
Contents lists available at ScienceDirect

Journal of Asian Earth Sciences

journal homepage: www.elsevier.com/locate/jseaes

Subduction-driven heterogeneity of the lithospheric mantle beneath the
Cathaysia block, South China

Yan Xiaoa,b,⁎, Hong-Fu Zhanga,b,c, Ben-Xun Sub,d,e, Zi Lianga,b,e, Bin Zhua,b,e,
Patrick Asamoah Sakyif

a State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China
b Innovation Academy for Earth Science, Chinese Academy of Sciences, Beijing 100029, China
c State Key Laboratory of Continental Dynamics, Department of Geology, Northwest University, Xi’an 710069, China
d Key Laboratory of Mineral Resources, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China
eUniversity of Chinese Academy of Sciences, Beijing 100049, China
fDepartment of Earth Science, School of Physical and Mathematical Sciences, University of Ghana, PO Box LG 58, Legon-Accra, Ghana

A R T I C L E I N F O

Keywords:
Li isotopes
Mantle xenolith
Regional heterogeneity
Subduction
The Cathaysia block

A B S T R A C T

To evaluate the modification of the lithospheric mantle by the Paleo-Pacific Ocean subduction beneath the
Cathaysia block, we report major and trace elements, and Li isotopes of olivine from Niutoushan, Mingxi, Xilong
and Jiande peridotite xenoliths in South China. Spoon-shaped, convex-upward and highly LREE-enriched
chondrite-normalized REE patterns of clinopyroxene in the Niutoushan, Mingxi and Xilong xenoliths reflect the
interplay between partial melting and subsequent enrichment by metasomatism. Lithium isotope systematics
indicate that at least two different metasomatic events affected these peridotites. High Li concentrations in
clinopyroxene (up to 59.1 ppm) are ascribed to diffusive Li influx from silicate melts. Olivine grains with lower
diffusivity of Li have much higher Li concentrations (0.56–9.76 ppm) and lighter δ7Li values (−52.75 to
+10.49‰) than those in the Jiande and other peridotite xenoliths worldwide, showing a prominent carbonatite-
metasomatic signature occurring before silicate metasomatism. In addition, increasing Li concentrations of
olivine and clinopyroxene with increasing distance from the present subduction trench is consistent with those of
low δ26Mg basalts in South China, indicating that the metasomatic agent was related to the westward subduction
of the Paleo-Pacific slab. The Jiande lherzolite xenoliths further away from the trench show ‘mantle-like’ Li
features and may represent upwelling asthenospheric materials accreted to the continent. Therefore, both types
of metasomatism as well as upwelling asthenosphere could have played an important role in the modification of
the chemical composition of the mantle beneath the Cathaysia block.

1. Introduction

Asthenosphere-lithosphere and mantle-crust interactions can
modify and even replace refractory sub-continental lithospheric mantle
by the flux of fertile materials (Menzies et al., 1993; Griffin et al., 1998;
O’Reilly et al., 2001). The eastern North China Craton (NCC) is the best
example of lithospheric modification (Carlson et al., 2005), that ex-
perienced widespread tectonothermal reactivation and consequent
large-scale lithospheric thinning and transformation since the late
Mesozoic (e.g., Fan and Menzies, 1992; Griffin et al., 1998; Menzies and
Xu, 1998; Fan et al., 2000; Xu, 2001; Zheng et al., 2001; Zhang et al.,
2003; Yang et al., 2018). The mechanism of the lithospheric transfor-
mation has been attributed to the subduction of surrounding plates,

namely; the Paleo-Asian Ocean to the north, the Yangtze plate to the
south, and the Pacific Ocean to the east (Li et al., 1993; Xiao et al.,
2003; Wu et al., 2005; Zhu and Zheng, 2009; Windley et al., 2010).
These complex subduction events occurring in the NCC make it difficult
to determine the spatial and temporal contribution of one single specific
slab. In fact, lithospheric modification has also been proposed for other
parts of eastern China such as the Cathaysia block that overlies the
westward subduction zone of the Pacific Plate since the mid-Permian
(Fan and Hooper, 1989; Qi et al., 1995; Xu et al., 2000, 2003; Zou et al.,
2000; Fan et al., 2000; Yu et al., 2003; Zheng et al., 2004; Zhang et al.,
2007; Huang and Xu, 2010; Yu et al., 2011; Liu et al., 2012, 2017,
2016). Therefore, the geochemical imprints of the lithospheric mantle
beneath the Cathaysia block may provide important constraints on the
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timescale of the survival of subducted oceanic slabs.
Lithium (Li) is a moderately incompatible and alkali metal element,

possessing two stable isotopes (6Li and 7Li) with ~16% relative mass
difference (Chan et al., 1992). At mantle condition, no significant Li
isotopic fractionation is considered to occur during partial melting and
fractional crystallization (Tomascak et al., 1999; Seitz et al., 2004;
Schuessler et al., 2009; Xiao et al., 2017), even though Li isotope sys-
tematics could well preserve mantle metasomatic characteristics and
discriminate silicate and carbonatite metasomatic agents (Seitz and
Woodland, 2000; Su et al., 2014, 2018). In addition, Li is fluid-mobile
and concentrated in crustal materials (~18 ppm) compared to mantle
domains (< 2 ppm) (Jagoutz et al., 1979; Ryan and Langmuir, 1987;
Teng et al., 2008). At subduction zones, Li tend to enter fluids released
by slab dehydration and modified mantle wedge (Marschall et al., 2007;
Sobolev et al., 2007; Pogge von Strandmann et al., 2011; Xiao et al.,
2011). Due to higher affinity of 7Li for fluids than 6Li (Chan and
Edmond, 1988; Chan et al., 1992), forearc mantle is thought to be a 7Li-
rich reservoir (Benton et al., 2004; Agostini et al., 2008). Furthermore,
the progressive shifts toward very negative δ7Li value correlate in-
versely with distance from the trench as evidenced by subduction zone
volcanism and back-arc shield volcano (Moriguti and Nakamura, 1998;
Magna et al., 2006). Thus, the Li isotopic system could provide insight
into the mantle regimes modified by slab-derived components.

Here, we present major and trace element data, and in-situ Li con-
centrations and δ7Li values of minerals from peridotite xenoliths en-
trained in Cenozoic Niutoushan, Mingxi, Xilong and Jiande basalts from
the Cathaysia block. The study is aimed at investigating the temporal
and spatial Li isotope variation in the sub-lithospheric mantle beneath
the Cathaysia block, and to further assess the effect of the subducted
Pacific slab on lithospheric heterogeneity beneath the Cathaysia block.

2. Geological setting

Continued westward subduction of the Pacific plate underneath the
east Asian continental margin induced the tectonic extension, deep fault
development, lithospheric thinning, magmatism and mineralization in
East Asia (Zhu et al., 2012; Xu and Zheng, 2017). The South China
block, consisting of the Yangtze block to the northwest and the Cath-
aysia block to the southeast, is a major continental block in East Asia
(Fig. 1a). The exposed basement in the Yangtze block is dominantly
Proterozoic with scattered Archean outcrops (Qiu et al., 2000). The
Cathaysia block is mainly composed of late Neoproterozoic and Pha-
nerozoic sedimentary and igneous rocks with minor exposures of Paleo-
and Meso-Proterozoic basement rocks (Liu et al., 2009; Yu et al., 2010;
Xia et al., 2012). The Cathaysia block has been considered to be an
active continental margin since the mid-Permian (Li and Li, 2007).
Along this margin, Mesozoic-Cenozoic volcanic eruptions are developed
and dominated by basalts (Fig. 1a; Zhou and Armstrong, 1982; Fan and
Hooper, 1991; Zou et al., 2000; Zhu et al., 2012). From east to west,
three NE-SW trending volcanic belts occurred in Guangdong, Fujian,
and Zhejiang provinces, which are associated with three lithospheric
faults (Zou et al., 2000). Most of these basalts contain abundant crustal
and mantle xenoliths, which provide a window into the deep litho-
sphere (Zhang and Cong, 1987). Samples selected for Li isotope analysis
in this study are peridotite xenoliths from the Niutoushan, Mingxi, Xi-
long and Jiande basalts in the Cathaysia block (Fig. 1a; Ho et al., 2003;
Hao et al., 2014; Lu et al., 2015; Liu et al., 2017). The Niutoushan
basalts in southeastern Fujian Province are within the Changle-Nanao
fault of the southeastern coastal area and contain only spinel peridotites
(16.6–19.2Ma; Xu et al., 2000; Yu et al., 2011). The Mingxi
(0.9–2.2Ma) and Xilong (23.7–26.4Ma) basalts in northwest Fujian

Fig. 1. (a), Geographic map showing major tectonic units in South China (modified after Su et al., 2017). (b–d), Li content and isotopic variations of clinopyroxene
and olivine in the peridotites with their relative perpendicular distance to the Pacific subduction trench. (e–f), Li and Ba concentrations variation in basaltic rocks
from South China with their relative perpendicular distance to the Pacific subduction trench. The Li concentration and isotopic composition data of clinopyroxene
and olivine in the peridotites from the Jiande, Xilong and Mingxi localities are from Lu et al. (2015), Liu et al. (2017) and Xiao et al. (2017). The Li and Ba data of
basalts from South China are from Huang et al. (2017) and Su et al. (2017).
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Table 2
In-situ trace element data of clinopyroxene in the Niutoushan, Mingxi and Xilong peridotites (ppm) from the Cathaysia block.

