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Abstract Li contents and its isotopes of minerals in

mantle peridotite xenoliths from late Cretaceous mafic

dikes, analyzed in situ by Cameca IMS-1280, reveal the

existence of melt/rock interaction in remains of refertilized

Archean lithospheric mantle in Qingdao, Jiaodong Penin-

sula, North China Craton. Two groups of peridotites exist,

i.e., low-Mg# lherzolite and high-Mg# harzburgites. The

low-Mg# lherzolite has a relatively homogeneous Li con-

centration (ol: 2.01–2.11 ppm; opx: 1.77–1.88 ppm; cpx:

1.75–1.93 ppm) and Li isotopic composition (d7Li in ol:

4.2–7.6%; in opx: 6.0–8.3%; in cpx: 5.3–8.4%). The

similarity in d7Li value to the fresh MORB provides further

evidence for the argument that the low-Mg# lherzolite

could be the fragment of the newly accreted lithospheric

mantle. The high-Mg# harzburgites have heterogeneous Li

abundances (ol: 0.83–2.09 ppm; opx: 0.92–1.94 ppm; cpx:

1.12–4.89 ppm) and Li isotopic compositions (d7Li in ol:

-0.5 to ?11.5%; in opx: -6.2 to ?11.1%; in cpx: -34.3

to ?10.1%), showing strong disequilibrium in Li parti-

tioning and Li isotope fractionation between samples. The

cores of most minerals in these high-Mg# harzburgites

have relatively homogeneous d7Li values, which are higher

than those of fresh MORB, but similar to those previously

reported for arc lavas. These harzburgites have enriched

trace elemental and Sr–Nd isotopic compositions. These

observations indicate that in the early Mesozoic the litho-

spheric mantle beneath the southeastern North China Cra-

ton was similar to that in arc settings, which is

metasomatized by subducted crustal materials. Extremely

low d
7Li preserved in cpxs requires diffusive fractionation

of Li isotopes from later-stage melt into the minerals. Thus,

the Li data provide further evidence that the Archean

refractory lithospheric mantle represented by the high-Mg#

harzburgites was refertilized through melt/rock interaction

and transformed to the Mesozoic less refractory and

incompatible element and Sr–Nd isotopes enriched litho-

spheric mantle.
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Introduction

Mineralogical and petrological investigations of Paleozoic

kimberlite and Cenozoic basalt-borne mantle xenoliths

and xenocrysts have revealed that the lithosphere of the

North China Craton was not only considerably thinned,

but also compositionally changed from Paleozoic-age cold

and refractory lithospheric mantle to Cenozoic-age hotter

and fertile mantle (Menzies et al. 2007 and references

therein). Recent Re–Os analyses of Paleozoic kimberlite-

borne mantle xenoliths and xenocrysts have demonstrated

that both the garnet- and spinel-facies lithospheric mantle

formed in the Archean (Gao et al. 2002; Wu et al. 2006;
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Zhang et al. 2008a), thus the Archean lithospheric mantle

indeed existed in the North China Craton prior to its

thinning. However, the Re–Os isotopic systematics of the

Cenozoic basalt-borne mantle xenoliths throughout the

craton show that none of these xenoliths have Archean

TRD ages after its thinning (Zhang et al. 2009a and ref-

erences therein). The overwhelming Proterozoic TRD ages

and their correlation with olivine Fo imply that the

Archean lithospheric mantle was comprehensively refer-

tilized by multiple-stage melt/rock interaction. Unfortu-

nately, the composition and origin of the melts still

remains unsolved.

To solve this problem, mantle xenoliths from the

Mesozoic basalts should be a key. Recent studies on mantle

peridotitic xenoliths from late Cretaceous basaltic rocks in

Junan and Qingdao regions, Jiaodong Peninsula, have

demonstrated the presence of two groups of mantle xeno-

liths: high-Mg# peridotites and low-Mg# peridotites (Ying

et al. 2006; Zhang et al. 2009b). Although the low-Mg#

peridotites could be the fragments of the late Meosozoic

newly accreted lithospheric mantle after its thinning, the

high-Mg# peridotites were indeed the remains of ancient

lithospheric mantle (Ying et al. 2006; Zhang et al. 2009b).

However, this ancient lithospheric mantle was also con-

siderably refertilized by mantle metasomatism. Clinopy-

roxene (cpx) trace element and Sr–Nd isotopic data

indicate that the diverse melts, perhaps partially from the

continental crust, affected these high-Mg# xenoliths. To

further investigate the composition and origin of the

metasomatic melts, we use in situ Li concentrations and its

isotopes of those peridotitic xenoliths that major and trace

element compositions have already been well-constrained.

Lithium, a light alkali metal and mobile element, tends

to partition preferentially into the melt/fluid phase during

partial melting and melt/rock interaction (Brenan et al.

1998), leading to lithium enrichment in differentiated

crust relative to the primitive mantle. Such a feature

makes lithium and its isotopes a good geochemical tracer

for many geological processes (Tang et al. 2007a and

references therein), such as peridotite–melt interaction

(Seitz and Woodland 2000; Seitz et al. 2004; Woodland

et al. 2004; Jeffcoate et al. 2007; Wagner and Deloule

2007; Rudnick and Ionov 2007). Wagner and Deloule

(2007), Rudnick and Ionov (2007) and Tang et al.

(2007b) found large lithium elemental and isotopic dis-

equilibria between minerals of peridotitic xenoliths from

France, Russia and China, which were considered to be

products of recent melt/fluid-rock reaction. The in situ

analyses have shown that this lithium elemental and

isotopic disequilibrium even exists within an individual

mineral grains (Tang et al. 2007b; Wagner and Deloule

2007). The Li elemental and isotopic zonations observed

in the minerals from the Hannuoba peridotitic xenoliths

required that the melts derived from subducted altered

oceanic crust were involved in the peridotite–melt inter-

action in the ancient lithospheric mantle. Thus, the Li

abundance and its isotopes can provide important infor-

mation for above geological events. In this paper, we

selected five well-studied spinel-facies peridotites from

Qingdao, Jiaodong Peninsula, for in situ Li elemental and

its isotopic analyses, with aims (1) to clarify the abun-

dance and distribution of lithium in mantle minerals, the

intra- and inter-mineral fractionation of Li isotopes dur-

ing melt/rock interaction; (2) to find the similarity or

difference in Li abundances and its isotopes between the

high-Mg# and low-Mg# group xenoliths and (3) to

evaluate the composition and origin of the metasomatic

melts involved in the modification of the ancient litho-

spheric mantle.

