chemical heterogeneity of the mantle observed in the composition
of oceanic basalt is largely due to the recycling of subducted oceanic
crust (Hofmann, 1997). In addition to oceanic subduction, continental
subduction has also been observed with the recognition of ultra-high
pressure (UHP) rocks in intra-continental collisional zones, especially
in the Eurasian continent, e.g. the Qinling–Dabie–Sulu belt of eastern
China, Kokchetav Complex of northern Kazakhstan, Maksyutov
Complex of the southern Urals, the Dora–Maira massif of the Western
Alps, and the Western Gneiss Region of southwestern Norway (Ernst
and Liou, 2000). Mineral evidence from UHP eclogites shows that
continental crust can be subducted into the deep asthenospheric
ll rights reserved.
mantle (N200 km) (Ye et al., 2000). Although some of the UHP rocks
have been exhumed, most of them, especially mafic eclogites
transformed from lower crust, are expected to remain in the mantle
because of their high density. However, it is still poorly understood
whether and how such subducted continental materials contribute to
the compositions of the mantle and to the sources of mantle-derived
basalts.

The Qinling–Dabie–Sulu orogen is the world's largest UHP belt
(Zhang et al., 2007). The continent–continent collision between the
North China craton and the Yangtze craton in the Triassic produced
this giant UHP terrain in central China. The geochemistry of the
eclogites suggests that the protoliths of these UHPmetamorphic rocks
are mainly lower crustal cumulates (Liu et al., 2008b), which implies
that the lower crust of the Yangtze craton has been subducted into the
mantle beneath the North China craton. Recent seismic tomography
revealed a high-velocity anomaly (eclogite?) in the uppermost mantle
(40–110 km) beneath the Sulu (Xu et al., 2001). Does this high-
velocity anomaly possibly represent the subducted lower crust of the
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Yangtze craton? Since basalts offer the best opportunity to understand
the chemical/lithological heterogeneity of the uppermost mantle, and
lower continental crust has distinct isotopic signatures, we use Sr–
Nd–Pb–Hf isotopes and major and trace element geochemistry of
Anfengshan basalts, a Cenozoic volcano in the Sulu orogenic belt, to
investigate the contribution of recycled lower continental crust in
their mantle sources.
2. Geological setting and sample description

The early-Mesozoic Qinling–Dabie–Sulu orogenic belt is the
boundary between the North China craton and the Yangtze craton
(Fig. 1). Ultrahigh-pressure coesite-bearing eclogites are widespread
in this orogenic belt, providing evidence for the northward subduction
of crustal rocks of the Yangtze craton down to mantle depths
(N100 km) (see a review by Zheng et al., 2003). Since Triassic time,
the central part (the Dabie UHP belt) and the eastern part (the Sulu
UHP belt) of this giant orogenic belt have been dislocated by
approximately 500 km of left-lateral strike-slip displacement along
the Tan-Lu fault (Fig. 1). In the late-Mesozoic, the eastern part of the
North China craton experienced a tectono–thermal reactivation with
intensive magmatism and the development of extensional basins
(Menzies and Xu, 1998).
Fig. 1. Simplified geological map of eastern China. The distributions of Cenozoic basalts
in eastern China are shown as dark area and triangles (isolated volcanoes). Anfengshan
volcano (large triangle) is located in the west end of the Sulu UHP belt. Cenozoic basalts
from North China and Northeast China (upper shadowed area) show isotopic affinities
with EM1-type oceanic basalts, while Cenozoic basalts from South China (lower shaded
area) show EM2-type isotopic affinities.
In Eastern China, Cenozoic basalts are widely distributed along the
coastal provinces and adjacent offshore shelf and constitute the
Eastern China volcanic belt (Fig. 1). This magmatism is closely
associated with major regional faults, e.g. the Tan-Lu fault. The
Cenozoic volcanic rocks are mainly composed of alkaline basalts.
Strongly alkaline rocks, e.g. basanite, nephelinites can be found in
some Neogene/Quaternary isolated volcanoes (Fig. 1). These alkaline
basalts are geochemically characterized by enrichment of large ion
lithophile elements (LILEs), light rare earth elements (LREEs), and Nb
and Ta. Isotopic compositions of the alkaline basalts from southeast
China show EM2 affinities, while those from north China and
northeast China show EM1 affinities (see Fig. 2 and a review by Zou
et al., 2000).

The research area of Donghai County is located in the eastern part
of the Sulu UHP belt, near the Tan-Lu fault (Fig.1), and is famous as the
location of the Chinese Continental Scientific Drilling (CCSD) project
(N34º25′, E118º40′). There are two Cenozoic volcanoes, Pingmingshan
and Anfengshan, in this county. Anfengshan is the larger one with an
area of ~5.5 km2; it is located only 10 km to the east of the main hole
of the CCSD (N34º21′, E118º44′). K–Ar dating yielded an early Miocene
age (12.3–7.3 Ma) for this volcano (Jin et al., 2003). Samples of this
paper were collected in quarries around the Anfengshan, and all are
fresh without obvious alteration. No peridotite xenoliths are found in
Anfengshan, whereas there are many such xenoliths in the Pingming-
shan volcano. Here we only discuss Anfengshan. The Anfengshan
basalts contain olivine as the principal phenocryst phase (b15 vol.%)
that exists in a groundmass (N85%) composed of olivine, ilmenite,
nepheline, and glass. Plagioclase and clinopyroxene phenocrysts are
not observed.