Sample NST NST NST NST NST MX MX MX MX MX MX MX
12–03 12–10 12–11 12–13 12–17 12–01 12–02 12–04 12–05 12–06 12–07 12–08

Mineral Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx

Li 8.96 2.60 11.1 3.56 6.02 10.1 15.8 12.2 26.3 17.0 8.85 20.3
Be 0.07 0.23 0.07 0.07 0.06 0.11 0.05
B 3.04 4.01 3.23 3.01 3.15 3.57 2.81
Sc 60.0 63.0 64.6 64.6 62.4 59.8 57.1 51.9 57.2 54.6 58.1 61.7
Ti 1708 2682 894 2566 1879 987 2935 199 2203 2223 3015 1353
V 221 253 223 254 235 148 260 206 242 239 256 237
Co 19.5 22.9 21.7 22.4 20.4 19.0 20.9 21.3 22.6 22.1 17.7 22.7
Ni 324 375 363 370 338 298 326 335 370 367 278 379
Cu 4.77 7.52 2.87 9.16 4.30 1.00 3.78 0.58 1.98 3.27 0.67 1.91
Zn 9.62 11.1 12.8 13.0 21.8 5.95 12.2 18.6 10.1 9.21 5.75 10.2
Ga 3.66 4.09 2.59 3.91 3.41 2.46 4.62 2.24 3.77 3.63 4.05 2.71
Ge 1.42 0.88 1.72 1.42 1.18 1.43 1.61
As 1.33 2.87 2.82 2.66 1.55 2.26 1.58
Rb 0.88 0.94 0.88 0.94 0.91 0.03 14.08 0.03 0.10 0.03 0.03 0.03
Sr 87.9 71.0 67.6 68.3 90.9 31.8 111 19.6 53.2 51.6 63.0 52.6
Y 13.0 16.8 7.58 16.4 13.7 9.03 15.5 2.79 13.7 14.0 18.8 8.31
Zr 42.5 26.6 12.4 27.0 26.8 17.0 31.7 2.99 21.6 21.3 29.3 10.9
Nb 0.59 0.60 0.59 0.69 0.58 0.06 1.47 0.37 0.10 0.14 0.03 0.13
Mo 0.12 0.11 0.09 0.07 0.06 0.06 0.07
Ag 0.15 0.23 0.17 0.16 0.18 0.16 0.15
Cd 0.10 0.19 0.19 0.11 0.17 0.18 0.41
Sn 2.02 1.70 1.71 1.84 1.59 1.84 1.27
Sb 0.04 0.11 0.09 0.09 0.09 0.10 0.07
Cs 0.41 0.43 0.43 0.49 0.42 0.01 0.41 0.02 0.01 0.01 0.01 0.01
Ba 3.03 3.26 2.70 3.31 2.95 1.19 35.43 0.09 0.15 0.04 0.08 0.09
La 7.60 1.67 3.98 1.69 8.45 0.54 4.52 1.06 0.84 0.65 0.64 0.54
Ce 14.4 3.78 7.82 3.81 19.0 1.52 11.3 2.50 2.60 2.50 2.62 1.85
Pr 1.62 0.61 0.91 0.61 2.16 0.27 1.53 0.35 0.45 0.46 0.52 0.36
Nd 6.75 3.87 3.69 3.58 9.25 2.08 7.26 1.33 2.94 3.09 3.72 2.30
Sm 1.74 1.76 1.55 1.81 2.05 0.97 1.94 0.32 1.20 1.35 1.53 0.85
Eu 0.67 0.62 0.39 0.70 0.77 0.40 0.85 0.10 0.56 0.55 0.74 0.40
Gd 2.11 2.22 1.26 2.14 2.33 1.33 2.33 0.30 1.63 2.07 2.16 1.24
Tb 0.39 0.43 0.20 0.41 0.39 0.24 0.42 0.06 0.35 0.34 0.46 0.24
Dy 2.55 3.18 1.30 3.23 2.74 1.81 2.69 0.43 2.53 2.44 3.27 1.53
Ho 0.52 0.69 0.33 0.73 0.58 0.34 0.63 0.10 0.55 0.57 0.76 0.31
Er 1.54 2.04 0.96 1.96 1.46 0.97 1.75 0.38 1.50 1.56 1.99 0.90
Tm 0.24 0.27 0.16 0.27 0.25 0.12 0.24 0.05 0.22 0.23 0.30 0.11
Yb 1.52 1.87 0.92 2.11 1.49 0.78 1.75 0.48 1.47 1.47 2.13 0.76
Lu 0.23 0.30 0.17 0.26 0.22 0.10 0.23 0.05 0.21 0.21 0.28 0.11
Hf 0.99 0.88 0.51 1.07 0.73 0.67 0.90 0.04 0.72 0.69 0.89 0.40
Ta 0.13 0.14 0.13 0.15 0.14 0.00 0.14 0.03 0.02 0.01 0.01 0.01
W 0.07 0.05 0.03 0.02 0.01 0.02 0.01
Pb 0.66 3.10 0.36 0.40 0.43 0.08 0.27 0.09 0.10 0.12 0.03 0.12
Bi 0.01 0.02 0.02 0.02 0.02 0.01 0.02
Th 1.70 0.21 0.32 0.21 1.50 0.03 0.18 0.05 0.02 0.01 0.00 0.01
U 0.40 0.17 0.16 0.17 0.25 0.01 0.06 0.02 0.00 0.01 0.05 0.00
(La/Yb)N 3.59 0.64 3.10 0.57 4.06 0.50 1.85 1.59 0.41 0.32 0.21 0.51

Sample MX MX MX MX MX MX MX MX MX MX XL XL
12–09 12–10 12–11 12–13 12–14 12–16 12–17 12–18 12–19 12–20 12–02 12–06

Mineral Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx

Li 26.0 16.8 14.9 28.66 9.90 8.89 15.3 15.6 23.1 22.1 23.3 16.1
Be 0.12 0.13 0.11 0.10 0.07 0.08 0.11 0.11 0.08 0.08 0.06 0.53
B 3.62 3.46 3.27 3.43 3.70 3.49 3.63 3.93 3.38 3.88 2.40 2.47
Sc 50.4 55.2 61.3 33.5 54.3 56.5 54.7 58.1 54.9 66.4 33.8 51.8
Ti 2329 2912 2919 132 3005 2190 3045 2612 2188 2946 436 652
V 234 252 258 166 246 241 250 258 241 271 168 188
Co 22.7 17.8 17.0 30.8 21.6 21.9 22.3 17.4 22.3 18.4 30.0 27.3
Ni 373 271 276 523 354 366 355 280 370 315 510 454
Cu 2.46 0.74 0.93 4.93 2.80 2.62 2.11 0.99 2.74 0.72 3.16 6.70
Zn 11.1 5.28 5.31 15.4 8.98 9.88 9.10 5.96 10.7 9.6 14.2 12.7
Ga 4.27 4.12 3.66 2.10 3.98 3.91 4.22 3.82 3.64 3.63 2.09 2.45
Ge 1.49 1.53 1.70 1.75 1.10 1.60 1.67 1.22 1.16 1.31 1.61 1.60
As 1.43 1.68 2.36 2.36 1.46 3.76 3.99 1.52 2.03 2.36 1.96 2.36
Rb 0.04 0.03 0.05 0.05 0.03 0.03 0.03 0.03 0.03 0.03 1.00 2.23
Sr 131 62.1 61.1 6.6 61.8 60.0 61.9 47.7 52.9 52.8 53.1 517
Y 13.9 17.1 17.5 1.40 16.9 14.2 16.6 16.9 14.1 15.8 1.62 8.68
Zr 22.5 27.1 27.6 0.34 29.3 23.1 29.2 17.0 21.7 21.8 5.5 9.5
Nb 2.34 0.04 0.03 0.35 0.08 0.25 0.11 1.32 0.13 0.15 0.64 2.28
Mo 0.06 0.05 0.06 0.09 0.04 0.07 0.08 0.07 0.08 0.08 0.02 0.04
Ag 0.16 0.16 0.22 0.18 0.16 0.17 0.18 0.16 0.24 0.15 0.13 0.13

(continued on next page)
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Table 2 (continued)

