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AB STRACT

To investigate the effects of melt-rock interaction on Li isotope fractionation, we report in situ Li concentrations and
d7Li of olivine (Ol), orthopyroxene (Opx), and clinopyroxene (Cpx) for six peridotite xenoliths from the eastern North
China Craton. These xenoliths contain two lherzolites, two Cpx-rich lherzolites, and two wehrlites and are variably
metasomatized. Lithium isotope zonation is observed in most peridotite minerals. The majority of Cpx grains display
isotopically light cores with lower Li concentrations than the heavy rims. However, the Opx grains show a different
style of zonation from Cpx, where higher Li concentrations in the cores are associated with much lighter d7Li. Olivines
in most peridotites have a restricted range of Li concentration and d7Li within individual grains, whereas the olivines in
a lherzolite show isotopically light cores (210.3) with high Li concentrations (2.3 ppm) and heavy rims (5.5) with low Li
concentrations (1.7 ppm). These Li isotopic variations in mineral phases may reflect the combined effects of diffusion-
driven kinetic fractionation of Li isotopes during melt/fluid-peridotite interactions and slow cooling. Intersample
heterogeneity of Li isotopes is also apparent. Olivine with forsterite (Fo) content of 91.3 in one lherzolite sample has
“normal” mantle-like Li concentrations (1.1∼2.4 ppm) and light d7Li (210.3∼5.5), while Ol with Fo content of 89.7 in
another lherzolite has slightly high Li concentrations (2.0∼3.0 ppm) but similar d7Li (1.6∼6.4) relative to normalmantle.
Olivines in Cpx-rich lherzolites have lower Fo contents (83.8–87.5), higher Li concentrations (1.4∼4.5 ppm), and heavier
d7Li (5.0∼22.0) than those in lherzolites and normal mantle. The d7LiOl value correlates positively with Li concentration
and negativelywith Fo from lherzolites toCpx-rich lherzolites, indicating a reaction between lherzolites andmeltswith
isotopically heavy Li- and Fe-rich signatures. By contrast, olivines in wehrlites have extremely lower Fo contents
(82.2∼83.2) and higher Li concentrations (2.4∼4.2 ppm) than those in normal mantle, while their d7Li values are within
the range of normal mantle, reflecting metasomatism of the peridotites by asthenospheric melt. Overall, the large
intragrain and intersample variations in Li concentrations and isotopic compositions reflect kinetic isotope fraction-
ation during multiple metasomatisms.
Introduction

The two stable isotopes of Li, 6Li and 7Li, have the
biggest relative mass difference (∼17%) of any iso-
tope pair aside from hydrogen and deuterium. This
leads to large variability in the isotopic composi-
tions of Li at low temperature, with d7Li ranging
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from 56 in some sedimentary pore fluids (You et al.
2003) to 222 in orogenic eclogites (Marschall et al.
2007). The large relative mass difference in the Li
isotope system also leads to significant isotopic
fractionations (40‰) at high temperature, on the
basis of studies of contact aureoles, peridotites, and
phenocrysts in lavas (Lundstrom et al. 2005; Beck
et al. 2006; Teng et al. 2006; Jeffcoate et al. 2007;
Marks et al. 2007; Rudnick and Ionov 2007; Par-
kinson et al. 2007; Tang et al. 2007; Wagner and
9–94] q 2015 by The University of Chicago.
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Deloule 2007; Aulbach et al. 2008; Ionov and Seitz
2008), which contrasts with the relatively uniform
d7Li of mid‑ocean ridge basalts (MORBs; 2–6; To-
mascak et al. 2008).

Previous studies of peridotite xenoliths have re-
ported a wide range of Li isotope fractionation be-
tween olivine (Ol) and clinopyroxene (Cpx), with
D7LiOl-Cpx values of up to 3.5‰ (Seitz et al. 2004),
22.4‰ to 1.2‰ (Magna et al. 2006), 23.6‰ to
13.5‰ (Jeffcoate et al. 2007), 3‰ to 23‰ (Rudnick
and Ionov 2007), 0.3‰ to 15.8‰ (Wagner and
Deloule 2007), 8.6‰ to 12.7‰ (Tang et al. 2007),
1.8‰ to 11.9‰ (Aulbach and Rudnick 2009), 0.5‰
to 23.2‰ (Tang et al. 2011), and 24.2‰ (Ionov and
Seitz 2008). These large intermineral fractiona-
tions in natural samples are generally attributed to
diffusion-driven kinetic effects. However, the na-
ture of Li diffusion processes during the interaction
of peridotites with percolating melts and/or host
magmas (Jeffcoate et al. 2007; Rudnick and Ionov
2007; Aulbach and Rudnick 2009; Su et al. 2012),
during their interaction with slab-derived low d7Li
melt (Nishio et al. 2004; Tang et al. 2007, 2010,
2012, 2014; Zhang et al. 2010), or during the cool-
This content downloaded from 197.255
All use subject to University of Chicago Press Terms
ing of magmatic systems (Ionov and Seitz 2008;
Gao et al. 2011) is currently disputed. Dohmen et al.
(2010) reported a complex diffusion behavior of
Li, indicating that two mechanisms of Li diffusion
(faster and slower mechanisms) operate simulta-
neously. They suggested that the faster mecha-
nism of Li diffusion is unlikely to be dominant in
most natural systems. Diffusion dominated by the
slower mechanism will occur on average at a rate
that is about an order of magnitude faster than dif-
fusion of Fe, Mg, and most other divalent cations
in Ol and much slower than the rates of diffusion
in Cpx and plagioclase crystals under the same
conditions (Dohmen et al. 2010). Thus, fractiona-
tion of Li isotopes by diffusion is likely to be a
transient phenomenon that produces isotopically
zoned crystals. Therefore, in situ Li isotopic analy-
sis ofmantlemineralsmay providemore constraints
on the potential factors controlling the Li isotope
fractionation.