Our study also includes a comparison between Anfengshan basalts
and UHP eclogite samples from the drilling site (CCSD) nearby.
Detailed descriptions of the eclogite samples of this study can be
found elsewhere (Qiu et al. 2006; Wang et al., in press).
3. Analytical methods

Nine fresh samples were selected for whole-rock analysis. The
measurements of whole-rock major and trace elements were carried
out at the Department of Geology, Northwest University in Xi'an,
China. We used a RIX-2100 X-ray fluorescence spectrometer (XRF) to
measure the major elements. According to the measured values of
standards (GSR-1 and GSR-3), the uncertainties are about ±1% for
Fig. 2. Pb–Nd isotopic compositions of Cenozoic basalts in North China and Northeast
China. Anfengshan basalts are shown as large open circles. Data for North China and
Northeast China (filled diamonds) are from (Peng et al., 1986; Song et al., 1990; Basu
et al., 1991; Zhang et al., 1995, 2005; Tang et al., 2006), data for South China (open
diamonds) are from (Zou et al., 2000). The OIB fields are from the Georoc database
(http://georoc.mpch-mainz.gwdg.de/georoc/).

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


428 L.-H. Chen et al. / Earth and Planetary Science Letters 286 (2009) 426–435
elements with concentrations of N1.0 wt.%, and about ±10% for the
elementswith concentrations b1.0 wt.%. Trace elements, including the
rare earth elements (REEs), were determined using an ELAN6100DRC
inductively coupled plasma mass spectrometer (ICP-MS) after acid
digestion of samples in Teflon bombs. Analyses of the USGS rock
standards (BHVO-2, AGV-1, BCR-2 and G-2) indicate precision and
accuracy better than 5% for Sc, V, Cr, Co, Ni, Rb, Sr, Y, Zr, Nb, Cs, Ba, Pb, U
and REEs, and 10% for Hf, Ta and Th. The results of these standards are
listed in the Supplementary Table 1.

Isotope ratios of Sr, Nd, and Pb were measured with a Finnigan
Triton TI thermal ionization mass spectrometer at Nanjing University.
Detailed analytical procedures are given by Pu et al. (2005) for Sr and
Nd isotopes, and Kuritani and Nakamura (2002) for Pb isotopes. Sr and
Nd isotopic compositions were normalized to 86Sr/88Sr=0.1194 and
146Nd/144Nd=0.7219. During the analysis session for our samples, the
measured values for the NBS987 Sr standard and JNdi-1 Nd standard
were 0.710239±0.000002 for 87Sr/86Sr and 0.512128±0.000004 for
143Nd/144Nd, respectively. Measured Pb isotopic ratios were corrected
for instrumental mass fractionation by reference to replicate analyses
of the standard SRM981. Measured values for the SRM981 Pb standard
were 16.892 for 206Pb/204Pb, 15.433 for 207Pb/204Pb and 36.513 for
208Pb/204Pb.

Hf isotopic data were obtained using a Neptune multicollector
mass spectrometer at the Institute of Geology and Geophysics, Chinese
Academy of Sciences. The detailed analytical procedure for the Hf
isotopic measurement is given by (Li et al., 2005). Hf isotopic
compositions were normalized to 179Hf/177Hf=0.7325, and the
measured value for the Hf standard W-2 was 0.282714±0.000007
for 176Hf/177Hf in this study.

4. Results

The results of major and trace element analyses, as well as Sr,
Nd, Hf and Pb analyses of Anfengshan basalts are given in Table 1
and shown in parts in Figs. 2 and 3. The basalts are characterized
by low SiO2 (40.3~42.8 wt.%), high MgO (8.6~9.8 wt.%), alkalis
(Na2O+K2O=6.0~7.9 wt.%), and TiO2 (2.4~3.1 wt.%) contents.
According to the classification of Le Bas (1989), the Anfengshan samples
arebasanites andnephelinites. There is nocorrelationbetweenMgOand
other oxides, but there are clear correlations between TiO2, K2O, P2O5,
and Fe2O3

T (not shown).
The abundances of Ni (89~176 ppm), Sc (9.8~15.0 ppm) and Cr

(91~213 ppm) of Anfengshan basalts vary over wider ranges, and are
well correlated with Fe2O3

T (not shown). The chondrite-normalized
patterns of Anfengshan basalts are characterized by a strong LREEs
enrichment (La/YbN=27.5–33.8), without significant Eu or Ce
anomalies (not shown). The degree of depletion of heavy rare earth
elements (HREEs) shows significant variations (Sm/YbN=21.6–27.6).
In the primitive-mantle normalized spidergram (Fig. 3), Anfengshan
basalts resemblemany ocean island basalts by their positive Nb and Ta
anomalies (Nb/Nb*=1.38–1.72), and their depletion in K and Pb
relative to LREE. However, they also show negative Zr, Hf and Ti
anomalies (Hf/Hf*=0.50–0.69, Ti/Ti*=0.40–0.52), and positive Sr
anomalies. Their Zr/Hf, Zr/Y, and Lu/Hf ratios also show significant
variations (Zr/Hf=47.5–53.2, Zr/Y=8.7–11.2, Lu/Hf=0.022–0.038).
The ranges of their Ce/Pb (18.9–25.6) and Nb/U ratios (36.7–53.8) are
similar to OIB (Ce/Pb≈25±5; Nb/U≈47±10) (Hofmann et al.,
1986), higher than those of the primitive mantle (Ce/Pb≈9 and Nb/
U≈30) and continental crust (Ce/Pb≈4 and Nb/U≈10) (Hofmann
et al., 1986).