Xenolith petrology

The geological background of the Jiaodong Peninsula and

the xenolith-host petrology and geochemistry of the

Qingdao mafic dikes which intruded at ca 82 ± 4 Ma

were described elsewhere in details (Zhang et al. 2008b,

2009b). Here, we just focus on the peridotitic xenolith

petrology. All the peridotitic xenoliths investigated are

spinel-facies nodules and include high-Mg# harzburgites

and low-Mg# lherzolites. High-Mg# peridotites have in-

equigranular texture and high Fo olivines and high Cr#

spinels. Cpxs in high-Mg# peridotites are generally

LREE-enriched with variable REE concentrations

(RREE = 5.6–85 ppm) and have enriched Sr–Nd isotopic

compositions (87Sr/86Sr = 0.7046–0.7087; 143Nd/144Nd =

0.5121–0.5126). These high-Mg# peridotites are consi-

dered to be fragments of ancient lithospheric mantle,

which has experienced extensive interaction with diverse

melts in Mesozoic time (Zhang et al. 2009b). The low-

Mg# peridotites are equigranular and typified by low Fo

in olivines and low Cr# in spinels. Cpxs from low-Mg#

peridotites have low REE abundances, LREE-depleted

REE patterns and depleted Sr–Nd isotopic feature, dis-

tinctive from the high-Mg# peridotites. These geochemi-

cal characteristics suggest that low-Mg# peridotites

represent samples from the newly accreted lithospheric

mantle. One low-Mg# lherzolite and four high-Mg#

harzburgites, which were all well-characterized by both

major and trace elemental geochemistry, were selected for

Li content and Li isotopic study. One of high-Mg#

harzburgites (PSK03-43) shows clear Fe-rich magma

injection as shown by the aggregation of secondary spi-

nels (Afig. 2a in electronic supplementary material).
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Analytical methods

Li abundances and its isotopic compositions were deter-

mined with the Cameca IMS-1280 ion microprobe at the

SIMS Lab, Institute of Geology and Geophysics, Chinese

Academy of Sciences. The thin-section samples were gold-

coated. A 13-kV, 10–20 nA O-primary beam was projected

on an area of 20 lm in diameter. Positive secondary ions

accelerated through 10 kV were measured at medium mass

resolution (M/DM * 1,100), with a transmitted field of

125 lm and an aperture field of 4,000, an energy window of

60 eV without energy offset. Primary beam position,

entrance slits, contrast aperture, magnetic field and energy

offset were automatically centered before each measure-

ment. Secondary ions were counted on mono-collection

pulse counting mode. Thirty to fifty cycles were measured

with counting time of 12, 4 and 4 s for 6Li, background at

the 6.5 mass, and 7Li, respectively. The counting rate on 7Li

ranges from 30,000 to 100,000 cps, depending on the

sample Li content and primary beam intensity. A 60-s pre-

sputtering without raster was applied before analysis. Li

isotopic ratios are given in delta units using the d
7Li nota-

tion {d7Li = [(7Li/6Lisample)/(
7Li/6LiLSVEC) - 1] 9 1,000,

with 7Li/6LiLSVEC = 12.0192, Flesh et al. 1973}. Cpx

BZ226 and BZ CG, Ol BZ29 and Opx BZ226 (Decitre et al.

2001) were used as standards (Fig. 1). Our measured values

for these standards are -4.1 ± 0.7%, ?10.9 ± 0.6%,

?4.6 ± 0.4% and ?4.2 ± 1.0%, respectively, consistent

with the recommended values (-4.1%, ?10.5%, ?4.4%

and ?4.2%, respectively) with analytical error. The 2r

errors for each measured point, including counting statistic

and standard reproducibility, range from 1.5 to 2.5%,

depending on the mineral Li contents. The external 2r on

standard and some of the samples is lower than 1%.

Note that the measured minerals in our samples display

no major chemical variation at the mineral scale and a very

limited range of chemical composition for the whole set,

with high Mg# numbers (88–92) (Table 1) similar to the

standard ones. This is what we expect for Li isotope

analysis. The Li content and isotopic results are given in

Table 1. The mineral Mg# numbers and cpx LREE/HREE

fractionation as well as total REE abundances are also

provided for comparison (data from Zhang et al. 2009b).

Analytical results

Low-Mg# peridotite

Li abundances

Olivine in the low-Mg# lherzolite shows a homogeneous Li

abundance within and between crystals (2.01–2.11 ppm

with an average of 2.06 ppm) (Table 1, Fig. 2; Afig. 1 in

electronic supplementary material). Pyroxenes also have

relatively constant Li abundances (opx: 1.77–1.88 ppm

with an average of 1.81 ppm; cpx: 1.75–1.93 ppm with an

average of 1.81 ppm) between individual grains although

small intra-grain variation has been observed, especially in

CPX 1, in which the core has slightly higher Li abundance

than the rim (Table 1; Fig. 2; Afig. 1 in electronic sup-

plementary material). Seitz and Woodland (2000) estab-

lished a general Li partitioning relationship in an

equilibrated peridotite in spinel-facies mantle: ol[ cpx

C opx[[ sp. This low-Mg# lherzolite is consistent with

this ordering, showing Li equilibration in different mineral

phases, but different from the Hannuoba spinel lherzolites

which shows an enrichment of lithium in cpx relative to

that in olivine (Tang et al. 2007b).

Li isotopes

Olivine in the low-Mg# lherzolite displays a narrow range

of d7Li (4.2–7.6% with an average of 5.4%), showing a

relatively homogeneous Li isotope distribution between

individual grains (Table 1; Fig. 2; Afig. 1 in electronic

supplementary material), although an intra-grain zoning of

d
7Li exists in OL 1 with the core being slightly higher d7Li

than one rim that has high Li concentration. Pyroxenes also

have a narrow range of d
7Li (opx: 6.0–8.3% with an

average of 7.6 ± 1.48%; cpx: 5.3–8.4% with an average

of 6.9 ± 1.82%) between different grains. A small intra-

mineral zoning of d7Li has also been observed both in opx

and cpx, in which the core of opx such as OPX 2 has

slightly higher d7Li than the rim (Table 1; Fig. 2; Afig. 1

in electronic supplementary material), different from the

feature of cpx which the core has lower d7Li than the rim.

It should be noted that whereas the Li isotope zoning

indeed exists in olivine and pyroxenes, the intra-mineral

variation of d7Li is within the analytical uncertainty. All

these d
7Li values of minerals from Qingdao low-Mg#

Fig. 1 Standard Li isotopic variation throughout the analyses with 2r

error bars
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Table 1 In situ analytical data on minerals of Qingdao peridotite xenoliths by Cameca IMS-1280

Mineral Point Li (ppm) d
7Li (%) 2r

PSK03-1212: Low-Mg# lherzolite, OL Fo = 89, OPX Mg# = 90, CPX Mg# = 91, (La/Yb)N = 0.3, RREE = 12 ppm