Here, we report in situ Li concentrations and
isotopic compositions of Ol, Cpx, and orthopyrox-
ene (Opx) from well-characterized and variably
metasomatized peridotite xenoliths from the east-
Figure 1. Simplified geological map showing major tectonic units, xenolith localities, and major volcanic rocks in
the North China Craton (modified from Zhao et al. 2008). A color version of this figure is available online.
.069.071 on November 15, 2018 00:38:32 AM
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ern North China Craton. We use these data to-
gether with previously published data to investi-
gate the origin of the intragrain and intersample
Li isotope fractionation and the effects of man-
tle metasomatism on Li isotopic compositions of
peridotites.
Geological Background and Samples

The North China Craton is bounded by the Central
Asia Orogenic Belt to the north and the Qinling-
Dabie-Sulu high/ultrahigh-pressure metamorphic
belt to the south and east (fig. 1; Zhao et al. 2008).
The craton is divided into three regions: the West-
ern Block, the Eastern Block, and the Trans–North
China Orogen. The Trans–North China Orogen was
formed by the collision between the Eastern Block
and the Western Block at ∼1.85 Ga, marking the fi-
nal amalgamation of the North China Craton (Zhao
et al. 2008). The Tan-Lu fault zone, a major wrench
fault in northeastern Asia, cuts through the eastern
part of the North China Craton and extends deep
into the subcontinental lithospheric mantle (Peng
et al. 1986; Xu et al. 1987, 1993, 1996; Zheng et al.
1998, 2007).
Within and adjacent to the Tan-Lu fault zone,

large amounts of Cenozoic alkali basalts occur,
This content downloaded from 197.255
All use subject to University of Chicago Press Term
such as at the Changle-Linqu volcanic field and
the Yishui and Qixia volcanic fields (fig. 1). Beiyan
basalts, one of the basalts in the Changle-Linqu
volcanic field, contain abundant mantle peridotite
xenoliths, including lherzolite, Cpx-rich lherzolite,
and wehrlite (Xiao et al. 2010). The lherzolites,
with forsterite (Fo) contents (∼90) of Ol and spoon-
shaped to slightly light rare earth element–enriched
patterns, reflect a low degree of melt extraction
Table 1. Major Elemental Compositions (wt%) of Minerals in Beiyan Peridotites
Sample, mineral
 SiO2
 TiO2
 Al2O3
 Cr2O3
 FeO
.0
s a
MnO
69.071 on
nd Conditi
MgO
 November
ons (http://
CaO
 15, 2018 0
www.journ
Na2O
0:38:32 AM
als.uchicag
NiO
o.edu/t-an
Total
d-c).
Fo
CLB05-31:

Ol
 41.2
 8.54
 .08
 49.6
 .05
 .28
 99.8
 91.3

Opx
 55.5
 .11
 3.56
 .47
 5.39
 .10
 33.6
 .65
 .00
 .07
 99.5
 91.8

Cpx
 53.3
 .18
 4.98
 .92
 2.22
 .09
 16.0
 20.5
 .00
 .05
 98.2
 92.9
CLB05-50:

Ol
 41.2
 9.85
 .09
 47.5
 .02
 .29
 99.0
 89.7

Opx
 55.7
 .11
 3.98
 .22
 6.37
 .12
 33.0
 .39
 .00
 .00
 99.9
 90.3

Cpx
 52.2
 .77
 6.55
 .67
 2.28
 .06
 14.5
 20.5
 .00
 .08
 97.6
 92.0
CLB05-25:

Ol
 40.1
 12.2
 .17
 47.3
 .06
 .35
 100
 87.5

Opx
 54.4
 .08
 4.37
 .30
 7.33
 .20
 32.0
 .61
 .10
 .12
 99.6
 88.7

Cpx
 52.9
 .39
 6.11
 .65
 3.28
 .15
 14.9
 18.7
 2.06
 .05
 99.1
 89.1
CLB05-15:

Ol1
 39.1
 15.5
 .18
 44.2
 .06
 .35
 99.4
 83.7

Ol2
 39.2
 15.3
 .20
 44.4
 .05
 .34
 99.5
 83.9

Ol3
 38.0
 15.6
 .25
 44.1
 .07
 .31
 98.3
 83.6

Ol4
 39.0
 15.4
 .24
 44.7
 .05
 .31
 99.7
 83.9

Ol5
 38.9
 15.2
 .25
 43.4
 .07
 .30
 98.1
 83.7

Ol6
 39.1
 15.5
 .22
 44.4
 .08
 .31
 99.6
 83.8

Opx
 52.5
 .19
 4.66
 .32
 9.56
 .18
 30.2
 .80
 .08
 .08
 98.6
 85.1

Cpx
 38.3
 .00
 .00
 .00
 15.7
 .18
 43.7
 .06
 .00
 .32
 98.4
 83.3
CLB05-80:

Ol
 40.5
 16.0
 .15
 43.8
 .07
 .16
 101
 83.2

Cpx
 50.9
 1.25
 7.96
 .37
 4.50
 .10
 14.2
 19.5
 .00
 .01
 98.8
 85.0
CLB05-35:

Ol
 40.1
 16.9
 .16
 43.3
 .09
 .15
 101
 82.2

Cpx
 48.5
 2.47
 8.62
 .05
 4.70
 .07
 13.1
 20.6
 .00
 .01
 98.1
 83.3
Note. Cpx p clinopyroxene; Fo p 100 �Mg21=(Mg21 1 Fe21); Ol p olivine; Opx p orthopyroxene; Spl pspinel.
Figure 2. Standard Li isotopic variation throughout the
analyses with 2j error bars. Cpx p clinopyroxene; Ol p
olivine; Opx p orthopyroxene.
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Table 2. In Situ Analytical Data by Secondary Ion Mass Spectroscopy for the Beiyan Peridotites
Sample
 Mineral
 Position
 Li (ppm)
 d7Li (‰)
 2j
 Fo
 Corrected d7Li (‰)a
 Size of grain (mm)b
CLB05-31
 Ol1
 Rim
 1.78
 4.0
 1.4
 90.7
 356

2.32
 23.9
 1.9

2.28
 28.4
 1.7
Core
 2.34
 29.5
 1.6

Ol2
 Rim
 1.16
 4.8
 1.9
 857
1.66
 5.5
 1.6

2.14
 23.4
 1.2
Core
 2.33
 210.2
 1.5

2.31
 210.3
 1.4

2.10
 23.9
 1.8

1.61
 4.1
 1.3
Rim
 1.14
 3.1
 2.5

Ol3
 Rim
 2.22
 21.9
 .9
 788
Core
 2.38
 29.9
 1.3

Cpx1
 Rim
 2.22
 218.2
 1.7
 143
1.99
 220.3
 2.6

2.32
 222.7
 2.3
Core
 2.38
 226.3
 1.8

Cpx2
 Rim
 3.54
 29.8
 1.9
 26
Core
 3.97
 211.5
 1.9

Cpx3
 Rim
 3.75
 211.4
 1.0
 143
4.12
 211.1
 1.0

3.61
 214.3
 1.2
Core
 3.25
 218.6
 1.2

Opx1
 Rim
 1.83
 25.4
 1.7
 161
2.74
 27.5
 1.8

4.55
 27.7
 1.2
Core
 6.35
 28.8
 .7

Opx2
 Rim
 .70
 27.1
 4.2
 277
1.22
 25.4
 3.2

Core
 2.88
 27.2
 2.2
CLB05-50
 Ol1
 Rim
 2.21
 5.5
 1.3
 89.6
 144

2.42
 6.4
 1.3
Core
 2.37
 5.2
 .8

Ol2
 Rim
 3.02
 6.0
 1.5
 614
1.95
 6.3
 2.0

2.41
 4.0
 .9

2.42
 2.1
 1.5
Core
 2.14
 1.6
 1.2

Cpx1
 Rim
 2.79
 1.5
 1.6
 458
2.31
 .3
 1.0

2.27
 4.3
 .6
Core
 2.29
 1.5
 1.4

Cpx2
 Rim
 3.13
 4.4
 1.1
 91
3.46
 5.5
 .8

Core
 3.50
 1.3
 1.4
Opx1
 Rim
 .55
 9.7
 2.9
 1582

1.12
 7.0
 1.7

5.68
 23.0
 .8
Core
 3.25
 210.6
 1.1

2.31
 24.4
 1.5
Core
 3.30
 212.2
 1.5

3.83
 26.3
 1.4

3.47
 1.7
 1.2
Rim
 2.08
 6.8
 1.7

Opx2
 Core
 2.91
 12.3
 1.4

Opx3
 Core
 .91
 8.6
 2.7
CLB05-25
 Ol1
 Rim
 2.47
 14.5
 1.4
 87.5
 11.2
 470

2.54
 12.9
 1.3
 87.5
 9.6

3.00
 8.3
 1.5
 87.5
 5.0
Core
 3.00
 9.3
 1.1
 87.5
 6.0

Ol2
 Rim
 2.51
 15.6
 1.1
 87.5
 12.3
 118
2.32
 16.0
 1.3
 87.5
 12.7

Core
 2.46
 16.6
 1.2
 87.5
 13.3
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Cpx1
 Rim
 3.84
 7.5
 .9
 163