The isotopic abundances have very limited ranges, but are
nevertheless well correlated with each other (Fig. 4). They are rather
unusual in that their Sr–Nd correlations are positive, whereas the Hf–
Nd correlations are negative. Good correlations are also observed
between elements/element ratios and isotopes; selected correlations
are shown in Figs. 5 and 6. Compared with the other Cenozoic basalts
in eastern China, Anfengshan basalts are amongst the most depleted
in 87Sr/86Sr and 143Nd/144Nd, but havemore intermediate 206Pb/204Pb
ratios (Fig. 2).

In order to evaluate the degree of Nd–Hf decoupling of
Anfengshan basalts, we have calculated ΔεHf values, where ΔεHf is
the difference in εHf relative to the εNd–εHf mantle array, defined as
ΔεHf=εHf − 1.59εNd − 1.28 (Chauvel et al., 2008). ΔεHf values of
Anfengshan basalts range from−1.1 to+2.8, and are well correlated
with Sr, Nd, and Pb isotopes (Fig. 7).

For comparison, we also measured Nd and Hf isotopes of 18
eclogite samples from the CCSD main drill hole of the Sulu UHP belt,
which are listed in the Supplementary Table 2. Major and trace
elements of these eclogites have been published elsewhere (Qiu et al.
2006; Wang et al., in press). The UHP eclogite samples from this site
can be divided into two groups, according to their Nd, Hf isotopes
(Figs. 8a and 9a and Supplementary Table 2). Here we name them
high-εNd (εNd=−4.5 to +2.8, εHf=−0.7 to +17.6) and low-εNd
(εNd=−17.0 to −12.6, εHf=−21.5 to −11.2) eclogites, respectively.
The low-εNd eclogites have low Ti/Ti* ratios (Ti/Ti*=0.53 to 0.83),
andmostof thehigh-εNdeclogiteshavehigher Ti/Ti* ratios (Ti/Ti*=0.64
to 7.64) (Fig. 8a).
5. Discussion

5.1. Evidence for three source components

The Anfengshan basanites and nephelinites have not been affected
by significant crustal contamination, which is not surprising because
such strongly alkaline magmas erupt very rapidly, leaving little time
for magma evolution or wallrock assimilations. Significant crustal
assimilation can be ruled out because of their high (OIB-like) Ce/Pb
and Nb/U ratios. In addition there are positive correlations between
Cr, Ni concentrations and 87Sr/86Sr ratios (Fig. 5), opposite to what
would be expected from contamination by the generally low Ni–Cr
concentrations and high 87Sr/86Sr ratios of normal continental crust.
Therefore, the compositional variations of Anfengshan basalts (shown
in Figs. 3–6) are not produced by AFC or other contamination
processes but must be attributed to source heterogeneity instead.

Whole-rock compositions of Anfengshan basalts show systematic
variations in isotopic compositions, although the range of variation is
small. Two trends can be seen in the plots of 87Sr/86Sr vs. εNd and εNd
vs. εHf, while only a single trend is observed in the plot of 206Pb/204Pb
vs. εNd (Fig. 4). In contrast with the relationships seen in the normal
“mantle array”, both trends are positively correlated in the plot of
87Sr/86Sr vs. εNd, and negatively correlated in the plot of εNd vs. εHf
(Fig. 4a, b). The best linear correlations can be observed in the 87Sr/
86Sr vs. εNd plot (Fig. 4a). Linear extrapolations indicate that the two
binary mixing lines converge on the right hand side, though not
exactly on a single point. Therefore, these two trends suggest two
mixtures which share a common high-87Sr/86Sr end-member with
approximately uniform composition (Fig. 4a).

The above correlations suggest three isotopically distinct compo-
nents in the heterogeneous mantle source of Anfengshan basalts. The
isotopic compositions of the common end-member (named as
component M) can be approximately constrained by the crossing
point of the two binary mixing lines, 87Sr/86Sr=0.70370, εNd =8.2,
εHf =9.0, and 206Pb/204Pb=18.2 (Fig. 4). The other two (named as
components E1, E2) have lower 87Sr/86Sr, lower εNd, lower 206Pb/
204Pb and higher εHf than component M. For a given εNd, trend 1
samples have lower 87Sr/86Sr and higher εHf than trend 2 samples
(Fig. 4a, b). We note that binary mixing lines in isotope space are
actually hyperbolic, which in this case would be impossible to
distinguish from straight lines. Moreover, it is not obvious why three-
component mixing of melts in a single volcano should be restricted
to two binary mixing arrays. Consequently, it is not surprising that



Table 1
Major elements, trace elements and Sr-Nd-Hf-Pb isotopic compositions of Anfengshan basalts.

AFS11 AFS12 AFS05 AFS07 AFS09 AFS21 AFS22 AFS10 AFS13

N34°22′32.9″
E118°44″26.9″

N34°22′32.9″
E118°44′26.9″

N34°21′44.5″
E118°45′2.7″

N34°21′46.8″
E118°45′4.5″

N34°21′46.8″
E118°45′4.5″

N34°22′01.6″
E118°44′36.6″

N34°22′01.6″
E118°44′36.6″

N34°21′12″
E118°45′2″

N34°21′12″
E118°45′2″

Major oxides (wt.%)
SiO2 40.38 40.68 41.17 41.79 41.5 40.36 41.24 42.46 42.43
TiO2 2.84 2.92 2.61 2.63 2.64 2.57 2.6 2.37 2.36
Al2O3 11.87 12.24 11.74 11.86 11.85 11.63 11.64 11.87 12.04
Fe2O3