OL1 1 2.03 4.8 1.4

2 2.04 5.3 1.7

3 2.04 5.5 1.5

4 2.03 5.5 1.4

5 2.08 4.6 1.5

6 2.04 4.2 1.5

OL2 1 2.01 4.5 1.4

2 2.08 7.6 1.4

OL3 1 2.11 5.2 1.2

2 2.08 5.9 1.3

3 2.06 5.6 1.2

4 2.10 5.7 1.2

5 2.04 5.6 1.2

6 2.06 5.9 1.3

7 2.05 4.6 1.2

OL4 1 2.05 5.1 1.2

2 2.07 7.0 1.2

3 2.04 5.9 1.2

4 2.05 4.2 1.1

OPX1 1 1.77 7.6 1.5

2 1.81 7.2 1.5

3 1.88 7.1 1.4

4 1.81 7.8 1.5

5 1.78 7.9 1.5

6 1.79 7.7 1.5

OPX2 1 1.79 7.4 1.5

2 1.82 7.6 1.5

3 1.79 8.3 1.5

4 1.77 8.3 1.5

5 1.80 7.8 1.4

6 1.88 6.0 1.5

CPX1 1 1.79 7.6 2.3

2 1.83 5.4 2.0

3 1.93 6.3 1.8

4 1.87 6.9 1.7

5 1.81 8.1 1.7

CPX2 1 1.75 8.4 1.7

2 1.77 7.1 1.7

3 1.78 5.3 1.8

4 1.75 7.3 1.7

PSK03-43: High-Mg# harzburgite, OL Fo = 91, OPX Mg# = 91.3, CPX Mg# = 91.7, (La/Yb)N = 15, RREE = 85 ppm

OL1 1 1.68 5.2 1.4

2 1.69 4.8 1.3

3 1.67 5.3 1.3

4 1.67 4.1 1.2
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Table 1 continued

Mineral Point Li (ppm) d
7Li (%) 2r

OL2 1 1.66 4.5 1.2

2 1.67 5.0 1.2

3 1.69 4.6 1.3

4 1.69 5.1 1.3

5 1.66 4.7 1.2

6 1.69 4.7 1.2

7 1.72 4.6 1.2

OPX1 1 0.92 6.6 1.9

2 0.93 8.4 1.9

3 1.17 3.7 2.1

OPX2 1 1.26 6.1 1.6

2 1.31 6.8 1.6

3 1.27 7.8 1.6

4 1.23 10.3 1.6

5 1.28 9.1 1.6

OPX3 1 1.28 6.9 1.6

2 1.28 7.2 1.6

3 1.25 8.6 1.8

CPX1 1 1.47 -4.0 1.7

2 1.34 6.9 1.8

3 1.37 2.9 1.8

CPX2 1 0.00 -18.5 38.6

CPX3 1 1.29 9.6 1.9

2 1.26 9.1 2.1

3 2.06 0.3 1.8

PSK03-48: High-Mg# harzburgite, OL Fo = 91, OPX Mg# = 91.5, CPX Mg# = 91.6, (La/Yb)N = 14.7, RREE = 82 ppm

OL1 1 0.96 6.6 1.7

2 0.96 10.7 1.7

3 0.92 10.8 1.8

4 0.97 10.5 1.7

5 0.89 11.5 2.1

6 2.09 -0.5 2.5

OL2 1 0.94 9.3 1.6

2 0.94 9.4 1.6

3 0.92 10.1 2.0

OPX1 1 1.35 5.0 1.6

2 1.31 8.0 1.7

3 1.27 11.1 1.7

4 1.42 7.7 2.0

5 1.32 8.2 1.8

6 1.31 6.5 1.7

7 1.35 5.9 1.6

8 1.34 5.2 1.7
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Table 1 continued

Mineral Point Li (ppm) d
7Li (%) 2r

CPX1 1 1.77 10.1 1.7

2 1.72 9.2 1.7

3 1.70 10.0 1.9

4 1.71 8.2 1.7

5 1.70 9.7 1.7

6 1.92 6.7 1.8

CPX2 1 1.30 9.8 2.2

2 2.00 6.0 1.9

3 1.25 7.7 1.9

PSK03-410: High-Mg# harzburgite, OL Fo = 91, OPX Mg# = 91.5, CPX Mg# = 91.6, (La/Yb)N = 36, RREE = 33 ppm

OL1 1 0.83 6.6 2.5

2 0.83 7.7 2.5

3 0.84 5.1 2.9

OL2 1 1.02 6.7 2.1

2 1.02 7.3 2.0

3 1.00 6.2 2.0

OPX1 1 1.93 -0.9 1.4

2 1.94 -1.2 1.3

3 1.93 -0.9 1.4

CPX1 1 1.54 7.5 2.4

2 1.63 3.5 2.3

3 2.52 -17.0 2.5

CPX2 1 1.56 7.6 2.4

2 1.69 -15.7 2.3

3 3.16 -30.6 1.4

4 2.08 -34.3 1.7

PSK03-414: High-Mg# harzburgite, OL Fo = 91.5, OPX Mg# = 92, CPX Mg# = 93, (La/Yb)N = 2.9, RREE = 5.6 ppm

OL1 1 1.59 2.8 1.4

2 1.57 1.7 1.4

3 1.56 2.7 1.4

4 1.75 3.1 1.3

OL2 1 1.58 2.1 1.3

2 1.53 1.3 1.3

3 1.65 2.3 1.4

OL3 1 1.62 0.9 1.3

2 1.64 2.4 1.3

3 1.58 1.3 1.3

4 1.60 2.1 1.3

OPX1 1 1.07 5.7 1.8

2 1.25 -6.2 1.6

3 1.02 8.3 1.8

4 1.06 3.7 2.0

OPX2 1 1.03 5.3 1.9

2 1.00 7.6 2.0

3 1.03 5.0 2.0

CPX1 1 1.12 6.9 2.0

2 1.22 2.1 2.4
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xenolith fall within the field for the fresh MORB (Fig. 3;

Tomascak et al. 2008).

High-Mg# peridotites

Li abundances

Large and clear variations in Li abundances have been

observed between samples and mineral phases, even

within minerals, in the high-Mg# harzburgite xenoliths

(Table 1, Fig. 2; Afig. 2–5 in electronic supplementary

material). However, different minerals have different

features. Olivines have relatively homogeneous Li abun-

dances within and between individual grains, but show

some variations between samples (PSK03-43: 1.66–

1.72 ppm; PSK03-48: 0.89–0.97 ppm with one rim up to

2.09 ppm; PSK03-410: 0.83–1.02 ppm; PSK03-414:

1.53–1.75 ppm). Olivine Li abundances in high-Mg#

harzburgites thus are lower than those in low-Mg#

lherzolite, with only one rim possessing the Li content

identical to olivine in low-Mg# lherzolite (Fig. 2). Simi-

larly, orthopyroxene (opx) also has relatively homoge-

neous Li abundance within individual grain, but shows

small variation between grains and samples (PSK03-43:

0.92–1.31 ppm; PSK03-48: 1.27–1.42 ppm; PSK03-410:

1.93–1.94 ppm; PSK03-414: 1.0–1.25 ppm). In contrast,

cpxs have large variations in Li abundances between

grains and samples, and are extremely heterogeneous

Table 1 continued

Mineral Point Li (ppm) d
7Li (%) 2r

CPX2 1 4.89 8.8 8.3

2 1.66 -1.9 1.7

3 1.68 -0.3 1.7

4 2.34 -13.9 1.5

Major and trace element data are taken from Zhang et al. (2009b). Mg# = Mg/(Mg ? Fe) 9 100. (La/Yb)N is chondrite-normalized La/Yb ratio.