Cd 0.17 0.11 0.19 0.10 0.14 0.15 0.14 0.17 0.12 0.09 0.11 0.10
Sn 1.71 1.84 1.67 1.36 1.64 1.66 1.97 1.88 1.53 1.65 1.20 1.84
Sb 0.08 0.07 0.08 0.08 0.07 0.09 0.09 0.09 0.08 0.06 0.09 0.22
Cs 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.11
Ba 0.10 0.03 0.08 1.22 0.08 0.09 0.08 0.06 0.12 0.84 12.5 78.2
La 4.59 0.62 0.54 0.32 0.85 1.03 0.77 1.44 0.70 0.74 1.83 7.08
Ce 10.7 2.60 2.45 0.71 3.01 3.08 3.05 3.29 2.54 2.77 5.09 12.7
Pr 1.21 0.52 0.54 0.08 0.62 0.53 0.63 0.50 0.53 0.54 0.80 1.21
Nd 5.12 3.32 3.23 0.44 3.94 3.47 3.98 2.84 2.99 3.11 3.75 4.94
Sm 1.41 1.44 1.62 0.09 1.85 1.28 1.66 1.40 1.17 1.54 0.72 1.42
Eu 0.59 0.63 0.66 0.02 0.73 0.54 0.67 0.57 0.54 0.59 0.25 0.53
Gd 1.95 2.08 2.47 0.12 2.28 1.72 2.12 1.94 1.88 1.96 0.67 1.76
Tb 0.37 0.42 0.44 0.02 0.45 0.39 0.45 0.44 0.33 0.41 0.06 0.26
Dy 2.45 3.02 3.17 0.16 3.00 2.61 2.92 2.95 2.49 2.80 0.30 1.75
Ho 0.56 0.67 0.67 0.05 0.68 0.56 0.61 0.69 0.56 0.61 0.06 0.36
Er 1.46 1.90 1.98 0.16 1.79 1.54 1.78 1.79 1.58 1.78 0.14 0.84
Tm 0.21 0.30 0.18 0.03 0.25 0.21 0.26 0.29 0.19 0.26 0.02 0.10
Yb 1.47 1.79 1.96 0.29 1.81 1.52 1.79 1.71 1.42 1.79 0.20 0.80
Lu 0.21 0.29 0.27 0.04 0.23 0.19 0.24 0.27 0.22 0.21 0.03 0.09
Hf 0.75 0.80 0.87 0.02 0.98 0.70 0.90 0.63 0.71 0.81 0.13 0.32
Ta 0.11 0.01 0.01 0.01 0.01 0.02 0.01 0.09 0.01 0.01 0.06 0.10
W 0.03 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.03 0.07 0.02
Pb 0.16 0.06 0.03 0.02 0.09 0.13 0.12 0.03 0.08 0.10 0.07 0.07
Bi 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.01 0.02 0.02
Th 0.30 0.01 0.00 0.08 0.01 0.03 0.01 0.11 0.01 0.02 0.11 0.62
U 0.06 0.01 0.00 0.01 0.01 0.01 0.01 0.04 0.00 0.01 0.01 0.14
(La/Yb)N 2.23 0.25 0.20 0.80 0.34 0.48 0.31 0.61 0.35 0.30 6.65 6.34

Sample XL XL XL XL XL XL XL XL XL XL XL XL XL
12–07 12–10 12–11 12–12 12–13 12–14 12–20 12–21 12–22 12–23 12–24 12–27 12–28

Mineral Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx

Li 4.94 3.62 45.6 1.56 9.45 28.8 9.07 3.22 59.1 18.5 14.9 16.0 3.69
Be 0.10 0.05 0.04 0.07 0.05 0.03 0.27 0.35 0.07 0.04 0.07 0.07
B 2.32 1.84 2.61 2.37 2.62 2.12 2.39 3.27 2.25 1.87 2.42 2.65
Sc 70.0 57.8 28.2 56.7 65.5 44.0 61.1 37.7 46.2 29.7 38.8 64.4 54.8
Ti 3149 3278 2293 2423 4740 454 3116 2208 1291 1708 2240 2257 1177
V 281 271 253 239 302 165 273 259 263 209 266 260 223
Co 18.4 20.6 27.6 22.0 18.4 27.0 19.0 23.6 23.0 35.1 24.2 18.5 24.1
Ni 291 288 420 356 271 441 279 379 346 505 394 271 407
Cu 0.71 0.66 1.34 1.53 1.67 1.89 0.54 3.17 0.85 8.49 2.30 0.60 1.03
Zn 5.7 6.6 16.7 9.44 6.96 17.4 5.80 12.4 11.5 20.1 12.4 6.69 5.87
Ga 3.77 4.96 7.31 3.82 5.08 1.63 4.53 5.77 5.53 5.31 5.25 3.36 2.78
Ge 1.48 1.52 1.57 1.75 1.77 1.27 1.81 1.41 1.66 1.51 1.12 1.00 1.10
As 2.11 2.72 2.45 1.73 2.07 2.13 2.14 5.19 2.00 1.72 2.18 2.65
Rb 0.04 0.04 0.06 0.04 0.13 0.05 0.04 0.04 0.15 0.05 0.05 0.05 0.05
Sr 31.7 34.9 62.0 81.5 57.5 41.9 35.8 81.7 296 55.9 83.4 30.8 124.6
Y 18.01 16.58 4.25 16.1 19.3 2.34 16.6 8.21 5.13 5.70 8.46 14.52 11.47
Zr 22.4 20.2 14.0 21.4 19.5 3.9 18.2 10.2 10.0 7.60 10.1 13.5 14.6
Nb 0.01 0.05 0.38 1.62 0.07 3.27 0.12 2.98 2.34 2.27 3.10 0.28 0.37
Mo 0.00 0.20 0.03 0.02 0.31 0.10 0.00 0.03 0.02 0.01 0.06 0.03 0.16
Ag 0.14 0.14 0.14 0.14 0.14 0.14 0.16 0.16 0.14 0.16 0.14 2.00
Cd 0.18 0.09 0.06 0.08 0.11 0.13 0.18 0.14 0.11 0.12 0.09 0.08
Sn 1.61 1.82 1.75 1.80 1.54 1.49 2.22 1.19 1.48 1.69 1.47 1.85
Sb 0.10 0.11 0.07 0.10 0.10 0.09 0.12 0.11 0.11 0.09 0.09 0.08
Cs 0.02 0.01 0.01 0.01 0.11 0.01 0.03 0.04 0.05 0.02 0.01 0.02 0.01
Ba 0.03 0.00 0.10 0.07 1.96 0.41 0.13 0.05 19.8 1.45 0.06 0.01 0.19
La 0.26 0.59 1.17 2.88 4.38 6.47 1.73 4.44 10.2 2.98 4.55 0.83 1.33
Ce 1.96 3.01 3.86 5.96 8.50 8.43 5.25 8.14 30.3 5.53 8.17 2.08 3.63
Pr 0.51 0.65 0.66 0.72 1.23 0.54 0.81 1.00 4.00 0.64 1.01 0.34 0.37
Nd 3.74 4.03 3.86 3.63 7.02 1.83 4.70 4.70 16.7 3.06 4.39 2.13 3.22
Sm 1.40 1.64 1.14 1.50 2.45 0.36 1.73 1.28 2.52 1.00 1.37 1.17 1.20
Eu 0.56 0.73 0.52 0.59 0.93 0.11 0.83 0.55 0.75 0.38 0.50 0.47 0.72
Gd 2.11 2.37 1.51 2.00 3.02 0.47 2.53 1.56 1.44 1.14 1.67 1.98 1.79
Tb 0.46 0.43 0.21 0.42 0.54 0.07 0.45 0.31 0.26 0.21 0.30 0.35 0.32
Dy 2.97 2.87 1.19 2.83 3.72 0.47 2.96 1.75 1.04 1.24 1.80 2.60 2.07
Ho 0.70 0.61 0.18 0.63 0.75 0.09 0.64 0.31 0.20 0.23 0.31 0.58 0.45
Er 2.05 1.80 0.41 1.67 2.08 0.29 1.71 0.71 0.51 0.55 0.75 1.66 1.16
Tm 0.27 0.26 0.05 0.25 0.30 0.05 0.27 0.07 0.07 0.05 0.07 0.23 0.13
Yb 1.91 1.94 0.21 1.64 2.02 0.33 2.06 0.56 0.51 0.36 0.49 1.69 0.97
Lu 0.26 0.24 0.03 0.27 0.28 0.04 0.21 0.04 0.07 0.04 0.06 0.23 0.11
Hf 0.88 0.73 0.55 0.70 1.41 0.27 0.66 0.50 0.39 0.37 0.60 0.65 0.59
Ta 0.00 0.01 0.04 0.04 0.02 0.17 0.01 0.16 0.30 0.14 0.17 0.01 0.02
W 0.00 0.00 0.00 0.01 0.09 0.52 0.01 0.00 0.00 0.09 0.00 0.00 0.02
Pb 0.03 0.05 0.03 0.17 0.15 0.03 0.19 0.11 0.53 0.09 0.08 0.03 0.05
Bi 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Th 0.00 0.05 0.05 0.35 0.22 0.86 0.03 0.69 0.66 0.43 0.73 0.07 0.04

(continued on next page)
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and Zhejiang Province lie in the west of the Zhenghe-Dapu fault, car-
rying abundant garnet, spinel-garnet and spinel peridotites (Xu et al.,
2000, 2003; Ho et al., 2003; Yu et al., 2011; Lu et al., 2015; Liu et al.,
2017). The Jiande basalts (~30Ma) in the northwest Zhejiang Province
are also located on the west of the Zhenghe-Dapu fault and entrain only
spinel peridotites (Hao et al., 2014; Xiao et al., 2017).

3. Methods

All analyses in this study were performed at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS).

3.1. Elemental analyses

The major element compositions of the minerals were acquired by a
JEOL JXA8100 Electron Probe, using a 15 keV accelerating voltage, a
10 nA beam current and a 5 μm beam spot. Typical analytical un-
certainty for the elements analyzed was better than 1.5%. Trace ele-
ments concentrations of clinopyroxene were analyzed using a laser
ablation inductively coupled plasma mass spectrometer. About 6–8
spots were measured for different clinopyroxene grains in each sample.
A spot with the size of 60 μm and a repetition rate of 8 Hz were used on
all minerals. The NIST 610 glass standard was used as an external ca-
libration standard. Typical analytical precisions were generally below
5%.