T 14.41 14.29 14.33 14.36 14.34 14.15 13.81 12.89 13
MnO 0.19 0.19 0.21 0.2 0.2 0.2 0.2 0.18 0.17
MgO 9.58 8.6 8.98 8.92 8.86 9.76 8.97 9.89 9.15
CaO 9.68 9.25 10.29 9.61 9.92 10.28 9.58 9.77 9.57
Na2O 4.3 4.79 5.15 5.79 5.76 4.88 5.92 4.22 4.56
K2O 1.73 1.71 2.21 2.31 2.28 2.25 1.89 2.24 2.41
P2O5 0.95 0.99 1.2 1.2 1.25 1.24 1.29 1.38 1.54
LOI 3.71 3.88 1.68 0.92 0.92 2.63 2.43 2.43 2.46
total 99.64 99.54 99.57 99.59 99.52 99.95 99.57 99.7 99.69
mg# 0.57 0.54 0.55 0.55 0.55 0.58 0.56 0.6 0.58

Trace elements (ppm.)
Li 15.6 14.6 16.5 18.6 16.7 15.8 17.9 14.4 11.8
Be 4.69 4.49 5.73 5.66 5.36 4.91 5.32 4.68 4.54
Sc 10.5 9.8 12.5 11.7 11.6 12.8 11.3 14.8 15.0
V 120 118 133 128 137 132 322 141 139
Cr 132 92 129 124 128 149 132 196 213
Co 46.2 43.5 45.9 44.3 46 47.9 44.4 47.7 46.8
Ni 128 89 124 118 124 139 118 169 176
Cu 39.6 38.9 46.7 42.8 41.0 35.7 42.2 44.0 45.1
Zn 180 175 185 183 182 174 176 160 155
Ga 27.1 26.5 26.1 26.9 26.7 28.0 26.6 23.7 23.2
Ge 1.42 1.4 1.45 1.44 1.47 1.49 1.48 1.43 1.41
Rb 42.1 43.9 31.9 39.5 39.3 28.1 38.9 36.2 39.6
Sr 1787 1756 2243 1737 1985 1873 1783 1535 1587
Y 37.8 36.1 44.7 43.3 43.1 41.8 43.7 40.2 39.3
Zr 398 402 434 438 429 409 437 356 343
Nb 140 142 165 166 155 139 151 131 126
Cs 1.35 1.42 1.31 1.33 1.46 0.73 1.43 1.11 1.11
Ba 464 551 738 378 611 314 497 638 633
La 77.2 70.7 91.9 87.6 89.8 84.3 88.6 80.4 77.7
Ce 140 130 172 164 170 153 159 150 146
Pr 15.7 14.5 20.2 19.5 20.0 17.1 17.6 17.6 17.0
Nd 70.9 65.8 86.2 83.0 85.3 76.9 78.3 74.5 71.9
Sm 16.0 15.1 18.4 17.7 18.2 17.3 17.5 15.8 15.4
Eu 5.18 4.88 5.63 5.38 5.5 5.46 5.53 4.84 4.72
Gd 14.6 13.8 15.9 15.3 15.5 15.9 16.2 13.6 13.3
Tb 1.83 1.76 2.36 2.27 2.3 1.97 2.04 2.04 1.99
Dy 8.8 8.4 10.4 10.1 10.2 9.5 9.9 9.2 8.9
Ho 1.44 1.37 1.62 1.59 1.57 1.56 1.61 1.46 1.43
Er 2.93 2.82 3.47 3.43 3.35 3.22 3.44 3.23 3.15
Tm 0.3 0.29 0.37 0.36 0.35 0.35 0.36 0.35 0.35
Yb 1.59 1.52 2 1.97 1.95 1.84 1.94 1.96 1.95
Lu 0.18 0.19 0.24 0.24 0.24 0.23 0.25 0.25 0.25
Hf 8.27 8.47 8.15 8.36 8.4 8.12 8.51 6.69 6.47
Ta 8.69 9.11 8.31 8.58 8.12 8.37 9 6.58 6.32
Pb 5.54 5.41 6.81 6.93 8.97 5.96 7.37 7 6.46
Th 11.6 11.4 14.7 14.4 13.5 13.4 14.2 13.1 12.8
U 3.04 3.12 4.26 3.9 3.57 3.75 2.81 3.57 3.41

Isotopes
87Sr/86Sr 0.703419 0.703372 0.703477 0.70345 0.703436 0.703505 0.703475 0.703589 0.703581
SEa 0.000004 0.000010 0.00001 0.000013 0.000005 0.000012 0.000012 0.000005 0.000002
143Nd/144Nd 0.512965 0.512953 0.512988 0.512981 0.512971 0.512900 0.512882 0.512963 0.512974
SE 0.000004 0.000004 0.000003 0.000010 0.000005 0.000007 0.000004 0.000001 0.000009
εNdb 6.38 6.14 6.83 6.69 6.50 5.11 4.76 6.34 6.55
176Hf/177Hf 0.283120 0.283117 0.283085 0.283086 0.283092 0.283104 0.283101 0.283074 0.283075
2SE 0.000008 0.000007 0.000004 0.000004 0.000004 0.000008 0.000009 0.000005 0.000004
εHfc 12.29 12.20 11.06 11.12 11.33 11.75 11.63 10.68 10.71
ΔεHfd 0.87 1.15 −1.08 −0.80 −0.28 2.35 2.79 −0.68 −0.99
206Pb/204Pb 17.527 17.859 18.020 17.945 17.815 17.706 17.940 18.000
SE 0.000 0.001 0.002 0.003 0.002 0.001 0.011 0.015
207Pb/204Pb 15.474 15.470 15.493 15.478 15.463 15.453 15.471 15.515
SE 0.000 0.001 0.002 0.002 0.001 0.001 0.010 0.013
208Pb/204Pb 37.396 37.782 38.127 38.076 37.812 37.828 38.025 38.141
SE 0.001 0.002 0.005 0.007 0.003 0.002 0.024 0.032