3.17
 5.0
 1.2

3.21
 1.5
 1.0
Core
 2.62
 21.3
 .9

Cpx2
 Rim
 3.24
 6.2
 1.2
 215
3.27
 .3
 .9

Core
 2.79
 22.0
 1.3
Opx1
 Rim
 1.25
 3.8
 2.2
 319

1.65
 5.9
 1.8

3.80
 4.3
 1.4
Core
 5.48
 26.8
 1.2

Opx2
 Rim
 2.81
 7.6
 1.8
 273
3.24
 8.4
 1.5

4.65
 1.9
 1.3
Core
 5.06
 2.7
 1.2

CLB05-15
 Ol1
 Rim
 1.44
 29.6
 1.6
 83.7
 21.4
 151
1.61
 30.2
 1.8
 83.7
 22.0

Core
 2.35
 29.5
 2.2
 83.7
 21.2
Ol2
 Rim
 4.41
 17.5
 .9
 83.9
 9.7
 433

4.49
 15.3
 1.2
 83.9
 7.4
Core
 2.61
 21.5
 1.0
 83.9
 13.7

Ol3
 Core
 2.63
 28.9
 1.8
 83.6
 20.6

Ol4
 Core
 2.58
 23.6
 1.6
 83.9
 15.7

Ol5
 Core
 3.02
 15.7
 1.7
 83.7
 7.6

Ol6
 Core
 2.63
 20.9
 .9
 83.8
 12.8

Cpx1
 Rim
 7.08
 2.1
 1.1
 176
8.33
 2.7
 1.0

Core
 6.91
 23.0
 .9
Cpx2
 Rim
 7.56
 1.6
 .4
 175

8.68
 2.5
 .7
Core
 7.96
 21.2
 1.1

Opx1
 Rim
 1.17
 2.9
 2.0
 496
2.25
 1.9
 1.8

Core
 5.60
 22.8
 1.1
Opx2
 Rim
 .60
 .8
 2.9

Core
 .59
 3.3
 2.8
CLB05-80
 Ol1
 Rim
 3.00
 8.9
 1.0
 83.2
 .0
 852

2.42
 12.0
 2.1
 83.2
 3.2

3.21
 12.2
 1.3
 83.2
 3.3

3.18
 13.3
 1.5
 83.2
 4.5
Core
 3.21
 12.4
 1.5
 83.2
 3.6

Core
 3.65
 14.1
 1.0
 83.2
 5.2
3.20
 13.6
 1.1
 83.2
 4.8

2.98
 13.5
 1.6
 83.2
 4.7

3.34
 17.4
 1.2
 83.2
 8.6

3.25
 8.0
 1.4
 83.2
 2.8
Rim
 3.17
 8.6
 1.7
 83.2
 2.2

Ol2
 Rim
 3.55
 2.9
 1.2
 83.2
 25.9
 84
Core
 2.77
 12.4
 1.3
 83.2
 3.5

Ol3
 Rim
 4.16
 6.3
 1.3
 83.2
 22.5
 189
Core
 3.32
 12.4
 1.7
 83.2
 3.6

Ol4
 Rim
 3.00
 9.0
 1.5
 83.2
 .1
 492
2.89
 10.6
 1.4
 83.2
 1.8

3.20
 13.3
 1.2
 83.2
 4.5

2.78
 12.3
 1.6
 83.2
 3.4

2.76
 13.4
 1.1
 83.2
 4.6

2.83
 13.0
 1.0
 83.2
 4.2
Core
 2.72
 13.3
 1.6
 83.2
 4.5

Cpx1
 Rim (S-CPX)
 1.16
 1.1
 2.3
 489
1.20
 22.4
 4.2

3.58
 29.2
 1.0

5.50
 .7
 .8
Core (C-CPX)
 6.00
 4.2
 1.2
du/t-and-c).
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overprinted by recent metasomatism. They rep-
resent fragments of newly accreted lithospheric
mantle that make up much of the Late Mesozoic–
Cenozoic lithosphere beneath the eastern North
China Craton (Zheng et al. 1998, 2007; Ying et al.
2006; Chu et al. 2009; Xiao et al. 2010; Zhang et al.
2011). The Cpx-rich lherzolite and wehrlite were
produced by the interaction of lherzolites with
melts, as indicated by partially or completely re-
placedOpxwithCpx and lowFo contents (!88; Xiao
et al. 2010).

In this study, Li concentrations and isotopic
compositions were determined in situ for mineral
separates (Ol, Cpx, and Opx) in two lherzolites, two
Cpx-rich lherzolites, and two wehrlites. All sam-
ples show little effects of surface alteration and
were selected from a larger collection on the basis of
their large diameters (∼15 cm). Lherzolite CLB05-
31, with Fo content of 91.3, shows a granuloblastic
microstructure, while lherzolite CLB05-50, with Fo
content of 89.7, is porphyroclastic, with big Opx
(2∼3 mm) showing exsolution lamellae of Cpx (ta-
ble 1). The two Cpx-rich lherzolites (CLB05-25 and
CLB05-15), with low-Fo (87.5 and 83.8, respectively)
olivines, display partial replacement texture of Opx
by Cpx (table 1). The two wehrlites (CLB05-80 and
CLB05-35), on the other hand, consist of roundedOl
This content downloaded from 197.255
All use subject to University of Chicago Press Terms
with extremely low Fo contents in Ol (83.2 and
82.2, respectively; table 1) and interstitial sieve-
textured Cpx.
Analytical Methods

Major element compositions were obtained by
wavelength-dispersive spectrometry using a JEOL
JXA8100 electron probe microanalyzer at the In-
stitute of Geology and Geophysics (IGG), Chinese
Academy of Sciences, operating at an accelerating
voltage of 15 kV with 10-nA beam current, 5-mm
beam spot, and 10∼30-s counting time on peak (ta-
ble 1). The precisions of all analyzed elements were
better than 1.5%.

Li concentrations and isotopemicroanalyses were
obtained using the Cameca IMS-1280 ion micro-
probe at the IGG, Chinese Academy of Sciences,
following themethods reported inZhang et al. (2010)
and Su et al. (2012). Samples were sputtered with a
13-kV O2 primary beam with a current intensity of
10–20 nA and diameter of 20 mm. Since positive
secondary ions accelerated through 10 kV were
measured atmediummass resolution (M=DM∼1100)
with a 125-mm aperture, no energy offset was ap-
plied, and the energy slit was kept wide open. Be-
fore each measurement, the primary beam position,
Table 2 (Continued )
Sample
 Mineral
 Position
 Li (ppm)
 d7Li (‰)
.06
 an
2j
9.071 o
d Condi
Fo
n Novem
tions (http
Corrected d7Li (‰)a
ber 15, 2018 00:38:32 AM
://www.journals.uchicago.ed
Size of grain (mm)b
Cpx2
 Rim (C-CPX)
 1.50
 2.3
 2.3
 525

