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Abstract

Isotopic signatures of mantle-derived xenoliths have provided much information on the evolution of their mantle
source regions. A recently developed multiple-collector inductively coupled plasma mass spectrometry method allows
precise and accurate lithium isotopic determinations of Li-poor samples such as peridotites. We present Li^Sr^Nd
isotopic systematics of clinopyroxenes (CPXs) in mantle-derived ultramafic xenoliths. The results show that Ichino-
megata (Northeastern Japan) and Bullenmerri (Southeastern Australia) samples have positive N

7Li values (N7LiV+4
to +7x, N7Li = [[7Li/6Li]sample/[7Li/6Li]L�SVEC standard31]U1000) common to values previously reported for terrestrial
volcanic rocks. By contrast, unusually low N

7Li values (N7LiV317x) are observed in many samples from the Far
East region of Russia (Sveyagin, Ennokentiev, and Fevralsky) and southwestern Japan (Kurose and Takashima). The
N
7Li values of Sikhote-Alin (Sveyagin and Ennokentiev) samples vary widely from 317.1x to 33.1x, while the
N
7Li values are positively correlated with 143Nd/144Nd, and negatively correlated with 87Sr/86Sr. On the other hand, the
N
7Li values of the Bullenmerri samples are essentially constant (N7Li =+5.0 to +6.0x), while the 87Sr/86Sr
(0.7027V0.7098) and 143Nd/144Nd ratios (0.51224V0.51297) vary widely. These features can be explained by the
results of a binary mixing between a depleted component (low-87Sr/86Sr, and high-143Nd/144Nd) and an enriched
component (high-87Sr/86Sr, and low-143Nd/144Nd). The enriched component (metasomatic agent) in the mantle
beneath the Sikhote-Alin area has extraordinarily low N

7Li value (6317x), whereas the metasomatic agent in the
mantle beneath the Bullenmerri area has positive N

7Li value (+6x). Based on the Sr^Nd isotopic systematics and
coexistent hydrous mineral, metasomatic agents of the Sikhote-Alin and Bullenmerri samples are classified into
anhydrous EM1-type and hydrous EM2-type, respectively. From these features, we infer that anhydrous EM1-like
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metasomatic agent may have an extremely low N
7Li value, whereas hydrous EM2-like metasomatic agent may have a

positive N
7Li value. It has been predicted that the N

7Li value of subducted highly altered mid-ocean ridge basalt
(MORB) would be extremely low compared to that of fresh MORB due to the preferential loss of heavier Li
(N7Lis altered MORB) from the subducted slab during dehydration at low temperature. Consequently, it is deduced
that Li of metasomatic agent with an extremely low N

7Li value is derived from subducted highly altered basalt. The
enrichment of isotopically light Li (low N

7Li) may be a general property of EM1 mantle reservoir. The Li isotopic data
suggest further that the EM1 and HIMU sources originate from different parts of a recycling oceanic crust. This is
essentially the same as the models proposed previously based on the radiogenic isotopic data, but with the Li isotopic
data requiring uppermost, highly altered basaltic crust as well as pelagic sediment in the EM1 source, but not so in the
HIMU end-member. Because of the apparent sensitivity of Li isotopic composition to the alteration profile of
subducted MORB, it may provide complementary information to Sr, Nd, and Pb isotopic compositions regarding the
mantle source.
H 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding material cycles in the Earth’s
interior provides a better opportunity to study
the evolution of the solid Earth. Lithium (Li) is
a light alkali metal element. The large mass di¡er-
ence (V15%) between its two stable isotopes, 7Li
and 6Li, produces large isotopic fractionation in
terrestrial systems. Unlike radiogenic isotopic ra-
tios, the Li isotopic ratio (7Li/6Li) is not a¡ected
by time or parent/daughter fractionation. There-
fore, it is expected that Li isotopic compositions
provide complementary information to familiar
radiogenic isotopic compositions such as Sr, Nd,
and Pb, regarding the geochemical reservoirs in
the mantle.
Based on chondritic meteorite data, McDo-

nough et al. [1] estimated a bulk solar system’s
N
7Li value of VQ0x (N7Li = [[7Li/6Li]sample/
[7Li/6Li]L�SVEC standard31]U1000, [7Li/6Li]L�SVEC
standard = 12.1163+0.0098 [2]). The N