a SE refers to standard error.
b εNd=[(143Nd/144Nd)sample/(143Nd/144Nd)CHUR-1]104; where (143Nd/144Nd)CHUR=0.512638.
c εHf=[(176Hf/177Hfsample/176Hf/177HfCHUR -1]104, where (176Hf/177Hf)CHUR=0.282772.
d ΔεHf=εHf -(1.59 εNd +1.28).
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Fig. 4. Correlation diagrams between 87Sr/86Sr, εNd, εHf, and 206Pb/204Pb for the
Anfengshan basalts. The Sr, Nd isotopic composition of component M can be roughly
constrained by the intersection of these two binary mixing lines in Fig. 4a: 87Sr/
86Sr=0.70370, εNd=8.2. For a given εNd values (εNd=8.2), εHf values are 8.3 and 9.7,
respectively, in the two trends of Fig. 4b. Here we choose their average value, 9.0, as the
εHf value of component M. 206Pb/204Pb ratio of component M is 18.2 when its εNd value
is 8.2. E1 and E2 represent the other two components. Sample AFS11 deviates from the
main trend in Fig. 4c, possibly due to alteration or contamination. Error bars for Sr, Nd,
Hf isotopes are shown in a and b. Blank circles refer to trend 1 samples, while filled
circles refer to trend 2 samples.

Fig. 3. Trace element spidergram of the Anfengshan basalts. The primitivemantle values
are from McDonough and Sun (1995).
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the convergence of the several actually observed arrays is only
approximate.

5.2. Isotopic evidence for recycled lower continental crust

In the plot of 206Pb/204Pb vs. 143Nd/144Nd and 87Sr/86Sr, Anfeng-
shan basalts, as well as Cenozoic basalts from North China and
Northeast China, showa clear EM1 affinity, while those from Southeast
China showa clear EM2 affinity (Fig. 2). The unusual Sr–Nd and Nd–Hf
isotopic correlations (Fig. 4a, b), aswell as their distinct Pb–Nd isotopic
correlations (Fig. 4c), strongly suggest that components E1 and E2 are
exotic materials with EM1-like signatures. EM1-like signatures
(unradiogenic Pb, Sr and Nd isotopes) in basalts have been interpreted
as being caused by contributions from subcontinental lithospheric
mantle (Song et al., 1990; Basu et al., 1991) or recycled lower
continental crust (Hanan et al., 2004; Ishikawa et al., 2007). A
contribution by subcontinental lithospheric mantle is not favored
here because there is a positive correlation between Cr (and Ni, not
shown) concentrations and 87Sr/86Sr ratios, opposite towhatwould be
expected from contributions by the generally high Cr–Ni concentra-
tions of subcontinental lithospheric mantle (Fig. 5).

Lower crustal mafic rocks are also expected to have low Rb/Sr
(produced by cumulus feldspar) and low U/Pb ratios (due to U-loss
during metamorphism) and therefore unradiogenic strontium and
lead isotopes (Rudnick and Goldstein, 1990). Therefore, ancient mafic
lower continental crust is a suitable candidate to represent the E1 and
E2 source components. In principle, ancient lower oceanic crust might
have somewhat similar characteristics, which they might have been
acquired during subduction. However, the regional geology and strong
association with deep continental subduction in the Sulu–Dabie zone
strongly points toward a continental origin.

The above considerations suggest that the isotopic signatures of
the E1, E2 components of the Anfengshan basalts are inherited from
recycled lower continental crust. Farther below, we will explore
whether these enriched components represent directly recycled lower
continental crust (eclogite) or secondary pyroxenite produced by
reactions between peridotite and SiO2-saturated melts (Sobolev et al.,
2005) derived from such eclogites.

5.3. Lithology of mantle components

5.3.1. Compositional differences of melts from different source components
When mafic lower continental crust materials are recycled into

the mantle by subduction or delamination, these mafic rocks
transform into eclogite (garnet+clinopyroxene+rutile). At a given
pressure, themelting point of eclogite is lower than that of peridotite,
so eclogitic crust may melt first and produce SiO2-saturated melts,
which will react with the SiO2-unsaturated peridotite nearby and
produce secondary pyroxenite (Rapp et al., 1999; Yaxley, 2000;
Sobolev et al., 2005). In addition, recycled metasomatized litho-
spheric mantle (with amphibole-rich veins), originally proposed by



Fig. 5. Variations of selected oxides and elements vs. 87Sr/86Sr for the Anfengshan basalts. Symbols are the same as in Fig. 4.