3.95
 3.9
 3.5

.76
 1.4
 2.3
1.48
 21.0
 3.7

4.46
 213.2
 1.1
Core (C-CPX)
 4.92
 214.4
 1.2

Cpx3
 Rim (S-CPX)
 1.45
 1.9
 2.6
 557
1.82
 7.0
 4.4

.99
 2.1
 2.3
Core (S-CPX)
 .73
 .5
 6.3

CLB05-35
 Ol1
 Rim
 3.56
 15.8
 1.0
 82.2
 5.6
 196
3.53
 15.3
 1.2
 82.2
 5.2

3.36
 15.0
 1.2
 82.2
 4.9
Core
 3.03
 16.5
 1.7
 82.2
 6.4

Ol2
 Core
 3.30
 14.1
 1.4
 82.2
 4.0

Cpx1
 Rim
 7.17
 .0
 .9
 465
6.70
 21.2
 .6

6.87
 26.5
 1.0
Core
 4.60
 211.3
 .8

Cpx2
 Rim
 6.35
 23.7
 .8
 125
6.07
 24.2
 .8

5.17
 23.4
 1.1
Core
 6.29
 21.9
 1.1
Note. C-CPX p clear Cpx; Cpx p clinopyroxene; Fo p 100 �Mg21=(Mg21 1 Fe21); Ol p olivine; S-CPX p sieve-
textured Cpx; Opx p orthopyroxene.
a The matrix effect for Ol from Cpx-rich lherzolites and wehrlites is deducted according to the calculation by Bell
et al. (2009).
b Represents the distance from the rim spot to the core spot for each analyzed grain.
u/t-and-c).
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entrance slits, contrast aperture, magneticfield, and
energy offset were automatically centered. Second-
ary ions were counted in monocollection pulse-
countingmode. Counting times were 12 s for 6Li, 4 s
for background at the 6.5mass, and 4 s for 7Li in each
cycle, with 30–50 cycles per analysis. The count-
ing rate for 7Li ranged from 30,000 to 100,000 cps,
depending on the sample Li concentration and pri-
mary beam intensity. A 60-s presputtering with-
out raster was applied before analysis. Li isotopic
compositions are expressed as d7Li relative to the
National Institute of Standards L-SVEC standard
( d 7Lip ½( 7Li= 6Li)sample=( 

7Li= 6Li)L‐SVEC 2 1�# 1000,
with 7Li= 6LiL‐SVEC p 12 . 0192). Cpx BZ226 and
BZCG, Ol BZ29, and Opx BZ226 (Decitre et al.
2002) were used as standards (fig. 2). For these stan-
dards, the measured d​ 7Lip 2 4 . 75 0 . 8, 10.9 5
0.9, 4.4 5 1.0, and 24.2 5 1.2, respectively, con-
sistentwith the recommended values (d  7Lip24 . 1,
10.5, 4.4 and 24.2, respectively) with analytical
error. The external 2j of the standards and most
samples were lower than 2‰ (table 2).
Bell et al. (2009) reported that there was a sub-

stantial effect of composition on the 7Li/6Li ratio of
Ol measured by secondary ion mass spectroscopy
(SIMS). For magnesian Ol (74 ! Fo ! 94), the effect
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is a linear function of composition, with d7Li in-
creasing by 1.3 for each mole percent decrease in
Fo component. Olivines from the Beiyan perido-
tites show a wide range of Fo contents from 91.3
to 82.2. Ignoring the matrix effects, olivines in the
lherzolites have Fo contents similar to those of the
standards, whereas olivines in the Cpx-rich lherz-
olites and wehrlites have low Fo contents, and the
d7Li values were corrected on the basis of the lin-
ear function calculated by Bell et al. (2009). The
corrected data are reported in table 2. However, at
a mineral scale in each sample, the analyzed Ol is
generally homogeneous in major element compo-
sitions. As for pyroxene, the effect of matrix com-
position on d7Li in pyroxenes likely may also be a
complicating factor, but in this study we are dom-
inantly concerned with intragrain fractionations of
pyroxenes. Therefore, the inaccuracies of this ap-
proach do not influence our main conclusions.
Results

Representative electron microprobe analyses of Ol,
Opx, and Cpx in the Beiyan xenoliths are reported
in table 1. In situ Li concentrations and isotopic
compositions are reported in table 2.
Figure 3. Profiles of Li concentrations and isotopic compositions of olivine (Ol), orthopyroxene (Opx), and cli-
nopyroxene (Cpx) in the Beiyan lherzolites analyzed by secondary ion mass spectroscopy. Open and filled symbols
represent Li concentrations and d7Li, respectively. c p core; r p rim.
.069.071 on November 15, 2018 00:38:32 AM
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Lherzolite. Sample CLB05-31. Olivine in the
lherzolite CLB05-31 shows large variations in Li
concentrations (1.1 to 2.4 ppm) and d7Li values
(210.3 to 5.5; fig. 3; table 2). Figure 4a shows a
profile across a 1000-mm-diameter Ol, with d7Li
ranging from 210.3 to 5.5. Li concentrations also
show zoning in this grain, with values of 1.1 ppm in
the rim to ∼2.3 ppm in the core. A similar pattern
of isotopic and elemental zonation is also observed
in other Ol grains. Orthopyroxene shows very weak
zonation of d7Li (approximately 28.8 to approxi-
mately25.4) but clear zonation of Li (0.7∼6.3 ppm).
This content downloaded from 197.255
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Clinopyroxene is enriched in Li (2.0∼4.1 ppm) and
variable in d7Li, ranging from 226.3 to 29.8, dis-
playing a different style of zonation from Ol, where
low Li concentrations in the cores are associated
with much light d7Li (fig. 3).

Sample CLB05-50. Different from the lherzo-
lite CLB05-31, Ol in the lherzolite CLB05-50 has a
restricted range of Li concentrations (2.0∼3.0 ppm)
and d7Li (1.6∼6.4; fig. 3; table 2). Clinopyroxene
has slightly high Li concentrations (2.3∼3.5 ppm)
and a wide range of d7Li (0.3∼5.5; fig. 3; table 2).
Orthopyroxene displays large variations in Li con-
Figure 4. Backscattered electron micrographs of lherzolite CLB05-31 and CLB05-50 showing the position of the Li
isotopic and Li concentration measurements by secondary ion mass spectroscopy and corresponding plots of Li iso-
tope (filled diamonds/squares) and concentration (open diamonds/squares) represented as a profile across the olivine
(Ol; a) and orthopyroxene (Opx; b) crystal.
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centrations (0.6∼5.7 ppm) and d7Li (212.2∼12.3). An
isotope transect across this big Opx grain (3.5 mm)
shows a more complex zonation (fig. 4b). The rims
yield d7Li of 9.7, and the core of the grain is anom-
alously light (d7Li of approximately24.4). There are
significant troughs of d7Li (210.6 and 212.2) be-
tween the core and the respective edges of the
crystals. Again, there is a clear negative correlation
between Li concentration and d7Li value (fig. 4b).