3.2. In-situ Li concentration and isotopic analyses of minerals

The Li concentration and isotopic composition of olivine were car-
ried out using Cameca IMS-1280HR SIMS, following established
methods (Su et al., 2012, 2015). About 3–6 points were measured from
core to rim on each grain. The O-primary ion beam was accelerated at
13 kV and an intensity of about 15–30 nA with a spot size of
20×30 μm. There was a substantial effect of composition on the
7Li/6Li ratio of minerals measured by secondary ion mass spectroscopy
(Su et al., 2015). Li concentrations of clinopyroxene and orthopyroxene
in the Niutoushan, Mingxi and Xilong peridotites are mostly higher than
those of the standards by 1–2 orders of magnitude analyzed by SIMS.
Such large concentration differences indicate possible matrix effect on
Li concentrations and isotopic compositions of pyroxenes during ana-
lysis with SIMS, thus making the obtained values unreliable. Therefore,
we only measured Li concentration and isotopic composition of olivine
in this study. The Li concentration of Cpx is provided by trace element
analysis. The olivine sample 06JY31Ol with Fo of 90.3 is homogeneous
and was accordingly used as in-house standard (Su et al., 2015). The
olivine standard in this study yielded an average δ7Li values of
4.51 ± 0.45‰ (n= 30; 1se), consistent with the recommended values
(Su et al., 2015). The analytical uncertainty (1se) was better than 1‰.
Matrix effect, of which δ7Li increased by 1.0‰ for each mole percent
decrease in Mg# (>89), was considered for calibration (Su et al.,
2015).

4. Results

Mineral major element compositions of the Niutoushan, Mingxi and
Xilong peridotites are listed in Table 1, whereas the trace element
compositions of clinopyroxene from the xenoliths are presented in
Table 2. In-situ major element composition and results of Li analyses of
olivine are reported in Table 3.

4.1. Petrography and major element composition of minerals

The Niutoushan lherzolites with protogranular and granuloblastic
texture are relatively fertile and have restricted Fo content of 86.3–90.9
and low Cr# of spinel of 7.22–16.7, all of which are similar to those in
the Jiande Group 1 peridotites (Fo: 89.1–90.8; Cr# in spinel: 8.03–15.6)
from the Cathaysia block (Table 1; Hao et al., 2014; Xiao et al., 2017).
The Mingxi and Xilong spinel lherzolites have granuloblastic texture
with low clinopyroxene modal composition from 6 to 15%. Relative to
Niutoushan and Jiande Group 1 peridotites, minerals in the Mingxi and
Xilong peridotites are characterized by more refractory components
(Table 1), that is, higher Fo content in olivine (89.0–91.7); higher Cr#
in spinel (7.40–54.1); and lower Al2O3 contents in orthopyroxene
(1.66–5.62 wt%) and clinopyroxene (1.65–7.53 wt%). These features
are consistent with those in the Jiande Group 2 peridotites, which have
Fo content of 90.7–91.1, Cr# of spinel of 18.6–49.3, Al2O3 contents of
2.32–4.17 wt% in orthopyroxene and 3.65–5.69 wt% in clinopyroxene.
Spongy texture in clinopyroxene is found in these three mantle xenolith
suites. The boundary between spongy-textured clinopyroxenes and
surrounding minerals are sharp. The spongy clinopyroxenes have
higher CaO (21.7–23.2 wt%) and lower Na2O (0.32–0.76 wt%) and
Al2O3 (2.67–5.09 wt%) contents, compared with the primary ones
(CaO: 17.5–20.7 wt%; Na2O: 1.26–2.08 wt%; Al2O3: 6.04–6.95 wt%;
Table 1).

4.2. Lithium concentration and isotopic composition of minerals

The Li concentrations and δ7Li values of the olivine grains and
clinopyroxene Li abundances in the Niutoushan, Mingxi and Xilong
peridotites display larger variations than those in the Jiande peridotites
(Tables 2 and 3; Fig. 1b–d). The Li concentration of olivine ranges from
2.59 to 4.91 ppm in the Niutoushan peridotites, from 0.56 to 9.76 ppm
in the Mingxi peridotites and from 1.85 to 7.90 ppm in the Xilong
peridotites (Table 3). The clinopyroxene has higher Li concentrations
(2.60–11.1 ppm in the Niutoushan, 2.78–28.7 ppm in the Mingxi and
1.56–59.1 ppm in the Xilong) than that of olivine (Table 2). The δ7Li
value of olivine varies between −12.30 and +10.49‰ in the Niu-
toushan, between −41.08 and +1.17‰ in the Mingxi and between
−52.75 and +1.82‰ in the Xilong peridotites (Table 3). Spatially, the
Li concentration of olivine and clinopyroxene increases but the δ7Li
value of olivine grains decreases in the order; Niutoushan <
Mingxi < Xilong peridotites (Fig. 1b–d). The basalts from the Cathayia
Block also display similar trend of increasing Li and Ba contents with
increasing distance from the present subduction trench (Fig. 1e and f;
Huang et al., 2017; Su et al., 2017). However, the olivine and clin-
opyroxene of the Jiande peridotites have the mantle-like Li con-
centrations and isotopic compositions (Fig. 1b–d; Xiao et al., 2017). On
the whole, olivines in the Niutoushan, Mingxi and Xilong peridotites
display more Li enrichment but are lighter in δ7Li value relative to those
in the Jiande peridotites and other peridotites worldwide (Fig. 2).

4.3. Trace elements in clinopyroxene

Clinopyroxene in the Niutoushan, Mingxi and Xilong peridotites
displays a larger variation in Primitive mantle-normalized REE pat-
terns, ranging from spoon-shaped, convex-upward to highly LREE-en-
riched patterns, relative to that of Jiande Group 1 peridotites (Fig. 3a, c
and e). The (La/Yb)N ratios in clinopyroxene vary from 0.57 to 4.06 in
the Niutoushan peridotites, from 0.21 to 2.23 in the Mingxi peridotites,
from 0.10 to 14.4 in the Xilong peridotites and from 0.06 to 0.78 in the
Jiande peridotites, respectively (Table 2; Xiao et al., 2017). All the

Table 2 (continued)

U 0.01 0.01 0.01 0.12 0.04 0.23 0.02 0.20 0.15 0.12 0.18 0.02 0.02
(La/Yb)N 0.10 0.22 4.10 1.26 1.56 13.9 0.60 5.68 14.4 5.93 6.70 0.40 2.76
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Table 3
The Li concentration (ppm) and isotopic (‰) and major elemental composition (%) of olivine in the Niutoushan, Mingxi and Xilong peridotites from the Cathaysia
block.

Sample Mineral Position δ7Li 1se Li 1se SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O NiO Total Fo

NST12-03 Ol1 rim 2.34 0.48 3.61 0.04 40.2 0.00 0.04 0.00 9.56 0.12 48.4 0.10 0.00 0.00 0.36 98.8 90.1
rim 1.76 0.45 3.73 0.05 40.2 0.01 0.05 0.02 9.48 0.15 48.4 0.05 0.01 0.01 0.40 98.8 90.2
mantle 1.58 0.48 3.42 0.04 40.2 0.00 0.04 0.00 9.45 0.13 48.5 0.07 0.00 0.00 0.36 98.8 90.2
mantle 3.57 0.43 3.56 0.04 40.3 0.01 0.06 0.05 9.54 0.15 48.6 0.07 0.00 0.00 0.39 99.1 90.2
core −2.87 0.45 3.71 0.04 40.8 0.01 0.04 0.02 9.57 0.16 48.6 0.05 0.01 0.00 0.36 99.7 90.1
core −7.36 0.40 4.56 0.04 41.2 0.01 0.04 0.00 9.67 0.14 48.6 0.07 0.01 0.00 0.39 100 90.0

Ol2 rim −6.57 0.46 4.03 0.05 40.7 0.00 0.05 0.01 9.51 0.14 49.0 0.06 0.00 0.01 0.33 100 90.3
rim −3.85 0.47 3.91 0.05 40.9 0.06 0.03 0.01 9.53 0.15 49.0 0.07 0.00 0.00 0.39 100 90.3
core 3.12 0.52 3.48 0.04 40.8 0.00 0.04 0.00 9.49 0.14 48.6 0.05 0.02 0.01 0.33 99.4 90.2
core 3.32 0.49 3.41 0.04 40.7 0.02 0.01 0.00 9.52 0.16 48.4 0.05 0.00 0.00 0.39 99.3 90.1

NTS12-10 Ol1 rim 4.24 0.29 3.85 0.05 39.9 0.00 0.03 0.05 9.45 0.14 48.9 0.08 0.00 0.00 0.40 98.9 90.3
mantle 4.22 0.33 2.85 0.03 40.1 0.00 0.04 0.04 9.37 0.13 48.9 0.06 0.00 0.00 0.41 99.0 90.4
core 10.49 0.31 2.80 0.04 40.3 0.01 0.04 0.03 9.36 0.12 48.9 0.06 0.00 0.00 0.39 99.2 90.4