Normalization values are from Anders and Grevesse (1989)

Fig. 2 Li content and Li isotopic variation between and within minerals in Qingdao peridotitic xenoliths
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within mineral grain (PSK03-43: 1.26–2.06 ppm; PSK03-

48: 1.25–2.0 ppm; PSK03-410: 1.54–3.16 ppm; PSK03-

414: 1.12–4.89 ppm). Thus, the cpxs have the highest Li

abundances, followed by the opxs with the lowest Li

abundances in olivines except for sample PSK03-414.

This Li abundance ordering is different from the Seitz and

Woodland (2000) equilibrated Li partitioning relationship,

but similar to the ordering observed in Hannuoba spinel

lherzolite xenoliths (Tang et al. 2007b) and the xenoliths

suite studied by Rudnick and Ionov (2007), showing

disequilibrium Li partitioning between mineral phases.

Li isotopes

Although the clear Li isotope zoning has been observed in

some olivines and opxs with the cores being higher than the

rims, the variations of d
7Li in olivine and opx between

different grains and samples are limited in high-Mg#

harzburgites (Table 1, Fig. 2; Afig. 2–5 in electronic sup-

plementary material) (the average d
7Liol vs. d

7Liopx for

PSK03-43: 4.8 ± 1.2 vs. 7.4 ± 1.7%; PSK03-48:

8.7 ± 1.8 vs. 7.2 ± 1.7%; PSK03-410: 6.6 ± 2.3 vs.

-1.0 ± 1.4%; PSK03-414: 2.1 ± 1.3 vs. 4.2 ± 1.9%).

The Li isotope fractionation of opx relative to olivine in

PSK03-43 (D7Liopx-ol = d
7Liopx - d

7Liol = 2.6) and

PSK03-414 (D7Liopx-ol = 2.1) is compatible with that in

low-Mg# lherzolite.

Clinopyroxene in high-Mg# harzburgites has an extre-

mely large intra- and inter-grain variation of d7Li between

samples (Table 1, Fig. 2; Afig. 2–5 in electronic supple-

mentary material) (PSK03-43: -4.0 *?9.6%; PSK03-48:

?6.0 * ? 10.1%; PSK03-410: -34.3 * ? 7.6%;

PSK03-414: -13.9 * ? 8.8%), showing an exceedingly

heterogeneous d
7Li. Cpxs in sample PSK03-48 and some

analyses in other samples have higher d
7Li values than

fresh MORB field, which are close to the d
7Li values for

co-existing opxs and olivines, falling in the arc lavas and

altered MORB fields (Fig. 3). However, the predominant

data for cpx d
7Li are very low, such low d

7Li values were

recently observed in opxs of Hannuoba spinel lherzolites

(Tang et al. 2007b), metasomatized peridotite and pyro-

xenite xenoliths (Brooker et al. 2004; Rudnick and Ionov

2007), eclogites (Zack et al. 2003), and lower crust xeno-

liths (Teng et al. 2008). Few analyses are even down to less

than -30% (Table 1; Fig. 3). Li isotopes have a general

negative correlation with Li abundance within and between

samples (Fig. 4), i.e., the higher Li abundance in cpx the

lower d7Li it has.

Discussion

Homogeneity of Li contents and Li isotopes

in low-Mg# lherzolite

The narrow range of Li contents observed in individual

mineral phases (Fig. 2) indicates that the low-Mg# lherzo-

lite has an approximately equilibrated partitioning of

lithium between different grains. Slightly higher Li content

in olivine of this xenolith relative to co-existent pyroxenes

follows the Li partitioning relationship in an equilibrated

peridotite in spinel-facies mantle: ol[ cpx C opx, as

established by Seitz and Woodland (2000) and newly

obtained mineral/melt partition coefficients for Li (Ottolini

et al. 2009). This indicates that the Li equilibrium had been

Fig. 3 Li isotope variations in minerals of Qingdao peridotitic

xenoliths, in comparison with Hannuoba spinel lherzolites as well as

various reservoirs. Data sources: Hannuoba spinel lherzolites (Tang

et al. 2007b); Fresh and altered MORB (Chan et al. 1992; Moriguti

and Nakamura 1998a; Tomascak et al. 2008); OIB or oceanic island

basalts (Tomascak et al. 1999; Chan and Frey 2003; Chan et al. 2009);

Chondrites and lower crust xenoliths (Tomascak 2004; Teng et al.

2008); Peridotite and pyroxenite xenoliths (Seitz and Woodland 2000;

Nishio et al. 2004; Tomascak 2004; Brooker et al. 2004; Seitz et al.

2004; Woodland et al. 2004; Magna et al. 2006; Jeffcoate et al. 2007;

Rudnick and Ionov 2007; Tang et al. 2007b; Wagner and Deloule

2007; Aulbach et al. 2008; Ionov and Seitz 2008; Aulbach and

Rudnick 2009); Eclogites (Zack et al. 2003; Marschall et al. 2007);

Arc lavas (Moriguti and Nakamura 1998a; Tomascak et al. 2000,

2002; Chan et al. 2002a, b; Agostini et al. 2008; Košler et al. 2009);

Upper continental crust (Teng et al. 2004); Marine sediments (Chan

et al. 1994; Zhang et al. 1998; James et al. 1999; Chan and Kastner

2000; Bouman et al. 2004); Sea water (Chan and Edmond 1988; You

and Chan 1996; Moriguti and Nakamura 1998b; Tomascak et al.

1999)
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almost achieved not only between individual grains but

also between mineral phases. This conclusion is further

supported by the plots of Li in cpx vs. Li in opx or ol

(Fig. 5), in which the low-Mg# lherzolite plots within or

close to the fields for equilibrium partitioning of mantle

xenoliths. All these features imply that the Li distribution

in the low-Mg# peridotite is almost at equilibrium.

The Li abundances in olivine and pyroxenes of low-Mg#

lherzolite are slightly higher than those for normal mantle,

i.e., fertile to moderately depleted peridotites (Woodland

et al. 2004), and the bulk-rock Li content as calculated

from mineral mode (1.97 ppm, ol62opx26cpx12, Zhang et al.

2009b) is also close to the normal mantle. Lithium is a

moderately incompatible element and prefers to partition

into melt during mantle partial melting (Ottolini et al.

2009). The Li abundance close to the normal mantle

reveals that the low-Mg# lherzolite only underwent a very

low degree of partial melting, consistent with the result of

melting calculation (5%) obtained from the trace element

composition of cpx and with relative fertile major element

compositions of minerals (Zhang et al. 2009b). The high Li

depletion relative to other trace elements in cpx (Fig. 6)

indicates that the Li prefers to partition into olivine in

equilibrated mantle mineral phases, as compared with other

trace elements, which mainly tend to stay in cpx.