Cpx-Rich Lherzolite. SampleCLB05-25. Olivine
shows a homogeneous Li abundance (2.3∼3.0 ppm).
The d7Li values (5.0∼13.3) ofOl are higher than those
of upper mantle (2∼6; Tomascak 2004; Tomascak
et al. 2008), on the basis of the isotopic composi-
tions of oceanic basalts. Relative toOl, Cpx andOpx
show a bit greater range (2.6∼3.8 and 1.2∼5.5 ppm,
respectively) and display slightly larger intragrain
variation (fig. 5; table 2). Orthopyroxene has a pat-
tern of elemental and isotopic zonation similar to
that of lherzolite CLB05-31 (fig. 5). The Cpx grains
show different styles of zonation from Opx (fig. 5).
The Li concentrations and d7Li values in Cpx are
consistently increasing from core to rim.
Sample CLB05-15. The Li concentrations

(1.4∼4.5 ppm) and isotopic compositions (7.4∼22.0)
in Ol from sample CLB05-15 are highly variable
This content downloaded from 197.255
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from grain to grain (fig. 5; table 2). Olivine with
fracture (Ol2, Ol4, Ol5, Ol6; fig. 6) displays low d7Li
(7.4∼15.7), whereas Ol without fracture (Ol1, Ol3;
fig. 6) has markedly high d7Li (20.6∼22.0). Indeed,
the Li isotopic compositions of Ol greatly exceed
those reported for fertile spinel and garnet perido-
tites elsewhere (Seiz and Woodland 2000; Seiz
et al. 2004; Jeffcoate et al. 2007; Rudnick et al.
2007; Tang et al. 2007; Zhang et al. 2010; Gao et al.
2011). Clinopyroxene has high Li concentrations, of
6.9∼8.7 ppm, while Opx exhibits even larger Li var-
iation, ranging from 0.6 to 5.6 ppm (fig. 5; table 2).

Wehrlite. Olivine in two wehrlites (CLB05-80
and CLB05-35) is enriched in Li (2.4∼4.2 ppm) and
variable in d7Li, ranging from approximately 25.9
to approximately 8.6. Clinopyroxene also shows
large variations in Li concentrations (0.7∼7.2 ppm).
The sieve-textured Cpx in wehrlite CLB05-80 shows
significantly lower Li concentrations (0.7∼1.8 ppm)
than the well-defined one (3.6∼6.0 ppm; fig. 7; ta-
ble 2).
Discussion

Large and apparent variations in Li abundances and
isotopic compositions have been observed on in-
Figure 5. Profiles of Li concentrations and isotopic compositions of olivine (Ol), orthopyroxene (Opx), and
clinopyroxene (Cpx) in the Beiyan Cpx-rich lherzolites analyzed by secondary ion mass spectroscopy. Open and filled
symbols represent Li concentrations and d7Li, respectively. c p core; r p rim.
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tragrain and intersample scales in the Beiyan xe-
noliths (figs. 3, 5, 7). In the following discussion,
we focus first on intragrain Li isotope fractionation
and the potential factors controlling the fraction-
ation and then on intersample Li isotope fraction-
ation. Finally, we discuss the potential implica-
tions for intersample heterogeneity together with
other geochemical data.

Intragrain Fractionation. Lithium is a moderately
incompatible element (Brenan et al. 1998a, 1998b)
and has relatively high diffusivity, with 6Li diffus-
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ing faster than 7Li in mantle minerals (Coogan et al.
2005; Dohmen et al. 2010; Richter et al. 2014).
Seitz and Woodland (2000) reported that the com-
positional ranges of Li in Ol and pyroxenes in fer-
tile to moderately depleted mantle are 1.0∼1.8 and
0.5∼1.3 ppm, respectively, and estimated a bulk Li
content of 1.0∼1.5 ppm for the upper mantle. An
average d7Li of 3.5 was proposed as a value for the
upper mantle on the basis of fertile peridotites
(Jeffcoate et al. 2007; Pogge von Strandmann et al.
2011), which is consistent with that of MORBs
Figure 6. a, Backscattered electron micrograph of clinopyroxene (Cpx)–rich lherzolite CLB05-15 showing the posi-
tion of the Li isotopic and Li concentration measurements determined by secondary ion mass spectroscopy (SIMS).
b, c, Trace outlines of olivine (Ol) crystal fragments showing the position of the Li isotopic and Li concentration
measurements determined by SIMS. Opx p orthopyroxene.
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(Tomascak 2004; Tomascak et al. 2008). Indeed, Li
isotopes can be strongly fractionated due to diffusive
kinetic fractionation in peridotites, which could
occur during interaction of the xenoliths with host
magmas and infiltrating melts (Nishio et al. 2004;
Jeffcoate et al. 2007; Rudnick and Ionov 2007; Tang
et al. 2007, 2011, 2012, 2014; Aulbach et al. 2008;
Aulbach and Rudnick 2009; Zhang et al. 2010; Su
et al. 2012, 2014) or during slow cooling (Ionov and
Seitz 2008; Gao et al. 2011).
Basically, most olivines have relatively low Li