Fig. 6. Variations of selected incompatible element ratios vs. εHf and 87Sr/86Sr for the Anfengshan basalts. Element anomalies are calculated as follows, Hf/Hf *=HfN/(SmN×NdN)0.5;
Nb/Nb*=NbN/(ThN×LaN)0.5. The subscript N means normalized to primitive mantle (McDonough and Sun, 1995). The stars refer to the inferred composition of component M (see
Fig. 4). Symbols are the same as in Fig. 4.
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Fig. 7. Variations of 87Sr/86Sr, 143Nd/144Nd, and 206Pb/204Pb vs. ΔεHf for the Anfengshan
basalts, defined as the deviation of εHf from the global OIB-MORB correlation,
ΔεHf=εHf — 1.59εNd — 1.28 (Chauvel et al., 2008). Symbols are the same as in Fig. 4.
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Sun and Hanson (1975), has recently been revived as a possible
source for alkaline basalts (e.g. Pilet et al., 2008). In all, there are
potentially four kinds of rocks in a recycled lithosphere-contami-
Fig. 8. Variations of Ti/Ti* vs. εNd values for the Anfengshan basalts and Sulu eclogites. Data o
follows, Ti/Ti*=TiN/(NdN

−0.055×SmN
0.333×GdN0.722). The subscript N means normalized to pr

may change with melting degree. Other symbols are the same as in Fig. 4.
nated mantle, (1) eclogite (or eclogitic pyroxenite with garnet/
clinopyroxene b1), (2) secondary pyroxenite (orthopyroxene +
clinopyroxene +garnet) produced by the reaction between eclogite
melt and peridotite, (3) metasomatism-produced hornblendite, and
(4) mantle peridotite (olivine +orthopyroxene +clinopyroxene +
garnet) (Sobolev et al., 2005; Liu et al., 2008a; Pilet et al., 2008). Herewe
use the correlation between incompatible element ratios and isotopes to
infer the mineral compositions of the three components in the mantle
source of Anfengshan basalts.

From the linear correlations between element ratios vs. isotopes of
Anfengshan basalts (Figs. 6 and 8b), we find that melts of componentM
are characterized by the highest 87Sr/86Sr, εNd, and 206Pb/204Pb ratios,
the lowest Nb/Nb*, Hf/Hf*, Zr/Y, Sm/YbN ratios, the highest Zr/Hf and
Lu/Hf ratios, and a moderately negative Ti anomaly (Ti/Ti*=0.40–
0.45). In contrast, melts of components E1 and E2 are characterized by
lower 87Sr/86Sr, εNd, and 206Pb/204Pb ratios, higher Nb/Nb*, Hf/Hf*, Zr/
Y, Sm/YbN ratios, lower Zr/Hf and Lu/Hf ratios. Finally,melts fromE1 are
distinguished from E2 by relatively higher Ti/Ti* ratios (Fig. 8b).

Using the linear correlations between element ratios and isotopes,
and the isotopic compositions of component M constrained in Fig. 4,
incompatible element ratios of melts from component M can be
roughly inferred in Fig. 6, Nb/Nb*=1.2, Hf/Hf*=0.33, Zr/Y=7.5,
Sm/YbN =19, Zr/Hf =59, and Lu/Hf =0.05, respectively.

5.3.2. Metasomatized mantle for component M
Distinctive signatures of melts from component M include the

strongly negative Hf, Zr, Ti anomalies (e.g., Hf/Hf*=0.33), and the
superchondritic Zr/Hf ratio (Zr/Hf=59 for melts from component M,
compared with Zr/Hf=37 for chondrites/primitive mantle). These
signatures may, in principle, result from partial melting with specific
residual minerals, or they may be inherited from source rocks.

Inmantlemelting, the partition coefficients of Zr andHf of garnet are
functions of garnet composition, with DZr and DHf increasing as a
function of elevated Ca content (van Westrenen et al., 2001), so the
negative Zr, Hf anomalies of melts cannot be produced by a normal
peridotite source (with low-Ca garnet). Another distinct signature of
melts fromcomponentM is their superchondritic Zr/Hf ratios. The Zr/Hf
ratios of mantle-derived melts are mainly controlled by the clinopyr-
oxene/garnet ratios in the residual rocks. Because garnet and clinopyr-
oxene have complementary DZr/DHf, and the bulk partitioning
coefficient ratio, DZr/DHf, between residual rock and melt decreases
with increasing of clinopyroxene/garnet ratio (Pertermann et al., 2004;
Klemmeetal., 2005), the superchondritic Zr/Hf ratios of theAnfengshan
basalts might indicate a clinopyroxene-rich residue of component M.

However, the proposal of a clinopyroxene-rich residue still cannot
explain the overall negative Zr, Hf and Ti anomalies. Such negative Zr,
f Sulu eclogites are given in the Supplementary Material. Ti anomalies are calculated as
imitive mantle (McDonough and Sun, 1995). Ti/Ti* ratios of melts from component M