The narrow d
7Li range in individual minerals and the

absence of a large variation between co-existent mineral

phases (D7Liopx-ol = d
7Liopx - d

7Liol = 2.2; D7Licpx-ol =

d
7Licpx - d

7Liol = 1.5) indicate that Li isotopic compo-

sitions between different phases approach equilibrium in

the low-Mg# lherzolite, showing a relatively homogeneous

Li isotope distribution (Fig. 2). These d
7Li values for

Qingdao low-Mg# lherzolite fall almost within the field for

the fresh MORB (Fig. 3; Chan et al. 1992; Moriguti and

Nakamura 1998a; Tomascak et al. 2008), which was

believed to be derived from the partial melting of

asthenosphere. Tomascak et al. (1999) found that Li iso-

topes do not show per mil-level mass fractionation at

Fig. 4 Li content vs. Li isotope

in minerals of Qingdao

peridotitic xenoliths. The star

shows the SIMS data from

Hannuoba (Tang et al. 2007b)
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temperatures of magmatic processes. This conclusion has

been further supported by the constant isotopic values of

bulk rocks and olivine separates from basaltic lavas (Chan

and Frey 2003; Jeffcoate et al. 2007). Experimental results

also indicate that Li isotopic fractionation between mantle

minerals and fluid at temperatures over 900�C is\ 1.0%

(Wunder et al. 2006). Fertile major elemental compositions

and MORB-like Sr–Nd isotopes of the low-Mg# peridotites

both in Qindao and Junan regions led Ying et al. (2006) and

Zhang et al. (2009b) to conclude that these low-Mg#

peridotites were fragments of the newly accreted litho-

spheric mantle (depleted ‘‘lithospherised’’ asthenosphere)

formed by the low-degree partial melting of asthenosphere

in response to the lithospheric thinning in the late Creta-

ceous. The observation of the MORB-like Li isotopes in

the low-Mg# lherzolite further strengthens the above

conclusion.

Therefore, this study not only suggests that the low-Mg#

peridotites in Jiaodong regions were the fragments of the

newly accreted lithospheric mantle, but also points out that

the newly accreted lithospheric mantle was almost homo-

geneous both in Li contents and Li isotopes. The lack of

significant variation or zoning within mineral grains, which

is within the analytical uncertainty, could be due to the

diffusive fractionation of Li isotopes within mineral phases

(Jeffcoate et al. 2007; Rudnick and Ionov 2007; Ionov and

Seitz 2008).

Heterogeneity of Li contents and Li isotopes

in high-Mg# harzburgites

Although the intra-mineral Li content of olivine and opx

appears relatively constant, considerable variations

between minerals and samples still exist in the high-Mg#

harzburgites (Fig. 2; ol: 0.83–1.75 ppm; opx: 0.92–

1.94 ppm). This implies that disequilibrated Li distribu-

tions between grains and samples were still preserved in

these high-Mg# peridotites. Meanwhile, the presence of

apparent intra- and inter-mineral variations in Li abun-

dance of cpxs (Fig. 2; 1.12–4.89 ppm) reveals that Li

Fig. 5 Li–Li diagram showing Li abundances in coexisting cpx, opx

and olivine (modified from Woodland et al. 2004). Li concentrations

in normal mantle, i.e., fertile to moderately depleted peridotites, are

from Seitz and Woodland (2000). The shadow field represents

equilibrium partitioning. Data for Victoria and Finero samples are

from Woodland et al. (2004) and Seitz and Woodland (2000),

respectively. The TIMS data from Hannuoba are from Tang et al.

(2007b). Mineral Li data from Qingdao xenoliths is the average of the

individual sample, with error bars showing the range of predominant

analyses

Fig. 6 Chondrite-normalized trace element diagram showing the Li

depletion or enrichment relative to other trace elements. Chondrite-

normalized value is from Anders and Grevesse (1989). Average trace

element concentration in cpx is from Zhang et al. (2009b). Li

abundance is the average result of the analyses. The range of d7Li in

cpx is also shown on
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contents in these high-Mg# peridotites were far away from

the equilibrium, showing a highly heterogeneous parti-

tioning. Alternatively, this could also relate to a re-equili-

bration of the pyroxene at increasing pressure, which

would permit the cpx to preferentially pick up labile Li

during the development of jadeitic cpx via addition of Na

and Li at appropriate P–T conditions. Moreover, similar to

Hannuoba spinel lherzolites (Tang et al. 2007b), the

ordering of highest Li abundance in cpx, followed by opx

and with the lowest in olivine, deviates from the equili-

brated Li partitioning in spinel-facies mantle (Seitz and

Woodland 2000), indicating a disequilibrated Li partition-

ing between mineral phases and samples as well. This is

further illustrated by the plot of Li in cpx vs. Li in ol

(Fig. 5), in which the high-Mg# harzburgites are plotted

away from the field for equilibrium partitioning of mantle

xenoliths although the Li partitioning between two pyro-

xenes tends to be equilibrated except for PSK03-1414. The

PSK03-410 with the most disequilibrium ol-cpx abun-

dances has equilibriated cpx–opx abundances (Fig. 5). All

these features imply that the Li distribution in the high-

Mg# harzburgites is generally heterogeneous and that Li

partitioning between pyroxenes is more liable to achieve

equilibrium than that between pyroxenes and olivine,

which may reflect faster diffusion of Li in pyroxenes than

in olivine (Parkinson et al. 2007; Mallmann et al. 2009).

The olivine Li abundances in these high-Mg# harz-

burgites are similar to or even lower than the normal

mantle values (Fig. 5). Such an extremely low Li concen-

tration in olivine requires that these rocks underwent a high

degree of partial melting, in agreement with the results

obtained from the major elements compositions of their

minerals (high Fo in olivine, high Cr# in cpx and spinel;

Zhang et al. 2009b). This is also consistent with observa-

tions in the low-Mg# lherzolites that the slightly higher Li

content corresponds to a lower degree of melting. Rela-

tively higher Li abundances in opx and cpx than normal

mantle values (Fig. 5) indicate that the Li enrichment in

pyroxenes relative to olivine could be due to the melt/rock

interaction after melting. Li abundances and variations in

cpx seem correlated with other trace elements distribution

(Fig. 6). Two harzburgites with high REE abundances and

moderately fractionated LREE/HREE (RREE = 82–

85 ppm, (La/Yb)N = 14–15) have a smaller range of Li

contents (1.25–2.06 ppm) and a significant depletion of Li

relative to other trace elements (Fig. 6). In contrast, one

sample (PSK03-410) with lower REE abundance and

highly fractionated LREE/HREE [RREE = 33 ppm, (La/

Yb)N = 36] has a much wider range of Li contents (1.54–

3.16 ppm) and less relative Li depletion (Fig. 6). Sample

PSK03-414 which has the lowest REE abundances and

limited LREE/HREE fractionation [RREE = 5.6 ppm,

(La/Yb)N = 2.9] has a widest range of Li contents (1.12–

4.89 ppm) and no Li depletion (Fig. 6). This may imply

that the high-Mg# harzburgites were affected by meta-

somatic agents of different origins or that at least the agents

were chemically heterogeneous.