Ol2 rim 4.99 0.35 2.59 0.03 40.4 0.02 0.04 0.00 9.37 0.16 48.3 0.09 0.01 0.00 0.39 98.7 90.3
mantle 4.90 0.32 2.75 0.04 40.5 0.00 0.05 0.00 9.41 0.15 48.3 0.10 0.00 0.00 0.39 98.9 90.2
core 5.70 0.38 2.81 0.03 40.9 0.00 0.05 0.00 9.38 0.12 48.2 0.10 0.00 0.01 0.44 99.3 90.3

Cpx1 rim −0.32 0.37 2.42 0.02 52.6 0.41 6.52 0.68 3.10 0.09 15.1 19.9 1.72 0.00 0.07 100 89.7
mantle 3.48 0.96 2.52 0.06 51.7 0.49 4.82 0.86 3.35 0.12 16.6 21.4 0.61 0.00 0.10 100 89.9
core 0.71 0.35 2.70 0.02 52.3 0.43 6.22 0.74 3.11 0.08 15.3 19.8 1.68 0.00 0.02 99.5 89.8

NST12-11 Ol1 rimrimim −4.46 0.54 3.06 0.04 41.0 0.00 0.06 0.02 9.64 0.13 48.4 0.05 0.01 0.00 0.37 99.7 90.0
core −3.43 0.61 2.81 0.03 41.2 0.02 0.03 0.00 9.66 0.12 48.6 0.08 0.00 0.00 0.38 100 90.1

Ol2 rim −12.30 0.44 2.99 0.04 41.1 0.01 0.03 0.00 9.57 0.13 48.8 0.07 0.00 0.01 0.36 100 90.2
mantle −2.08 0.56 2.62 0.03 40.5 0.01 0.04 0.03 9.63 0.15 48.8 0.07 0.00 0.00 0.39 99.5 90.1
mantle −1.30 0.48 2.81 0.03 40.6 0.01 0.05 0.01 9.64 0.13 48.6 0.08 0.00 0.00 0.40 99.5 90.1
core −4.31 0.53 2.69 0.03 40.2 0.00 0.05 0.02 9.69 0.12 48.9 0.07 0.00 0.01 0.39 99.4 90.1
core −8.33 0.50 2.73 0.03 40.1 0.01 0.04 0.02 9.63 0.16 48.0 0.09 0.01 0.00 0.38 98.4 90.0

NST12-13 Ol1 rim 7.35 0.47 2.80 0.03 39.8 0.02 0.07 0.00 9.92 0.15 48.2 0.08 0.02 0.01 0.36 98.7 89.7
mantle 8.01 0.49 2.79 0.03 39.7 0.00 0.06 0.00 9.94 0.15 48.5 0.08 0.00 0.00 0.42 98.9 89.8
core 6.92 0.47 2.98 0.04 39.7 0.00 0.06 0.01 9.97 0.12 48.6 0.11 0.00 0.00 0.37 99.0 89.8

Ol2 rim 7.03 0.56 2.99 0.04 40.1 0.01 0.05 0.00 10.3 0.19 48.6 0.12 0.02 0.00 0.38 99.6 89.5
mantle 7.54 0.51 2.90 0.04 39.8 0.00 0.06 0.00 10.2 0.13 48.7 0.07 0.00 0.00 0.39 99.3 89.6
core 7.40 0.50 3.26 0.04 39.9 0.00 0.05 0.00 10.3 0.11 48.5 0.08 0.00 0.00 0.36 99.2 89.5
core 6.78 0.46 3.25 0.04 40.2 0.00 0.03 0.00 10.3 0.14 48.5 0.06 0.00 0.00 0.40 99.7 89.4
mantle 8.54 0.41 2.95 0.04 40.4 0.02 0.07 0.00 10.3 0.14 48.3 0.08 0.00 0.01 0.38 99.7 89.4
rim 8.12 0.43 2.86 0.03 40.6 0.00 0.03 0.01 10.1 0.14 48.2 0.08 0.01 0.01 0.45 99.7 89.6

NST12-17 Ol1 rim 3.93 0.32 4.31 0.05 40.8 0.01 0.06 0.00 12.1 0.14 46.8 0.08 0.00 0.00 0.38 100 87.5
mantle 3.82 0.27 4.30 0.05 40.7 0.01 0.05 0.02 12.0 0.15 46.8 0.05 0.00 0.00 0.36 100 87.6
core 4.08 0.31 4.30 0.05 40.5 0.01 0.04 0.01 12.0 0.13 46.7 0.04 0.00 0.00 0.36 99.9 87.5

Ol2 rim 3.80 0.27 4.31 0.05 40.6 0.02 0.03 0.01 11.8 0.14 46.7 0.07 0.05 0.02 0.34 99.7 87.7
mantle 3.24 0.28 4.31 0.05 40.7 0.00 0.05 0.03 11.8 0.11 47.0 0.05 0.00 0.00 0.36 100 87.7
core 2.81 0.30 4.21 0.05 40.5 0.02 0.04 0.00 11.9 0.14 46.7 0.06 0.00 0.00 0.37 99.7 87.6

MX12-01 Ol1 rim −7.04 0.34 4.26 0.05 40.9 0.01 0.02 0.02 8.50 0.11 48.0 0.01 0.00 0.01 0.40 98.0 91.0
rim −6.55 0.34 3.43 0.04 41.6 0.00 0.02 0.00 8.38 0.13 49.0 0.02 0.01 0.00 0.37 99.5 91.3
mantle −4.08 0.40 3.07 0.04 41.5 0.00 0.04 0.02 8.31 0.10 48.6 0.03 0.00 0.00 0.37 98.9 91.3
core −1.61 0.33 3.08 0.04 41.6 0.00 0.03 0.00 8.24 0.13 48.3 0.01 0.01 0.00 0.40 98.7 91.3

Ol2 rim −8.91 0.37 5.86 0.07 41.9 0.03 0.03 0.00 8.56 0.13 48.5 0.05 0.00 0.00 0.40 99.7 91.1
mantle −12.00 0.45 3.87 0.04 41.4 0.05 0.02 0.01 8.26 0.11 49.0 0.02 0.00 0.00 0.40 99.2 91.4
core −0.42 0.47 2.92 0.03 41.5 0.03 0.04 0.01 8.27 0.10 49.0 0.04 0.03 0.00 0.35 99.4 91.4
core −0.80 0.51 2.88 0.03 41.3 0.00 0.05 0.00 8.25 0.12 49.2 0.02 0.01 0.00 0.39 99.4 91.5
mantle −4.75 0.55 2.66 0.03 41.4 0.00 0.05 0.00 8.30 0.11 48.7 0.02 0.00 0.00 0.42 99.0 91.3
rim −5.90 0.53 2.85 0.03 42.1 0.00 0.01 0.00 8.51 0.10 48.7 0.00 0.00 0.00 0.40 99.8 91.2

MX12-04 Ol1 rim 0.94 0.35 7.94 0.10 40.2 0.00 0.03 0.00 8.57 0.14 49.8 0.07 0.00 0.00 0.38 99.1 91.3
mantle −6.66 0.45 7.56 0.09 40.0 0.00 0.06 0.02 8.44 0.12 49.4 0.03 0.02 0.00 0.36 98.5 91.3
core 1.17 0.59 1.92 0.02 40.7 0.02 0.03 0.00 8.53 0.10 49.6 0.02 0.00 0.00 0.35 99.3 91.3
core −0.62 0.56 1.88 0.02 40.7 0.00 0.02 0.00 8.62 0.11 49.8 0.02 0.00 0.00 0.42 99.7 91.2
mantle −17.81 0.37 6.27 0.07 41.1 0.02 0.04 0.02 8.57 0.15 49.1 0.02 0.00 0.00 0.42 99.4 91.2
rim −6.43 0.38 9.76 0.10 41.0 0.01 0.05 0.02 8.34 0.15 49.2 0.05 0.00 0.01 0.39 99.2 91.4

Ol2 rim −6.45 0.37 7.22 0.09 40.9 0.02 0.05 0.00 8.55 0.13 49.3 0.02 0.00 0.03 0.36 99.3 91.2
rim −22.49 0.38 5.15 0.06 40.9 0.00 0.04 0.00 8.57 0.12 49.6 0.02 0.00 0.00 0.38 99.6 91.2
mantle −0.50 0.70 1.81 0.02 41.0 0.00 0.04 0.01 8.64 0.14 49.7 0.01 0.00 0.00 0.40 99.8 91.2
core −17.52 0.55 2.15 0.03 40.9 0.03 0.02 0.02 8.50 0.16 49.6 0.02 0.01 0.01 0.38 99.7 91.3

MX12-12 Ol1 rim −1.69 0.30 8.12 0.10 41.3 0.00 0.03 0.03 8.45 0.11 48.9 0.01 0.01 0.00 0.41 99.3 91.2
mantle −15.72 0.39 6.60 0.08 41.3 0.00 0.01 0.01 8.42 0.11 49.0 0.03 0.02 0.00 0.41 99.2 91.3
core −22.25 0.42 4.05 0.05 41.2 0.00 0.05 0.00 8.43 0.12 47.9 0.01 0.00 0.01 0.42 98.1 91.1
core −23.58 0.45 3.86 0.05 41.3 0.00 0.03 0.00 8.46 0.08 47.6 0.04 0.00 0.01 0.41 98.0 91.0
mantle −15.78 0.34 7.20 0.08 40.8 0.01 0.04 0.00 8.49 0.11 49.6 0.03 0.01 0.01 0.41 99.5 91.3
rim −0.20 0.34 7.12 0.08 41.4 0.02 0.04 0.01 8.46 0.14 49.0 0.03 0.02 0.01 0.39 99.5 91.3