7Li values of
most terrestrial samples range between those of
chondrite (ca. Q 0x [1]) and those of seawater
(ca. +30x [3^8]). Considering the Li budget of
the terrestrial system, reservoirs having signi¢-
cantly low N

7Li (6 Q0x) are likely to exist. In-
deed, dramatically low N

7Li values (311 to +5x)
were recently reported for eclogites from Trescol-
men, Switzerland [9]. Using an open-system Ray-
leigh distillation model, Zack et al. [9] demon-
strated that the extremely low N

7Li values of
Trescolmen eclogites were the results of £uid

loss (dehydration) of highly altered oceanic crust.
The N

7Li values of subducted altered mid-ocean
ridge basalt (MORB) decrease after dehydration
at a subduction zone [9], whereas those of altered
MORBs (+4.5x to +14x [10,11]) are higher
than those of fresh MORBs. The N

7Li value of
Li in dehydrated £uid is expected to be higher
than that of residual slab Li [9]. By recycling
such altered basalt, an isotopically light Li com-
position (N7Li6 Q0x) may be present in the
solid earth [9], whereas N

7Li values that are sig-
ni¢cantly lower than the chondritic values (ca.
Q 0x) had never been observed in volcanic
rock samples (+1.4 to +11.2x) [2,7,10,12^19].
Mantle-derived ultrama¢c xenolith samples

provide information about the mantle at a micro-
scale, whereas volcanic rock samples integrate in-
formation about their source at a macroscale. Ac-
cordingly, it has been expected that N

7Li
heterogeneity in the mantle will be greater in xe-
noliths than lavas. Li isotopic data, however, are
available for only one mantle-derived peridotite (a
spinel lherzolite from the Red Sea) [15] since ac-
curate and precise Li isotopic determinations of
Li-poor samples such as peridotite have been dif-
¢cult using conventional analytical methods by
thermal ionization mass spectrometry (TIMS)
[8,15]. This study uses a recently developed multi-
ple-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) method [8] that al-
lows precise and accurate lithium isotopic deter-
minations of Li-poor samples such as mantle peri-

EPSL 6904 15-12-03

Y. Nishio et al. / Earth and Planetary Science Letters 217 (2004) 245^261246



dotites. We present a detailed data set of Li, Sr,
and Nd isotopic compositions of clinopyroxenes
(CPXs) from mantle-derived ultrama¢c xenoliths.

2. Sample descriptions and geological settings

We have analyzed CPXs separated from man-
tle-derived ultrama¢c xenoliths. The analyzed
mantle-derived ultrama¢c xenoliths (lherzolite,
harzburgite, dunite, clinopyroxenite, and CPX
megacryst) from Cenozoic volcanic rocks come
from Kurose and Takashima (Kyushu, southwest-
ern Japan), Ichino-megata (Honshu, northeastern
Japan), Bullenmerri (Newer Volcanics, Victoria,
southeastern Australia), Sveyagin, Ennokentiev,
and Fevralsky (the Far Eastern region, Russia).
Of the Far Eastern Russian (hereafter FE Rus-
sian) sites, both Sveyagin and Ennokentiev are
located on sites in the Sikhote-Alin ridge that
stretches along the Paci¢c coast (Sea of Japan
and Tatar Strait) from Vladivostok to the Amur