In terms of Li isotopes, the overall variation of d7Li in

olivine and opx is limited although clear Li isotope zoning

exists in some grains (Fig. 2). The majorities of d7Li fall

within the arc lava values (Moriguti and Nakamura 1998a;

Tomascak et al. 2000, 2002; Chan et al. 2002a, b; Agostini

et al. 2008; Košler et al. 2009) with a few beyond the

MORB range, but falling in the altered MORB and peri-

dotite xenolith fields (Fig. 3). This suggests that the high-

Mg# harzburgites have the Li isotopic signature similar to

the arc lavas. Although most of the previous studies have

highlighted that it could not survive due to the very high

diffusion rate of Li (e.g., Jeffcoate et al. 2007; Rudnick and

Ionov 2007; Aulbach and Rudnick 2009; Halama et al.

2009), Vlastélic et al. (2009) argued that HIMU mantle has

distinctly elevated d
7Li and that Li isotopic heterogeneities

could survive diffusion over 1–2 billion years in the mantle.

Hence, we consider that the disequilibrium of Li isotopes in

the mantle peridotites could be preserved for a long period

(Tang et al. 2009). As a result, the arc lava-like Li isotopic

compositions in the high-Mg# harzburgites indicate that

these peridotites experienced metasomatism by fluids/melts

possibly derived from altered MORB with variable and

heavier Li isotopic compositions than the fresh MORB.

Extremely large intra-and inter-mineral variations of

d
7Li observed in cpxs (Table 1; Figs. 2, 3) demonstrate

exceedingly heterogeneous d
7Li in these high-Mg# harz-

burgites. A few cpxs have higher d7Li values, close to the

values for co-existing opx and olivine (Fig. 3), showing the

preservation of arc lava Li isotopic signature to a certain

degree. However, the d
7Li of the predominant cpxs are

very low, with a few analyses at less than -30% (Table 1;

Fig. 3). Low d
7Li values have been observed in opxs of

Hannuoba spinel lherzolites (Tang et al. 2007b), opxs and

cpxs from Massif Central spinel lherzolites (Wagner and

Deloule 2007), metasomatized peridotite and pyroxenite

xenoliths (Brooker et al. 2004; Jeffcoate et al. 2007;

Rudnick and Ionov 2007; Ionov and Seitz 2008; Aulbach

et al. 2008; Aulbach and Rudnick 2009), eclogites (Zack

et al. 2003; Marschall et al. 2007), lower crust xenoliths

(Tomascak 2004; Teng et al. 2008), and Cenozoic lavas

(Agostini et al. 2008), which were generally ascribed to

diffusive fractionation of Li isotopes with/without rock–

melt interactions or dehydration of altered oceanic crust.

This Li isotope feature suggests that the high-Mg# harz-

burgites were affected by diffusion-driven Li isotopic

fractionation during the melt/rock interaction, which will

be detailed in the next section.

In summary, the high-Mg# harzburgites have substan-

tially different characteristics in Li contents and Li isotopes
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relative to the low-Mg# lherzolite, and they preserve highly

heterogeneous Li contents and Li isotopes. This Li char-

acter is as expected, given that the high-Mg# peridotites are

considered to be fragments of the ancient lithospheric

mantle affected by the melt/rock interaction (Ying et al.

2006; Zhang et al. 2009b). Thus, our Li content and isotope

results also support previous inferences that these high-

Mg# peridotites were the fragments of the Archean litho-

spheric mantle.

Melt/rock interaction in Archean lithospheric mantle

As pointed out in the previous section, Li isotopic frac-

tionation between mantle minerals and fluid at tempera-

tures[ 900�C is\ 1.0% (Wunder et al. 2006), much

smaller than the differences in Li isotopic composition in

our high-Mg# harzburgites. Thus, Li isotopic fractionation

at high temperatures is unlikely to have produced the dif-

ferences in mineral d7Li observed in the Qingdao high-

Mg# peridotites.

Alkali elements have been reported to diffuse through

silicate melts more than an order of magnitude faster than

REE at high temperatures (Nakamura and Kushiro 1998;

Mungall 2002). The diffusivity of alkalis in silicate melts

increases with decreasing ionic radii. Li is, therefore, a

fastest diffusing alkali element in silicate melts. Because

the diffusion rate of 6Li is faster than 7Li (Richter et al.

2003), large Li isotopic fractionation can be produced by

diffusion during magmatic processes (Lundstrom et al.

2005; Beck et al. 2006; Teng et al. 2006; Jeffcoate et al.

2007; Rudnick and Ionov 2007; Tang et al. 2007b).

Therefore, it is possible that the large intra- and inter-

mineral isotopic fractionation observed in high-Mg# peri-

dotites were produced through Li diffusion during melt/

rock interaction.

As reported in literature, light d
7Li in cpx is due to

isotope diffusive fractionation during Li ingress, probably

related to the melt/rock interaction (Lundstrom et al. 2005;

Jeffcoate et al. 2007; Rudnick and Ionov 2007; Tang et al.

2007b; Wagner and Deloule 2007; Aulbach et al. 2008;

Aulbach and Rudnick 2009), but also may be produced

during slow cooling of the xenolith in a lava (Beck et al.

2006; Ionov and Seitz 2008; Gallagher and Elliott 2009).

Although the Qingdao xenoliths are hosted in lava, the Li

content and Li isotopic compositions of minerals in the

low-Mg# peridotite show an approximate equilibrium,

indicating the small-volume lava cooled down very quickly

and the Li inventories were quenched upon eruption of the

host lava. So the effects of post-eruption cooling (Ionov

and Seitz 2008) are probably not important in Qingdao

xenoliths. Alternatively, small difference in d
7Li between

minerals in the low-Mg# peridotite may reflect Li redis-

tribution during cooling and typically does not involve

large concentration contrasts, hence being unable to pro-

duce large fractionations (Aulbach and Rudnick 2009).

Therefore, the large variation in minerals of high-Mg#

peridotites could be produced by diffusion-induced isotopic

fractionation during peridotite–melt interaction rather than

the pure effect of post-eruption cooling.

Recent modeling of diffusion-induced isotopic frac-

tionation assumes the ingress of Li into minerals and rocks

from a high Li source, such as Li diffusing into peridotite

from Li-rich basaltic melt (Lundstrom et al. 2005), or into

amphibolite country rocks from Li-rich pegmatite (Teng

et al. 2006). In the case of Li diffusion into peridotite, the

mantle minerals first became enriched in 6Li because of its

greater diffusion rate, resulting in a lower d7Li relative to

its source. This diffusion mechanism was widely used to

interpret the low d
7Li in cpx of peridotite xenoliths from

far-east Russia (Rudnick and Ionov 2007) and Li isotope

zoning in mineral phases of peridotites from southern

Siberia and Mongolia (Jeffcoate et al. 2007). The above

diffusive ingress of Li may also account for the observation

of isotopically heavy cores with lower Li concentrations

than the light rims of minerals. Some olivine and opx

grains show a similar situation like this (Fig. 2).