Ol2 rim −21.68 0.47 2.68 0.03 41.3 0.02 0.03 0.01 8.42 0.11 49.1 0.03 0.00 0.00 0.41 99.4 91.3
mantle −30.84 0.37 3.85 0.04 40.9 0.01 0.05 0.03 8.42 0.12 49.2 0.02 0.00 0.00 0.44 99.1 91.3
core −24.11 0.48 3.17 0.04 40.5 0.00 0.05 0.00 8.46 0.12 49.4 0.02 0.00 0.00 0.41 99.0 91.3

MX12-13 Ol1 rim −28.50 0.24 7.27 0.10 41.3 0.01 0.08 0.08 8.51 0.13 49.2 0.15 0.00 0.00 0.41 99.9 91.2
mantle −12.77 0.36 2.02 0.03 41.1 0.01 0.06 0.04 8.56 0.10 49.3 0.16 0.00 0.01 0.41 99.7 91.2
core −4.88 0.39 1.93 0.02 41.0 0.01 0.08 0.03 8.44 0.15 49.6 0.15 0.00 0.00 0.38 99.8 91.4

(continued on next page)
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clinopyroxenes in these four suites display negative anomalies in high
field strength elements (HFSE; e.g., Zr, Nb, and Ti; Fig. 3b, d and f). The
Th, U and Sr exhibit some enrichment especially in the Mingxi and
Xilong peridotites where other elements do not show enrichment (Fig. 3
b, d and f).

5. Discussion

5.1. Melting history and mantle metasomatism in the lithospheric mantle
beneath the Cathaysia block

Clinopyroxene in mantle peridotite is the dominant repository for
most trace elements, and it can be used to reveal mantle processes, such
as melt extraction and metasomatism (Zangana et al., 1999). The HREE
(e.g., Y and Yb) concentrations of clinopyroxene are generally weakly
affected by later metasomatic processes in the anhydrous system, and
therefore can be used to estimate the degree of partial melting of
peridotites (Norman 1998). Modeling of Y and Yb contents in clin-
opyroxene suggests that Niutoushan and Jiande Group 1 peridotites
were probably produced by<5% fractional melting from a primitive

source, while most Mingxi and Xilong xenoliths, as well as Jiande
Group 2, peridotites experienced 10–20% fractional melting (Fig. 4a).

In this study, the clinopyroxene trace element patterns of the
Niutoushan, Mingxi and Xilong peridotites also reflect multi-stage
mantle processes (Fig. 3). Clinopyroxenes with spoon-shaped trace
element patterns may be affected by chromatographic metasomatism
during which the enrichment front of the highly incompatible elements
migrated faster than that of less compatible elements (Fig. 3a; Navon
and Stolper, 1987). The convex-upward REE pattern confirms the
combination of at least two events, an earlier stage of partial melting to
deplete the rock in LREE and MREE, and a later stage of metasomatism
that resulted in the enrichment of LREE and other LILE (Fig. 3a;
O’Reilly et al., 1991). The LREE-enriched patterns also reveal sig-
nificant metasomatism (Fig. 3a). Various metasomatic agents have been
proposed to account for the enrichment of mantle peridotites including
alkali-rich silicate melts (Wulff-Pedersen et al., 1996; Zangana et al.,
1997), H2O- ± CO2-rich fluids (O’Reilly and Griffin, 1988; Downes,
2001) and carbonatitic melts (Rudnick et al., 1993; Yaxley et al., 1998;
Coltorti et al., 1999). Coltorti et al., (1999) showed a world-wide
compilation trace element data of clinopyroxenes from mantle

Table 3 (continued)

Sample Mineral Position δ7Li 1se Li 1se SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O NiO Total Fo

mantle −10.79 0.36 2.04 0.03 40.7 0.00 0.07 0.06 8.36 0.14 49.4 0.14 0.00 0.00 0.41 99.3 91.4
rim −28.18 0.35 2.95 0.04 40.3 0.00 0.08 0.05 8.50 0.11 49.5 0.18 0.00 0.00 0.39 99.1 91.3

Ol2 rim −26.97 0.26 6.74 0.07 41.6 0.00 0.07 0.06 8.54 0.14 48.7 0.16 0.00 0.00 0.36 99.6 91.1
mantle −33.48 0.30 4.18 0.05 41.4 0.01 0.07 0.06 8.36 0.12 48.8 0.17 0.00 0.00 0.41 99.4 91.3
core −29.89 0.31 2.77 0.03 41.5 0.01 0.09 0.06 8.49 0.13 48.7 0.16 0.00 0.00 0.42 99.5 91.2

MX12-15 Ol1 rim −34.20 0.26 6.32 0.08 41.2 0.01 0.02 0.01 9.33 0.12 49.0 0.04 0.00 0.00 0.36 100 90.4
rim −44.40 0.26 4.59 0.06 41.0 0.00 0.02 0.00 9.23 0.14 48.7 0.06 0.00 0.00 0.32 99.5 90.5
mantle −40.95 0.32 3.18 0.04 41.2 0.02 0.04 0.01 9.25 0.16 49.0 0.05 0.00 0.01 0.35 100 90.5
mantle −10.19 0.23 7.68 0.10 40.9 0.03 0.03 0.00 9.16 0.13 48.7 0.06 0.02 0.00 0.34 99.4 90.5
core −2.01 0.22 6.90 0.09 41.0 0.00 0.04 0.00 9.43 0.15 48.8 0.08 0.00 0.00 0.35 99.8 90.3

Ol2 rim −29.00 0.37 2.37 0.03 41.0 0.00 0.03 0.01 9.27 0.15 48.8 0.04 0.00 0.02 0.34 99.6 90.5
mantle −0.44 0.33 1.90 0.02 40.8 0.01 0.03 0.00 9.41 0.17 49.0 0.06 0.00 0.00 0.34 99.9 90.4
core −9.03 0.33 2.08 0.03 40.8 0.00 0.04 0.00 9.18 0.12 48.8 0.07 0.00 0.01 0.35 99.4 90.5

Ol3 rim −41.08 0.34 4.04 0.05 40.9 0.03 0.04 0.02 9.18 0.13 48.9 0.07 0.01 0.00 0.35 99.6 90.6
core −9.26 0.42 2.01 0.02 41.8 0.00 0.03 0.00 9.68 0.15 49.0 0.09 0.00 0.01 0.33 101 90.1

MX12-20 Ol1 rim −14.75 0.53 2.96 0.02 40.8 0.03 0.10 0.05 10.60 0.15 46.9 0.12 0.01 0.00 0.34 99.1 88.9
mantle −7.44 0.83 1.08 0.01 40.9 0.06 0.10 0.04 10.37 0.14 47.1 0.11 0.02 0.00 0.36 99.2 89.1

Ol2 rim −7.79 0.52 3.42 0.06 40.1 0.01 0.10 0.05 10.80 0.17 47.6 0.18 0.00 0.01 0.30 99.4 88.8
mantle −10.88 0.77 1.36 0.02 40.3 0.02 0.07 0.02 10.60 0.15 47.6 0.12 0.00 0.01 0.37 99.2 89.0

Ol3 rim −27.10 0.55 1.42 0.01 40.8 0.04 0.05 0.04 10.64 0.12 47.3 0.12 0.03 0.01 0.40 99.6 88.9
mantle −17.42 0.97 0.56 0.01 40.5 0.02 0.08 0.04 10.48 0.16 47.4 0.10 0.02 0.00 0.39 99.1 89.1
core −24.09 0.87 0.95 0.01 40.7 0.01 0.08 0.03 10.52 0.14 47.6 0.11 0.00 0.00 0.40 99.6 89.1

XL12-02 Ol1 rim −1.85 0.57 2.11 0.02 40.5 0.02 0.07 0.05 9.01 0.13 48.4 0.15 0.00 0.00 0.37 98.7 90.6
rim 0.99 0.52 1.94 0.02 40.6 0.00 0.07 0.08 8.63 0.12 48.9 0.13 0.01 0.00 0.38 98.9 91.1
mantle 1.73 0.60 1.95 0.02 40.3 0.01 0.07 0.07 8.61 0.13 49.5 0.12 0.01 0.00 0.41 99.2 91.2
mantle 1.54 0.63 1.95 0.02 40.8 0.00 0.08 0.11 8.49 0.08 49.1 0.13 0.03 0.00 0.40 99.3 91.2
core 0.68 0.54 1.92 0.02 40.7 0.01 0.06 0.06 8.56 0.11 49.5 0.12 0.00 0.01 0.41 99.5 91.2