River delta [20]. The sample localities are shown
in Fig. 1.
Most of the analyzed xenoliths are spinel lher-

zolite, although the xenoliths from both Kurose
and Takashima include harzburgite, dunite, clino-
pyroxenite, and CPX megacryst (Table 1). Arai et
al. [21] classi¢ed the xenoliths from both Kurose
and Takashima into three groups: mantle perido-
tite (lherzolite and harzburgite), dunite^wehrlite^
pyroxenites of Group I, and pyroxenites of Group
II. Dunite^wehrlite^pyroxenites of Group I have
been considered to be cumulates, possibly pro-
duced from magma introduced into mantle peri-
dotite, whereas pyroxenites of Group II have been
considered to be cumulates from alkali basaltic
melts genetically related to their host basalts
[21]. Among the analyzed xenoliths, only the
CPX megacryst (TKA0940) from Takashima be-
longs to Group II suites (Table 1). Spinel occurs
in all the analyzed xenoliths, excluding one sam-
ple, the CPX megacryst (TKA0940) from Taka-
shima.

Fig. 1. Map showing locations for mantle-derived ultrama¢c xenolith samples studied. EUR, Eurasian plate; OHT, Okhotsk
plate; PAC, Paci¢c plate; PHS, Philippine Sea plate.
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The analyzed xenoliths from Sveyagin, Enno-
kentiev, Fevralsky (FE Russia), Kurose, and Ta-
kashima (SW Japan) are amphibole-free, whereas
several Bullenmerri (SE Australia) xenoliths con-
tain amphibole. Modal compositions for the Ichi-
no-megata (NE Japan) xenoliths were not deter-
mined owing to their small size, although previous
work indicated that more than half of the Ichino-
megata xenoliths were hydrous, containing parga-

sitic amphibole [22,23]. These amphiboles have
been considered to be mantle metasomatic miner-
als, caused by the addition of hydrous melt/£uid
to dry peridotite [24^26]. Previous studies also
indicated that hydrous minerals such as amphi-
bole were not detected in the xenoliths from Si-
khote-Alin (FE Russia) [20], Kurose [21,23], and
Takashima [21].
The host lavas of Takashima and Kurose sam-

Table 1
Li^Sr^Nd isotopic compositions of CPXs in mantle-derived xenoliths

Sample Typea N
7Lib 87Sr/86Srb 143Nd/144Ndb Lib Srb Ndb Separation

date
Measurement
date

(x) (ppm) (ppm) (ppm) (N7Li)