However, Tang et al. (2007b) found some profiles dif-

ferent from the above mentioned, i.e., isotopically heavy

rims with lower Li abundance than the light cores in oli-

vines and opxs, and isotopically heavy rims with higher Li

abundance than the light cores in the coexisting cpxs.

Generally, the partition coefficient KLi
Ol/Cpx increase with

falling temperature, indicating a diffusive transfer of Li

from cpx to olivine during cooling (Kaliwoda et al. 2008),

which will produce Li abundance and isotopic profiles in

minerals completely different from the above observed. As

a result, the above observation contradicts what is expected

presuming the diffusive ingress of Li into minerals as per

theory (e.g., Jeffcoate et al. 2007), perhaps indicating the

influence of a process other than simple diffusion. Together

with the major and trace element geochemistry, they

argued that the combined effects of diffusive fractionation

of Li isotopes during two-stage interactions of mantle

peridotites with melts originating in altered subducted

oceanic crust at an earlier stage and in the asthenosphere at

a later stage may be responsible for the large intra-and

inter-mineral variation in Hannuoba spinel xenoliths.

Wagner and Deloule (2007) found both low and high d
7Li

values at the rims of cpx and in amphiboles, suggesting a

progressive 7Li enrichment of the metasomatic fluid by

Rayleigh distillation. The limited variation in Li concen-

tration and Li isotopic composition within olivine and opx

and an exceedingly large variation within cpxs observed in

high-Mg# peridotites (Figs. 2, 3) are also difficult to

interpret via only simple diffusion and require combined

effects of Li diffusion during metasomatic inputs to these
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harzburgites. In contrast with the variation in Li concen-

tration and isotope ratios within minerals in Hannuoba

spinel lherzolites (Fig. 3; Tang et al. 2007b), the harz-

burgite xenoliths in Qingdao region could have a more

complicated history of melt/rock interaction:

Firstly, Li isotopes generally show a negative correla-

tion with Li concentrations within and between samples

(Fig. 4), which is the hallmark of diffusive Li isotope

fractionation during Li influx.

Secondly, Li isotopes show relationships with the trace

element concentrations in the samples (Fig. 6), cpxs in two

harzburgites with extreme REE enrichments and mode-

rately LREE/HREE fractionation display a smaller range in

d
7Li than the cpx grains with lower REE enrichments, in

which one sample shows a clear metasomatic ingress of

melt into the peridotite (Afig. 2a in electronic supplemen-

tary material). This may be related to Li diffusing faster

than REE so that the effect of diffusive Li isotope frac-

tionation will have been obscured as the heavier isotope

also diffuses in, suggesting that extensive melt/rock inter-

action produced d
7Li in minerals proximal to the trend of

equilibrium, like the low-Mg# lherzolite does (Fig. 6). A

harzburgite with moderate total REE content and an

exceedingly high LREE/HREE fractionation in contrast

has an extremely large range of d7Li (Fig. 6), showing the

Li isotope fractionation induced by the metasomatic input

far away from the equilibrium. Another harzburgite with

lowest REE enrichment and LREE/HREE fractionation has

a moderate range of d7Li.

Finally, large variations in Li element and d
7Li mainly

occur in the rims of minerals (Fig. 2), indicating that the

mineral cores may preserve their early Li isotopic com-

positions. Most of the mineral cores in the harzburgites

have relatively homogeneous and higher d
7Li than the

rims. These high d
7Li values are similar to those reported

for arc lavas and some altered MORB (Fig. 3). The arc

lavas were generally considered to be derived from the

mantle wedge metasomatized by the melts or fluids derived

from the subducted oceanic slab. This indicates that the

harzburgites have experienced metasomatism by agents

derived from subducted materials.

Previous studies on Mesozoic mafic magmatism (Zhang

et al. 2002, 2005; Zhang and Sun 2002; Ying et al. 2004;

Xu et al. 2004; Fan et al. 2004; Wang et al. 2005) and

mantle xenoliths (Ying et al. 2006; Zhang et al. 2009b)

have shown that in the early Mesozoic the lithospheric

mantle beneath the southeastern North China Craton,

including the Jiaodong region, was in a similar environ-

ment to that beneath an arc. During the assembly of the

Yangtze Craton into the North China Craton to form the

Dabie-Sulu ultra-high metamorphic belts (Li et al. 1993),

the Yangtze crustal materials were subducted underneath

the lithosphere of the North China Craton. The melting of

subducted crustal materials including eclogites produced

silicic melts, which migrated into the overlying litho-

spheric mantle and reacted with the refractory peridotite to

produce Mesozoic fertile lithospheric mantle highly enri-

ched both in trace elements and Sr–Nd isotopic composi-

tions (Zhang et al. 2002, 2005; Zhang and Sun 2002; Ying

et al. 2004; Xu et al. 2004; Fan et al. 2004; Wang et al.

2005). This process could be also responsible for the large

variation in d7Li observed in the minerals (Fig. 7), showing

the mixing trend between two endmembers: one is normal

mantle peridotites with the composition close to the

depleted mantle and the other is melts with variable d
7Li

derived from the subducted crustal materials. It should be

noted that diffusive fractionation of Li isotopes during the

peridotite–melt interactions also played an important role

and could result in the extremely low d
7Li in some cpx

grains. These low d
7Li may reflect recent ingress of Li into

cpx by diffusion (e.g., Jeffcoate et al. 2007; Rudnick and

Ionov 2007; Wagner and Deloule 2007; Aulbach and

Rudnick 2009).

Therefore, Li abundances and Li isotopes also indicate

that the Archean lithospheric mantle as represented by the

high-Mg# peridotites was considerably affected by the

Fig. 7 Comparison of Li concentrations and isotopic ratios in high-

Mg# harzburgites of this study with published data for various rock

types [modified from Brooker et al. (2004) and Tang et al. (2007a)].

Thick dash line arrow depicts the trend of diffusive ingress of Li

isotopes from melt into minerals. Data sources are identified as in

Fig. 3. SIMS data of Hannuoba peridotites (Tang et al. 2007b) are

included
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melt/rock interaction, consistent with the results obtained

from the major and trace elemental and Sr–Nd isotopic

studies.