Ol2 rim −13.50 0.49 2.81 0.03 40.7 0.00 0.06 0.05 8.53 0.11 49.1 0.15 0.00 0.01 0.40 99.1 91.2
rim 0.94 0.57 2.00 0.02 40.7 0.01 0.06 0.06 8.53 0.14 49.3 0.13 0.00 0.00 0.37 99.3 91.2
mantle 1.82 0.53 1.99 0.02 41.3 0.00 0.07 0.08 8.62 0.12 49.0 0.16 0.00 0.00 0.35 99.7 91.1
mantle 0.49 0.58 2.13 0.02 41.1 0.05 0.07 0.07 8.69 0.11 48.6 0.15 0.00 0.00 0.35 99.2 91.0
core 0.73 0.64 1.95 0.02 41.2 0.02 0.08 0.10 8.67 0.13 49.0 0.14 0.02 0.00 0.34 99.7 91.0

XL12-06 Ol1 rim −14.03 0.43 5.53 0.06 40.8 0.01 0.06 0.02 8.15 0.11 49.6 0.09 0.00 0.02 0.37 99.2 91.6
mantle −31.55 0.43 4.25 0.05 40.2 0.01 0.06 0.05 8.13 0.14 49.8 0.09 0.00 0.00 0.38 98.9 91.7
core −32.59 0.46 3.00 0.03 40.1 0.00 0.05 0.02 8.08 0.14 49.8 0.09 0.00 0.00 0.39 98.7 91.7

Ol2 rim −22.78 0.44 4.25 0.05 39.9 0.00 0.05 0.05 8.33 0.15 49.9 0.11 0.00 0.00 0.36 98.9 91.5
rim −25.08 0.45 4.15 0.05 39.8 0.02 0.05 0.03 8.23 0.12 50.0 0.09 0.02 0.00 0.39 98.7 91.6
mantle −25.85 0.47 3.81 0.04 40.0 0.02 0.05 0.06 8.12 0.13 50.0 0.10 0.04 0.01 0.36 98.9 91.7
mantle −20.31 0.54 2.31 0.03 39.8 0.02 0.05 0.03 8.05 0.09 49.6 0.08 0.00 0.02 0.38 98.2 91.7
core −14.23 0.60 2.14 0.02 40.1 0.00 0.06 0.03 8.32 0.12 50.2 0.10 0.00 0.00 0.38 99.3 91.6

XL12-28 Ol1 rim −29.44 0.54 2.86 0.04 40.4 0.00 0.06 0.04 8.33 0.10 48.5 0.11 0.02 0.00 0.34 97.9 91.3
mantle −2.91 0.57 1.90 0.02 40.4 0.00 0.06 0.00 8.31 0.11 49.0 0.08 0.01 0.01 0.36 98.4 91.4
core 0.06 0.50 1.86 0.02 41.0 0.02 0.07 0.05 8.41 0.12 49.2 0.09 0.02 0.00 0.39 99.4 91.3
core 0.24 0.59 1.88 0.02 40.8 0.00 0.05 0.02 8.19 0.13 49.3 0.07 0.01 0.00 0.37 98.9 91.6
mantle −52.75 0.36 6.12 0.08 41.1 0.02 0.07 0.05 8.55 0.14 49.0 0.09 0.00 0.01 0.35 99.4 91.2
rim −26.58 0.38 7.90 0.09 41.1 0.02 0.06 0.03 8.36 0.12 48.2 0.08 0.02 0.00 0.37 98.4 91.2

Ol2 rim −35.55 0.49 2.51 0.03 41.1 0.00 0.05 0.04 8.48 0.13 48.6 0.09 0.01 0.00 0.39 98.8 91.2
mantle −1.94 0.48 1.90 0.02 41.1 0.00 0.07 0.05 8.18 0.12 48.7 0.07 0.01 0.00 0.35 98.7 91.5
core −1.30 0.51 1.85 0.02 41.2 0.00 0.05 0.03 8.29 0.15 48.7 0.07 0.03 0.00 0.39 98.9 91.4
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peridotites inferred to have been metasomatized by a spectrum of
agents ranging from carbonatitic to silicic melts. The clinopyroxene
trace element data from Niutoushan, Mingxi and Xilong peridotites in
this study and literatures also show a broad variation covering the fields
for both silicate and carbonatite metasomatism (Fig. 4c; Xu et al., 2000,
2003; Yu et al., 2011; Lu et al., 2015; Liu et al., 2017). On the other
hand, petrological features of the mantle xenoliths in the Niutoushan,
Mingxi and Xilong localities in the literature also suggested that the
mantle beneath the Cathaysia block has undergone modal metasoma-
tism such as the occurrence of phlogopite, amphibole and apatite (Xu
et al., 2000, 2003; Liu et al., 2017). In addition, the metasomatic en-
richment in LREE is accompanied in most cases by enrichment in Sr in
these mantle peridotites (Figs. 3b and 4b). These indicate that the
metasomatic agent may be H2O-rich melt/fluid. Therefore, the litho-
spheric mantle beneath Niutoushan, Mingxi and Xilong may have been
subjected to multi-stage metasomatism after partial melting, which
might be pervasive in the lithospheric mantle beneath the Cathaysia

block (Xu et al., 2000, 2003; Yu et al., 2011; Lu et al., 2015; Liu et al.,
2017).

5.2. Spatial and temporal heterogeneity of Li isotopes beneath the Cathaysia
block

In the upper mantle, fertile to moderately depleted peridotites are
estimated to have Li concentration of 1.0–2.2 ppm in olivine and
0.5–1.3 ppm for pyroxene (Seitz and Woodland, 2000), and Li parti-
tioning among equilibrated peridotite minerals follows the order
Ol > Cpx≥Opx > Spl (Grt) (Seitz and Woodland, 2000; Halama
et al., 2009). In this study, most olivine grains have lower Li con-
centration than coexisting clinopyroxene grains, indicating a dis-
equilibrium between the olivine and pyroxene. Due to the moderate
incompatibility of Li, melt depletion leads to lower concentrations in all
minerals such as most Jiande lherzolites (Fig. 2; Xiao et al., 2017).
However, anomalously higher Li concentrations (up to 9.76 ppm in
olivine and 59.1 ppm in clinopyroxene) of minerals are evident in the
peridotites from the Niutoushan, Mingxi and Xilong localities, com-
pared to the published Li elemental data of olivine worldwide and
normal mantle, suggesting significant Li addition from the infiltrating
melt. (Figs. 1b, d and 2; Seitz and Woodland, 2000; Woodland et al.,
2004; Tomascak et al., 2016).

Diffusion-driven fractionation of Li isotopes is the most important
mechanism for inter-mineral Li isotopic disequilibrium, which may
result from closed-system Li-redistribution, Li diffusion from melt/host
magma into entrained xenoliths or metasomatism (Jeffcoate et al.,
2007; Rudnick and Ionov, 2007; Tang et al., 2007; Wagner and Deloule,
2007; Aulbach et al., 2008; Aulbach and Rudnick, 2009; Su et al., 2012,
2014, 2018; Weyer and Seitz, 2012; Lai et al., 2015). The diffusion
coefficients of Li in olivine range from 1×10−11 m2 s−1 in olivine
(Dohmen et al., 2010), while Coogan et al. (2005) determined the
diffusion coefficient of Li in clinopyroxene which is found to range
between 5× 10−15 and 4× 10−12 m2 s−1 at temperatures of
800–1100 °C. The Li diffusion in olivine is much slower than the rates of
Li diffusion in clinopyroxene (Coogan et al., 2005; Dohmen et al., 2010;
Jeffcoate et al., 2007; Parkinson et al., 2007; Rudnick and Ionov, 2007).
Thus, the light Li isotope signatures in mineral phases can be explained
by inter-mineral Li-redistribution during cooling (Jeffcoate et al., 2007;
Ionov and Seitz, 2008; Gao et al., 2011). However, closed-system Li-
redistribution would only cause low Li concentration and high δ7Li
value in olivine, in combination with high Li concentration in coex-
isting clinopyroxene, which is different from that in our studies. On the
other hand, the faster diffusion rate in clinopyroxene can also induce
the observed isotopically heavy cores with lower Li concentrations than
the light rims in minerals especially clinopyroxene from host magma
(Jeffcoate et al., 2007; Rudnick and Ionov, 2007; Wagner and Deloule,
2007; Aulbach et al., 2008; Aulbach and Rudnick, 2009; Lai et al.,
2015; Gu et al., 2016). However, the Li concentration in the host
magma ranges from 3.90 to 6.20 ppm in the Niutoushan basalts, from
9.10 to 12.7 ppm in the Mingxi basalts and from 14.7 to 18.0 ppm in the
Xilong basalts (Huang et al., 2017), all of which are much lower than
those in clinopyroxene from these peridotites (Fig. 1b and e). Moreover,
most olivine grains in the Niutoushan, Mingxi and Xilong peridotites
display lower δ7Li values but high Li concentrations in the rims than in
the cores (Table 3). Their cores also display negative δ7Li values, even
when their Li concentration plateaus (Fig. 2a). Thus, the model of dif-
fusive ingress of Li from the host magma can be rule out. In this study,
the δ7Li value and Li concentration of olivine from Niutoushan, Xilong
and Mingxi peridotites shows large variations, while that from Jiande
peridotites is homogenous (Fig. 5a and b). The Li/Yb ratio of the clin-
opyroxene shows an extreme range between 0.95 and 222 in the Niu-
toushan, Mingxi and Xilong peridotites, and is slightly higher than Li/
Yb variability in metasomatized mantle xenoliths (< 40; Ionov and
Seitz, 2008; Pogge von Strandmann et al., 2011) and Jiande peridotites
(0.29–3.02; Xiao et al., 2017). Therefore, the variable Li concentration

Fig. 2. Correlation of Li concentrations and δ7Li values of olivine in the
Niutoushan, Mingxi, Xilong and Jiande peridotites from the Cathaysia Block
compared to worldwide olivine data (a, b). The normal mantle value and field
of carbonatite metasomatized peridotites are defined by Woodland et al. (2004)
and Su et al. (2014). Jiande peridotite data shown for comparison are from Xiao
et al. (2017). The field of Li data from worldwide localities are from Seitz et al.
(2004), Magna et al. (2006, 2008), Jeffcoate et al. (2007), Rudnick and Ionov
(2007), Tang et al. (2007, 2011), Wagner and Deloule (2007), Aulbach et al.
(2008), Ionov and Seitz (2008), Aulbach and Rudnick (2009), Halama et al.
(2009), Zhang et al. (2010) and Xiao et al. (2015).
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and δ7Li value of olivine and clinopyroxene Li concentration in the
Niutoushan, Mingxi and Xilong peridotites may record mantle meta-
somatism prior to entrainment by the host magma.