Fig. 9. Variations of εHf vs. εNd for the Anfengshan basalts and Sulu eclogites (a) andmodeling for their genetic relationship (b). The field for Hf-Nd coupled granulite xenoliths is from
Vervoort et al. (2000), and the data of Hf-Nd decoupled granulite xenoliths are from Schmitz et al. (2004) (6 samples) and Vervoort et al. (2000) (1 sample). In Fig. 9a, present values
are shown as filled squares and the initial values as open squares, calculated back to the UHP age of 230 Ma) of the Sulu eclogites. In Fig. 9b, the average Nd-Hf isotopic values of the
high-εNd eclogites and low-εNd eclogites are labeled by the numbers 1, 2, and 3 for the times 230, 130, and 0 Ma ago, respectively (see also Supplementary Table 2). Arrows represent
the isotopic evolution of the eclogites after removal of partial melt 130 Ma ago. For the high-εNd eclogite, 40% partial melting would change its 147Sm/144Nd ratio from 0.16 to 0.41, and
its 176Lu/177Hf ratio from 0.19 to 0.30. At the time of 10 Ma, such a residual eclogite would have Nd-Hf values of εNd =1.2 and εHf =20.6. For the low-εNd eclogite, 80% partial melting
130 Ma agowould increase its 147Sm/144Nd ratio from 0.13 to 0.39, and its 176Lu/177Hf from 0.06 to 0.51. At the time of 10 Ma, this residual eclogitewould have Nd-Hf isotope values of
εNd=−10 and εHf =20.1. The two arrays of Anfengshan basalts can be produced by mixing between M melts (εNd =8.5, εHf =9.0) and low-degree melts (1%) of such residual
eclogites. The partition coefficients for Lu, Hf, Sm are given by Klemme et al. (2002), the partition coefficients of garnet and clinopyroxene for Nd are from Zack et al. (1997) and
Pertermann and Hirschmann (2002), respectively. The coefficients used are for garnet: Lu=7.9, Hf=0.31, Sm=0.17, Nd=0.02; for clinopyroxene: Lu=0.63, Hf=0.17, Sm=0.30,
Nd=0.13. Melting is assumed to be modal (with 50% garnet and cpx). The mantle reference line is from Chauvel et al. (2008). Other symbols are the same as in Fig. 4.
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Hf, and Ti anomalies are commonly found in intraplate mantle
xenoliths, where they have been attributed to carbonatite metaso-
matism (Ionov et al., 1993; Rudnick et al., 1993; Norman,1998; Yaxley
et al., 1998). Carbonatitic liquids are expected to have negative
Zr, Hf, and Ti anomalies because the bulk partition coefficients
(Dgarnet lherzolite/carbonatite liquids) for Zr, Hf, and Ti are much higher
than those for rare earth elements at deep upper mantle conditions
(Dasgupta et al., 2009). In addition, DHfNDZr lead to carbonatitic
liquids with elevated Zr/Hf ratios (Dasgupta et al., 2009). Such
carbonatitic liquids may infiltrate and metasomatize the shallow
upper mantle, and partial silicate melts from such metasomatized
mantlewill then inherit the geochemical signatures of negative Zr, Hf,
Ti anomalies and high Zr/Hf ratios.
5.3.3. Components E1 and E2: Residual eclogite
The isotopic compositions of E1 and E2 show lower continental crust

signatures (see discussion in 5.2), but their specific lithologies (eclogite
or secondary pyroxenite produced by reaction between eclogite melt
and peridotite) remain to be discussed. In general, the HREEs and Y are
strongly buffered by garnet, because the HREEs and Yare compatible in
garnets (e.g. DYb=2.6–3.9) (e.g. vanWestrenen et al., 1999). Therefore,
the higher Sm/YbN and Zr/Y ratios, decreased Lu/Hf ratio (Fig. 6)
suggest a greater influence of garnet in the source of the E1–E2 basalts.
The lower Zr/Hf ratios also indicate lower cpx/garnet ratios in the
source. Therefore, both E1 and E2 sources are likely to be eclogites
(rather than secondary pyroxenites). In addition, their unradiogenic
strontium isotopes, the low Ni contents, and their consistent positive
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Sr concentration anomalies point to an originally gabbroic source rock
that has been transformed into eclogite. We will argue further below
that the eclogites must have been subjected to a previous melt
extraction event. This is likely to have raised their melting point and
removed the silica saturation, so that they no longer yielded the type of
secondary reaction pyroxenite discussed by Sobolev et al. (2005).

The eclogite model proposed here can also explain the large
variations of TiO2 contents and Nb anomalies of Anfengshan basalts
(Figs. 5 and 6). Because rutile (TiO2) is a common accessory phase in
eclogite, and Nb is highly compatible in rutile (Foley et al., 2000;
Klemme et al., 2005), the TiO2 contents and the Nb anomaly of
eclogite melts are controlled by the solubility of rutile. For low-SiO2

melts like Anfengshan basalts, the solubility of rutile is high (Foley
et al., 2000). Therefore, the increased TiO2 contents and positive Nb
anomalies of E1 and E2 melts suggest that residual rutile has not
survived the final melting process.

The plots of ΔεHf vs. 87Sr/86Sr, 143Nd/144Nd, and 206Pb/204Pb, all
show negative correlation(s) for Anfengshan basalts (Fig. 7), which
suggest that the E1, E2 components not only have low 87Sr/86Sr,
143Nd/144Nd, and 206Pb/204Pb ratios, but also have excess radiogenic
Hf relative to radiogenic Nd. However, most lower continental crust
xenoliths have Hf–Nd isotopes close to the global Hf–Nd isotope array.
The exceptions are some mafic granulite xenoliths (Vervoort et al.,
2000; Schmitz et al., 2004), which contain garnet as melting residue.
These xenoliths have superchondritic Lu/Hf ratios, which produced
highly radiogenic Hf isotopes with time. The eclogites analyzed here,
which come from a nearby locality in the Sulu UHP belt, do not show
this feature but lie close to the general Hf–Nd mantle array (Fig. 9a).
We therefore suggest that they must have undergone a similar Lu–Hf
fractionation event at an earlier stage in their history. Given sufficient
time, this would generate the observed ΔεHf values as well as the
decoupling of Hf and Nd isotopes. This will be further discussed in
Section 5.4 and illustrated in Fig. 9b.