Melt composition and origin

In the previous section, it was suggested that the Archean

lithospheric mantle was considerably refertilized through

the melt/rock interaction. Now the source and its compo-

sition of the melt is must be inferred. The distribution of Li

between pyroxene and olivine in mineral Li–Li plots

(Fig. 5) can be used to indicate melt composition in which

the xenolith was affected. In a view of the Hannuoba spinel

lherzolites, they plot outside the range for normal mantle

(Seitz and Woodland 2000) and far from the empirical

region of equilibrium partitioning of Li between pyroxene

and olivine (Brenan et al. 1998). The preferential Li

enrichment in pyroxene relative to olivine in these peri-

dotites (Fig. 5), similar to the peridotite from Finero, Italy

and the Hannuoba peridotites, China, which also exhibits

Li enrichment in pyroxene relative to olivine, perhaps

indicates that the metasomatic agent was mafic silicate

melt (Seitz and Woodland 2000; Tang et al. 2007b). The

Hannuoba peridotites had undergone two-stage meta-

somatic imprinting, i.e., early-stage metasomatic agent

derived from subducted altered oceanic crust and later-

stage metasomatic melt from the asthenosphere (Tang et al.

2007b). In addition, most of the peridotites from Victoria,

Australia, plotting to the left side of the diagram (Fig. 5),

show the influence of intrusion with carbonatitic melts,

which is also consistent with the result obtained from

petrological observation (Woodland et al. 2004). All these

observations demonstrate that the mineral Li–Li plots of

Fig. 5 can be used to deduce the melt composition. The

high-Mg# harzburgites in Qingdao also plot outside the

range for normal mantle (Seitz and Woodland 2000) to

the right in the cpx relative to olivine, implying that these

harzburgites were metasomatized by a mafic silicate melt.

The silicate melt from subducted lower crustal materials

appears also to have effects on these harzburgites as evi-

denced by the large variations of d7Li in cpx and the Eu

negative anomaly in sample PSK03-414 (Fig. 6), high

percentage of opx in these harzburgites (Afig. 2–5 in

electronic supplementary material; Zhang et al. 2009b) and

enriched Sr–Nd isotopic compositions of the Mesozoic

lithospheric mantle (Zhang et al. 2002). Extensive melt/

rock interaction in earlier stages could homogenize the Li

content and Li isotopes within samples. This may be the

reason why the extremely REE-enriched samples have a

narrow d
7Li range compared to those of less REE-enriched

samples (Fig. 6). This may also be the reason why the

dominant minerals have d7Li data similar to arc lava values

(Fig. 7). Fe-rich melt injection into the peridotite is also

evidenced by the existence of iron spinel aggregation in

PSK03-43 (Afig. 2a in electronic supplementary materi-

ala). Thus, the Li data provide further evidence that the

Archean refractory lithospheric mantle was refertilized

through melt/rock interaction and transformed to the

Mesozoic lithospheric mantle that was less refractory and

incompatible element and Sr–Nd isotopically enriched

(Zhang et al. 2002).

Conclusions

From above investigations, we can draw the following

conclusions

(1) Low-Mg# lherzolite has a relatively homogeneous Li

distribution and Li isotopic composition; High-Mg#

harzburgites have an extremely heterogeneous Li

distribution and Li isotopic compositions;

(2) This Li elemental and isotopic observation provides

further evidence for the previous studies that the low-

Mg# lherzolites represent the newly accreted litho-

spheric mantle and the high-Mg# harzburgites as

fragments of refertilized Archean lithospheric mantle;

(3) Large Li elemental and isotopic disequilibria within

and between minerals of Qingdao high-Mg# perido-

tites suggests that the Archean lithospheric mantle

indeed has experienced melt/rock interaction, in

which the Archean refractory lithospheric mantle

was transformed to the Mesozoic less refractory one

with the enrichments both in incompatible elements

and Sr–Nd isotopic ratios;

(4) The cores of minerals in the high-Mg# harzburgites

have relatively homogeneous d
7Li values, which are

higher than the range for MORB, but similar to those

of arc lavas and some altered MORB, and indicate

that the metasomatic agent had variable d
7Li values,

due to the derivation from subducted lower crustal

materials. Thus, the Li data presented here provide

further evidence for the existence of melt/rock

interaction beneath the eastern North China Craton.
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(2003) Extremely light Li in orogenic eclogites: the role of

isotope fractionation during dehydration in subducted oceanic

crust. Earth Planet Sci Lett 208:279–290

Zhang HF, Sun M (2002) Geochemistry of Mesozoic basalts and

mafic dikes in southeastern North China Craton and tectonic

implication. Int Geol Rev 44:370–382

Zhang L, Chan LH, Gieskes JM (1998) Lithium isotope geochemistry

of pore waters, Ocean Drilling Program Sites 918 and 919,

Irminger Basin. Geochim Cosmochim Acta 62:2437–2450

Zhang HF, Sun M, Zhou XH, Fan WM, Zhai MG, Yin JF (2002)

Mesozoic lithosphere destruction beneath the North China

Craton: evidence from major, trace element, and Sr-Nd-Pb

isotope studies of Fangcheng basalts. Contrib Mineral Petrol

144:241–253

Zhang HF, Sun M, Zhou XH, Ying JF (2005) Geochemical

constraints on the origin of Mesozoic alkaline intrusive com-

plexes from the North China Craton and tectonic implications.

Lithos 81:297–317

Zhang HF, Goldstein SL, Zhou XH, Sun M, Zheng JP, Cai Y (2008a)

Evolution of subcontinental lithospheric mantle beneath eastern

276 Contrib Mineral Petrol (2010) 160:261–277

123



China: Re–Os isotopic evidence from mantle xenoliths in

Paleozoic kimberlites and Mesozoic basalts. Contrib Minerol

Petrol 155:271–293

Zhang J, Zhang HF, Ying JF, Tang YJ, Niu LF (2008b) Contribution

of subducted Pacific slab to Late Cretaceous mafic magmatism in

Qingdao region, China: a petrological record. Island Arc

17(2):231–241

Zhang HF, Goldstein SL, Zhou XH, Sun M, Cai Y (2009a)

Comprehensive refertilization of lithospheric mantle beneath

the North China Craton: further Os–Sr–Nd isotopic constraints.

J Geol Soc London 166:249–259

Zhang J, Zhang HF, Kita N, Shimoda G, Morishita Y, Ying JF

(2009b) Secular evolution of the lithospheric mantle beneath

eastern North China Craton: evidence from peridotitic xenoliths

from Late Cretaceous mafic rocks in Jiaodong region, China. Int

Geol Rev. doi:10.1080/00206810903025090

Contrib Mineral Petrol (2010) 160:261–277 277

123

http://dx.doi.org/10.1080/00206810903025090

	Melt/rock interaction in remains of refertilized Archean lithospheric mantle in Jiaodong Peninsula, North China Craton: Li isotopic evidence
	Abstract
	Introduction
	Xenolith petrology
	Analytical methods
	Analytical results
	Low-Mg# peridotite
	Li abundances
	Li isotopes

	High-Mg# peridotites
	Li abundances
	Li isotopes


	Discussion
	Homogeneity of Li contents and Li isotopes in low-Mg# lherzolite
	Heterogeneity of Li contents and Li isotopes in high-Mg# harzburgites
	Melt/rock interaction in Archean lithospheric mantle
	Melt composition and origin

	Conclusions
	Acknowledgments
	References