The higher diffusivity of Li in clinopyroxene compared with olivine
would result in higher Li concentrations in metasomatized clinopyr-
oxene (Jeffcoate et al., 2007; Rudnick and Ionov, 2007). In this study,
the clinopyroxene grains have higher Li concentration but smaller size
than coexisting olivines. In addition, the Li concentration of these
clinopyroxene do not vary in any systematic way with indices of
magmatic fractionation (e.g. Zr/Hf, La/Sm), but positively correlated
with Sr/Y ratio of clinopyroxene which represents the fluid activity
(Fig. 5c). These observations indicate that the Li enrichment in clin-
opyroxene record a recent diffusive ingress of Li into clinopyroxene
grain from the hydrous silicate melt. Previous studies have revealed
that silicate metasomatism causes preferential Li enrichment in clin-
opyroxene, whereas carbonatite metasomatism preferentially enriches
olivine with same (Seitz and Woodland, 2000; Woodland et al., 2004;
Ottolini et al., 2009; Su et al., 2012, 2014, 2017; Gu et al., 2016).
Isotopically, carbonatite-metasomatized olivine grains display lower
δ7Li value than normal mantle value and silicate-metasomatized olivine
(Su et al., 2014, 2017). Most olivine grains in the Niutoushan, Mingxi

and Xilong peridotites have higher Fo content and Li contents, lighter
δ7Li value than what is commonly observed in mantle xenoliths. Their
Li concentrations and δ7Li values mostly plot within the field of car-
bonatite metasomatism (Figs. 2 and 5d), recording the earlier carbo-
natite metasomatism occurred before hydrous silicate metasomatism
(Figs. 2 and 5d). Previous studies have reported that progressive dehy-
dration in the subduction zone through preferential loss of isotopically
heavy Li into fluid phase could induce low δ7Li residual slab, as ob-
served in eclogite (δ7Li down to −22‰; Wunder et al., 2006; Xiao
et al., 2011), which may be the origin of low δ7Li metasomatic melts. In
addition, the subduction-related melt/fluid produced by dehydration
processes most likely metasomatized the depleted mantle domain with
elevated fluid-mobile element contents (e.g., Li, Sr, Th, U, La, and Pb;
Deng et al., 2017), consistent with the trace element of clinopyroxene in
this study. Specially, the Niutoushan, Mingxi and Xilong peridotites
display deleted Sr and Nd isotopic compositions (Xu et al., 2003). Since
the Cathaysia block has been an active continental margin since the
mid-Permian (Li and Li, 2007), the metasomatic agent involved in the
metasomatism of lithospheric mantle beneath the Cathaysia block may
be derived from a highly dehydrated slab.

Fig. 3. Primitive mantle-normalized rare earth element pattern (a, c, e) and trace element pattern (b, d, e) of clinopyroxene in peridotites from the Niutoushan,
Mingxi and Xilong localities. The rare earth element and trace element were normalized to the primitive mantle (McDonough and Sun,1995). The dark and light grey
areas represent clinopyroxene from the Jiande Group 1 and 2 peridotites, respectively (Xiao et al., 2017).
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5.3. Implications for mantle heterogeneity beneath the Cathaysia block

The stagnation of the Pacific plate within the mantle transition zone
is revealed through global seismic tomography beneath the eastern Asia
(Chen and Ai, 2009; Zhao et al., 2009, 2017), which could transport
huge amount of sediments, oceanic crust and lithosphere into the upper
mantle. The decarbonization and dehydration of the stagnant slab
would release H2O and CO2 into the overlying upper mantle, resulting
in the chemical heterogeneity of the mantle wedge, as evidenced by the
late Cretaceous-Cenozoic basalts in eastern Asia (Xu et al., 2018). On
the other hand, the carbonatite inclusions in peridotite xenoliths cap-
tured by Cenozoic basalts from Shandong indicate that carbonatite
metasomatism is not only confined to the asthenosphere, but also ex-
tend to the shallow lithospheric mantle (Deng et al., 2017).

Many elements have been developed as tracers for recycled com-
ponents. For instance, Li and Ba enrichment in basalts commonly in-
dicate the presence of subduction components in their source regions
(Elliott, 2003; Pearce et al., 2005). In South China, there are trends of
increasing Li and Ba contents along with increasing distance from the
present subduction trench for the Cenozoic basalts (Fig. 1e and f; Huang
et al., 2017; Su et al., 2017). Furthermore, these basalts have low δ26Mg
values and also display a decreasing δ26Mg value trend with increasing
distance from the present subduction trench (Huang et al., 2015; Su
et al., 2017). These features are considered to be related to the sub-
duction of Pacific oceanic plate (Huang et al., 2015, 2017; Su et al.,
2017). In the Niutoushan, Mingxi and Xilong peridotites, the Li sys-
tematics of olivine and clinopyroxene trace element data also recorded
two episodes of metasomatism after variable degrees of melt extraction
(Figs. 2, 3 and 5). Moreover, the Niutoushan lherzolites which are more
southerly locality, have experienced less carbonatite metasomatism
relative to Mingxi and Xilong peridotites. From Niutoushan, Mingxi to
Xilong peridotites, the Li concentration of olivine and clinopyroxene
increases with increasing distance from the present subduction trench
for the peridotites, which is consistent with those of basalts in South
China (Fig. 1b and c). The metasomatic melt/fluid may have resulted
from dehydration processes via the westward subduction of the Paleo-
Pacific slab. However, the Jiande lherzolite which is the most distantly
located from the trench shows ‘mantle-like’ Li features. Xiao et al.
(2017) revealed that Jiande peridotites experienced variable degrees of
partial melting but little imprint from subsequent incipient metaso-
matism as evidenced by major, trace elemental and Li isotopic com-
position. In fact, the convective circulation in the mantle wedge and the
deep dehydration reactions of the subducting slab may induce asthe-
nosphere upwelling. Thus, Jiande peridotites probably represent up-
welling asthenosphere material accreted to the continent. These mul-
tiple metasomatisms could have played an important role in changing
the chemical composition of lithospheric mantle beneath the Cathaysia
block (Xu et al., 1998, 2000, 2003; Yu et al., 2003, 2011; Zheng et al.,
2004; Liu et al., 2012, 2017; Lu et al., 2015).

6. Conclusions

Li elemental and isotopic compositions in olivine and clinopyroxene
of the Niutoushan, Mingxi, Xilong and Jiande mantle xenoliths indicate
disequilibrium Li distributions and heterogeneous Li isotopic compo-
sitions beneath the Cathaysia block. The Li systematics, together with
major and trace elements, reveal that these peridotites have undergone
two stages of metasomatism after variable degrees of partial melting.
Clinopyroxene has high Li concentrations and common addition of Th,
Sr, and LREE, resulting from a recent diffusive ingress of Li from silicate
melts. During the second stage, these peridotites are metasomatized by
carbonatitic melts which could have been derived from a highly de-
hydrated slab as evidenced by extremely low δ7Li values of olivine.
Consequently, these multiple stages of metasomatism related to the
subduction of the Pacific oceanic plate resulted in the heterogeneity of
lithospheric mantle beneath the Cathaysia block.

Fig. 4. (a) Fractional melting model based on YN vs. YbN in primary clinopyr-
oxene (modified from Norman, 1998) within the spinel stability field. (b) LaN
vs. SrN in primary clinopyroxene from the Niutoushan, Mingxi and Xilong
peridotites. (c) (La/Yb)N vs. Ti/Eu in primary clinopyroxene from the Niu-
toushan, Mingxi and Xilong peridotites. The subscript N indicates normalization
to the primitive mantle compositions of McDonough and Sun (1995). Grey
symbols represent the Niutoushan, Mingxi, and Xilong peridotites in the lit-
erature (Xu et al., 2000, 2003; Yu et al., 2011; Lu et al., 2015; Liu et al., 2017).
Jiande peridotite data shown for comparison are from Hao et al. (2014) and
Xiao et al. (2017). Signatures of silicate metasomatism and carbonatite meta-
somatism in Fig. 4c are from Coltorti et al. (1999).
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