5.4. Recycled lower continental crust of the Yangtze craton?

In the North China craton, wide-spread intraplate magmatism
occurred in the Mesozoic. Subducted lower crust of the Yangtze
craton, and delaminated lower crust of the North China craton, have
alternatively been proposed as possible contributions to the sub-
continental mantle sources of these basalts (Zhang et al., 2002; Gao
et al., 2004, 2008). Recently, a genetic relationship between Cenozoic
basalts and Mesozoic basalts in the North China craton has been
proposed on the basis of their complementary Nb/Ta ratios (Liu et al.,
2008a). However, it is still a matter of debate whether these enriched
components are from the subducted lower crust of the Yangtze craton
or from delaminated lower crust of the North China craton.

The mixing trends discussed in this paper point to the subducted
lower crust of the Yangtze craton as a source of the Anfengshan basalts,
for the following reasons: Two distinct trends are observed in the plot of
87Sr/86Sr vs. incompatible elements (Fig. 5) and εNd values vs. Ti/Ti*
ratios of Anfengshan basalts (Fig. 8). This suggests that melts from
component E1 have higher εNd values, higher Ti/Ti* ratios, and lower
concentrations of incompatible elements than component E2, an
inference that is in consistent with the high-εNd eclogites and low-εNd
eclogites, respectively, in the Sulu UHP belt (Supplementary Table 2).
Therefore, we suggest that the variations of Ti anomalies of the
Anfengshan basalts are mainly due to the contamination by the
subducted lower crust of the Yangtze craton. The EM1 affinities of the
Cenozoic basalts in north China and northeast China (Fig. 2) can also be
interpreted as a contribution of recycled crust of the Yangtze craton in
the convecting mantle.

As we have noted in Section 5.3.3, there is one important
complication with the above interpretation: The observed Sulu
eclogites have Hf and Nd isotopes conforming roughly to the general
terrestrial Hf–Nd isotope array (Fig. 9a). This means that their ΔεHf
values are close to zero and thus not nearly high enough to serve as
mixing end-members E1 or E2, both of which must have highly
positive ΔεHf (Figs. 7 and 9). We therefore propose the following
evolution for the exhumed eclogites and for those that remained in
the mantle: When the Sulu UHP eclogites were subducted into the
upper mantle and subsequently exhumed, this “fast in–fast out”
process left no time for heating andmelting of the exhumed eclogites
(Zheng et al., 2003). Consequently, the exhumed eclogites preserved
their original Nd and Hf isotopic compositions (along the mantle
array; see Fig. 9a). In contrast, the eclogites that remained in the
mantle (because of their high density) underwent a very different
evolution: There was wide-spread basaltic magmatism in early
Cretaceous time, with a peak around 130 Ma ago. During this event,
the mantle eclogites were subjected to severe partial melting and
melt extraction because of their relatively lowmelting temperatures.
Melting of such garnet-rich rocks fractionates their Lu/Hf ratios
much more strongly than Sm/Nd (because of the high partition
coefficient of Lu in garnet). Consequently, the residual had strongly
elevated Lu/Hf and only moderately increased Sm/Nd ratios, and the
subsequent isotopic evolution of Nd and ΔεHf was similar to that
shown by the granulite data in Fig. 9a, and this evolution is modeled
for our E1 and E2 sources in Fig. 9b. In the very simple (batch) melt
extraction model used here, high melt fractions (40 and 80% for E1
and E2, respectively) were extracted from the subducted eclogites
during themagmatic event 130 Ma ago. This raised the residual Lu/Hf
ratio to about 1.0 and 0.6, for E1 and E2 respectively, and the Sm/Nd
ratio to 0.64 and 0.68, in order to obtain the large isotopic changes
demanded by possible mixing end-members of the E1 and E2 trends.
(These melt fractions could be reduced by assuming fractional
melting. On the other hand, high melt extractions need not
necessarily render eclogites refractory, because eclogite melting
may well be close to model a melting proportion). The residual
eclogites underwent a small degree (1%) of remelting 10 Ma ago, and
thesemeltsweremixedwith partial melts from the peridotitic source
(componentM),with E1 and E2melts contributing between about 20
and 50% to the final mixtures.

In recent years, several authors have argued that recycled lower
continental crust has contributed to the chemical heterogeneity of the
convective mantle (Kamenetsky et al., 2001; Hanan et al., 2004;
Ishikawa et al., 2007). They proposed that these recycled crustal
materials were entrained during rifting of ancient supercontinent, e.g.
Gondwana (Kamenetsky et al., 2001; Hanan et al., 2004) and Rodinia
(Ishikawa et al., 2007). However, rifting tends to be associated with
crustal thinning, and it is not obvious why mafic lower continental
crust should be entrained by mantle in a rifting setting. In a collisional
continent–continent setting, much of the subducted lower continen-
tal crust would naturally be transformed into denser eclogite, and this
would be separated from upper-crustal rocks by delamination. Such a
process has also been specifically invoked by Willbold and Stracke
(2006). Thus, we conclude that subduction and delamination in a
convergent plate-boundary regime can account for recycled con-
tinental material in eastern China, but also quite likely in EM-type
basalts in oceanic volcanism.
6. Conclusions

The Anfengshan basalts in the Sulu UHP belt have three source
components, a carbonatite-metasomatized mantle, a high-εNd eclo-
gite, and a low-εNd eclogite. The compositional trends of the two
eclogite sources are consistent with the two observed types of
eclogites in the Sulu UHP belt, but both of these eclogite types must
have been modified by extraction of partial melt subsequent to
subduction but long before the eruption of the Anfengshan basalts.
We suggest that such processes of subduction and ultimate recycling
of lower continental crust may also account for oceanic EM-1basalts.
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