contents and normal mantle-like d7Li, similar to
MORBs (Tomascak et al. 2008), whereas Cpx and
Opx have high Li abundances but low d7Li. The low
d7Li in the pyroxenes could result from diffusion-
driven kinetic isotope fractionation due to Li ingress
from melt or host magma (e.g., Jeffcoate et al. 2007;
Rudnick and Ionov 2007) and/or from coexisting
Ol by subsolidus intermineral Li-redistribution dur-
ing slow cooling (e.g., Ionov and Seitz 2008; Gao
et al. 2011). In this study, most Cpx grains from
Beiyan peridotites show isotopically light coreswith
Li concentrations lower than those in the heavy
rims, similar to the fertile Vitim xenoliths (figs. 3,
5, 7; Jeffcoate et al. 2007). This suggests that 6Li
This content downloaded from 197.255
All use subject to University of Chicago Press Term
preferentially diffuses into Cpx from the entrain-
ing magma or during related intrusive magmatism,
shortly before or coincident with transport of the
mantle wall-rock fragment to the surface (Jeffcoate
et al. 2007; Ionov and Seitz 2008; Gao et al. 2011).
The W-shape profile seen in the coarse-grained Opx
from the xenolith CLB05-50 (fig. 4b) may also be
explained as the result of diffusional processes dur-
ing entrainment (Jeffcoate et al. 2007; Richter et al.
2014).
The complex patterns of Li isotope zonation in

Ol (fig. 4a) from sample CLB05-31 show isotopi-
cally heavy rims with Li concentrations lower than
those in the light cores (d7Li of approximately
210.3). The d7LiOl value of the core in this sample
is much lower than normal mantle (Jeffcoate et al.
2007; Pogge von Strandmann et al. 2011). Thus, the
redistribution of Li between minerals during slow
cooling, which show low d7Li in Cpx but normal
mantle-like (or high) d7Li in Ol, cannot sufficiently
explain the isotopically light core of Ol in this
study. If low d7Li in mantle olivines were produced
by diffusion-driven fractionation of Li isotopes dur-
ing the interaction of the xenoliths with host mag-
mas, they should show isotopically light cores with
Figure 7. Profiles of Li concentrations and isotopic compositions of olivine (Ol) and clinopyroxene (Cpx) in the
Beiyan wehrlites analyzed by secondary ion mass spectroscopy. Open and solid symbols represent Li concentrations
and d7Li, respectively. c p core; r p rim.
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Li concentrations lower than those in the heavy
rims, which are different from those in sample
CLB05-31. Lundstrom et al. (2005) reported that
differential diffusion of Li isotopes within the melt
phase alone can readily explain isotopic composi-
tions of d7Li of approximately 220 in melts invad-
ing peridotite. Thus, themost likely explanation for
the isotopically light core is that the source of Li
was a relatively small volume of grain-boundary
fluid or melts with low d7Li value. Then, the iso-
topically heavy rim with low Li concentration may
be best explained by the redistribution of Li be-
tween minerals during slow cooling. However, Ol
grain lost Li in two boundary layers but retained a
relatively undisturbed core (fig. 4a). Olivines in
other Beiyan peridotites are generally homogeneous
in Li concentration and have restricted variation in
d7Li (figs. 3, 5, 7).

Because of a much faster diffusion rate (approx-
imately four orders of magnitude) of Li in Cpx than
in Ol (Gao et al. 2011), zoning patterns of Cpx
may reflect very recent diffusion of Li into Cpx.
We therefore focus the rest of our discussion on Li
in Ol.

Intersample Li Isotopic Fractionation. Previous
studies have shown that Ol generally has relatively
low Li concentrations and normal mantle-like d7Li
(Seitz and Woodland 2000; Jeffcoate et al. 2007),
similar toMORBs (Tomascak 2004; Tomascak et al.
2008). Compared with published data for worldwide
peridotites, Ol in the Beiyan xenoliths show lim-
ited variations in Li abundances and d7Li (fig. 8a). In
this study, Ol in all samples has slightly higher Li
concentrations (12 ppm) and larger Li isotope vari-
ation (210.3∼22.0) than those in normal mantle.
Previous studies have shown that Beiyan Cpx-rich
lherzolites and wehrlites were formed by reactions
of host lherzolites with melts, on the basis of de-
tailed petrological and geochemical analyses (Xiao
et al. 2010; Xiao and Zhang 2011). In fact, Li con-
centrations of Ol from Beiyan peridotites also show
a systematic variation of wehrlites 1 Cpx-rich lherz-
olites 1 lherzolites. However, Ol in the Cpx-rich
lherzolites has much heavier d7Li than that in the
lherzolites and wehrlites (fig. 8; table 2). A num-
ber of processes can potentially disturb Li isotope
ratios of Ol, such as melt extraction (Seitz and
Woodland 2000), interaction of the xenoliths with
host magmas and infiltrating melts (Nishio et al.
2004; Jeffcoate et al. 2007; Rudnick and Ionov 2007;
Tang et al. 2007, 2011, 2012; Aulbach et al. 2008;
Aulbach and Rudnick 2009; Zhang et al. 2010; Su
et al. 2012), and slow cooling (Ionov and Seitz 2008;
Gao et al. 2011). Because of the moderate incom-
patibility of Li, melt extraction would decrease
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Figure 8. a, b, Variation in Li concentrations with oli-
vine (Ol) d7Li in the Beiyan xenoliths compared with
worldwide data. c, Variation in d7Li as a function of Fo
concentration. The solid field represents data for world-
wide Ol (Nishio et al. 2004; Seitz et al. 2004; Magna et al
2006; Jeffcoate et al. 2007; Rudnick and Ionov 2007; Tang
et al. 2007, 2011, 2012; Wagner and Deloule 2007; Ionov
and Seitz 2008; Aulbach and Rudnick 2009; Halama et al
2009; Zhang et al. 2010). Cpx p clinopyroxene.
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concentrations in all minerals (Seitz and Woodland
2000). However, Ol in Beiyan peridotites has rela-
tively high Li concentrations (12 ppm), and the ef-
fect of different degrees of melt extraction on Li
isotopic variation in the Beiyan peridotites can be
ruled out. Additionally, Li will diffuse from Ol into
Cpx with decreasing temperature at mantle depth,
resulting in distinctly high-d7Li Ol and low-d7Li
Cpx in mantle peridotites but low Li contents in
Ol (Ionov and Seitz 2008; Gao et al. 2011). However,
most olivines in the Beiyan peridotites are high in
d7Li and have Li abundances higher than those of
normal mantle (figs. 3, 5, 7), implying a small effect
of diffusive fractionation on the compositions of ol-
ivines during their entrainment into the host mag-
mas and transportation to the surface. The other
two processes will be explored below.
Cpx-Rich Lherzolites with High d7Li of Ol.

Olivine in the Cpx-rich lherzolite samples CLB05-
25 and CLB05-15 displays much heavier d7Li than
that in lherzolites and peridotites reported else-
where (Seiz and Woodland 2000; Seiz et al. 2004;
Jeffcoate et al. 2007; Rudnick et al. 2007; Tang et al.
2007; Zhang et al. 2010; Gao et al. 2011). Petro-
logical and geochemical studies suggest that the
Beiyan Cpx-rich lherzolites were produced by in-
teraction of lherzolites with silicate melt, which
caused partial replacements of Opx by Cpx and
moderate Fe enrichments (Xiao et al. 2010). In par-
ticular, d7Li values correlate positively with Li con-
centrations (fig. 8b) and negatively with Fo (fig. 8c)
from lherzolites to Cpx-rich lherzolites, indicating
that these Cpx-rich lherzolites are the products of
reaction between an isotopically heavy Li- and Fe-
rich melt and lherzolites. Interestingly, different Ol
grains with the same Fo contents and same sizes
in the Cpx-rich lherzolite sample CLB05-15 show
different d7Li values and Li concentrations. These
scenarios may indicate that high d7Li values in the
Cpx-rich lherzolites resulted from precipitation of
residual, isotopically heavy melts that had lost 6Li
during earlier diffusion due to a slower Li diffusion
rate in Ol than in Cpx (Rudnick and Ionov 2007;
Wagner and Deloule 2007; Aulbach et al. 2009).
Yang et al. (2009) and Zhao et al. (2012) reported

Mg and Fe isotopic compositions of the Beiyan pe-
ridotites. A negative correlation between d57FeOl

and d26MgOl was observed in lherzolites and Cpx-
rich lherzolites and was attributed to result from
diffusion-driven Mg/Fe isotope fractionation in
mantle minerals during melt-peridotite interaction
(fig. 9a; Zhao et al. 2012). Additionally, Xiao et al.
(2013) also reported new Mg isotopic compositions
of Ol, Opx, and Cpx from the Beiyan peridotites.
The occurrence of large intermineral Mg isotope
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Figure 9. a–c, Mg, Fe, and Li isotope fractionations of
olivine (Ol) in Beiyan peridotites. Shown are 87Sr/86Sr
variations in clinopyroxene (Cpx) and Ol d7Li value for
Beiyan peridotites. d57FeOl and d26MgOl data are from
Yang et al. (2009), Zhao et al. (2012), and Xiao et al. (2010,
2013).
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fractionation between coexisting pyroxenes and Ol
in most Cpx-rich lherzolites has been ascribed to
kinetic isotope fractionation duringmelt-peridotite
interaction. There appears to be a positive covaria-
tion between d7LiOl and d26MgOl and a negative co-
variation between d7LiOl and d57FeOl from lherzolite
to Cpx-rich lherzolite (fig. 9b, 9c). In particular, Ol
d7Li values increase with increasing Li concentra-
tion and decreasing Fo contents (fig. 8b, 8c). All
these features suggest that Li is also affected by
diffusive processes, and the heavy Ol d7Li values
may reflect diffusion-driven kinetic isotope frac-
tionation during melt-rock interaction.

Wehrlite with High Li Concentrations of Ol.
Relative to Cpx-rich lherzolites, the olivines of two
wehrlites show similar Li concentrations and d7Li
values (fig. 7; table 2). Previous studies have shown
that the Beiyan wehrlites experienced multistage
melt-peridotite interactions, as evidenced by ex-
tremely low Fo (!84) and the occurrence of apatite
and calcite. Their Li concentrations are apparently
higher than those of normal mantle, while d7Li val-
ues arewithin the range of normalmantle, reflecting
metasomatism of the peridotites by asthenospheric
melt.

Conclusions

From the above-described investigations, we can
draw the following conclusions.

First, SIMS isotopic profiles of Ol and pyroxenes
in mantle xenoliths reveal Li isotopic zonation.
The most common Li isotope profiles in Cpx, with
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rims having lighter d7Li and higher Li concentra-
tions than the cores, may be best explained by
more rapid diffusion of 6Li into the mineral grains.
More complex zoning patterns observed in some
grains may result from multiple stages of isotopic
fractionation.

Second, the Li isotopic compositions of Ol in the
variably metasomatized peridotites are highly var-
iable. The olivines in the Cpx-rich lherzolites have
lower Fo contents and show clearly higher d7Li than
those of lherzolites and normal mantle value, re-
flecting diffusion-driven kinetic fractionation dur-
ing melt-peridotite interaction. The olivines in the
wehrlites with extremely low Fo contents show
higher Li concentrations than those of normal man-
tle but have d7Li values similar to those of normal
mantle, thus reflecting metasomatism of the peri-
dotites by asthenospheric melt.
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