Error (2c) Q0.83 Q 0.00006 Q 0.000027 12% 10% 10%
Ichino-megata (Honshu, Northeast Japan)
IC97111401 Lh (n.d.) +4.2 0.70310 b.d. 1.13 3.51 0.26 1/Mar./02 9/Mar./02
IC97111502 Lh (n.d.) +6.8 0.70296 0.513213 1.25 6.82 2.71 18/Dec./01 16/Jan./02
Kurose (Kyushu, Southwest Japan)
KRS9806 Du-GI (dry) 37.7 0.70358 0.512882 24.0 18.7 1.27 12/Feb./02 9/Mar./02
KRS9814 Lh (dry) 312.2 0.70333 b.d. 10.6 8.92 0.41 18/Feb./02 9/Mar./02
KU98101411 Hz (dry) 311.9 0.70424 b.d. 13.5 8.20 0.25 18/Jan./02 2/Feb./02
Takashima (Kyushu, Southwest Japan)
TKP1040 Pxn-GI (dry) 39.8 0.70441 0.512769 2.22 22.1 1.28 12/Feb./02 9/Mar./02
TKA0940 Cpxm-GII (dry) 36.6 0.70415 0.512743 3.20 51.7 9.61 18/Feb./02 9/Mar./02
TKD1350 Du-GI (dry) 37.3 0.70465 0.512719 1.10 55.9 2.40 12/Feb./02 9/Mar./02
Sveyagin (Sikhote-Alin, the Far Eastern Region of Russia)
Sv1-Ac Lh (dry) 33.3 0.70242 0.513292 11.4 55.4 3.43 6/Jan./02 2/Feb./02
Sv1-Bc Lh (dry) 33.1 0.70243 0.513273 11.2 51.6 3.31 6/Nov./02 2/Feb./02
Sv2F Lh (dry) 311.3 0.70300 0.513140 4.94 57.5 2.94 1/Mar./02 9/Mar./02
Ennokentiev (Sikhote-Alin, the Far Eastern Region of Russia)
En1 Lh (dry) 310.8 0.70367 0.512979 6.63 142 6.11 6/Jan./02 16/Jan./02
En2I-Ac Lh (dry) 317.1 0.70359 0.512892 5.54 122 6.68 6/Jan./02 16/Jan./02
En2I-Bc Lh (dry) 316.9 0.70364 0.512905 5.00 n.d. n.d. 18/Feb./02 9/Mar./02
Fevralsky (the Far Eastern Region of Russia)
Fev1 Lh (dry) 34.0 0.70385 0.513119 7.54 60.8 4.31 6/Jan./02 16/Jan./02
Bullenmerri (Victoria, southeast Australia)
9708 Lh (hyd) +6.0 0.70982 0.512241 1.13 168 26.9 6/Mar./02 9/Mar./02
9894 Lh (dry) +5.0 0.70275 0.512973 1.33 76.8 4.82 1/Mar./02 9/Mar./02
WGBM16 Lh (hyd) +5.2 0.70395 0.512814 1.27 191 16.6 1/Mar./02 9/Mar./02
WGBM22 Lh (hyd) +5.6 0.70479 0.512741 1.13 112 8.37 6/Mar./02 9/Mar./02
a Analyzed CPXs are from lherzolite (Lh), harzburgite (Hz), dunite (Du), clinopyroxenite (Pxn), and CPX megacryst (Cpxm).
Most of the analyzed xenoliths are spinel lherzolite (mantle peridotite), although the xenoliths from both Kurose and Takashima
contain harzburgite, dunite, clinopyroxenite, and CPX megacryst. Arai et al. [21] classi¢ed the xenoliths from both Kurose and
Takashima into three types, which are: mantle peridotite (lherzolite and harzburgite), dunite^wehrlite^pyroxenites of Group I
(GI) and pyroxenites of Group II (GII) (see text for sample descriptions). Xenoliths are divided into two types. One is the anhy-
drous (dry) type that is free of amphibole, the other is hydrous (hyd) type that contains amphibole.
b
N
7Li (x) = ([7Li/6Li]sample/[7Li/6Li]L�SVEC standard31)U1000. The 87Sr/86Sr and 143Nd/144Nd data were normalized to: 87Sr/

86Sr = 0.710258 for SRM987, and 143Nd/144Nd=0.5121067 for JNdi-1. Measurements below the detection limit are listed as ‘b.d.’.
No data are listed as ‘n.d.’.
c Only samples Sv1 and En2I were analyzed twice (A and B, respectively). Two analyses, A and B, were prepared from di¡erent
aliquots in a xenolith. All samples (excluding Sv1-A) were washed in 5% HNO3. Only Sv1-A was washed in 33% HNO3.
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ples erupted 3 Ma [27] and 1 Ma [28], respec-
tively. The host lavas of Ichino-megata and Bul-
lenmerri samples erupted ca. 9000 yr ago [29] and
ca. 20,000^25,000 yr ago [30], respectively. In the
Sikhote-Alin region, xenolith-bearing volcanism
commenced at 20 Ma [20,31]. It is widely accepted
that the Quaternary volcanism of NE Japan is
due to the subduction and dehydration of the Pa-
ci¢c plate [32,33]. By contrast, it has been pro-
posed that Cenozoic alkalic volcanism in SW Ja-
pan may have been caused by a mantle plume
[34^37]. According to geodynamic reconstructions
[38], the Sikhote-Alin (FE Russia) region was an
active margin of the Asian continent in Mesozoic
to Paleogene times. Indeed, lavas with typical arc
magma chemistry were produced at 40^25 Ma in
the eastern part of the Sikhote-Alin region [31].
After a volcanic hiatus at 25^20 Ma, intraplate-
type lavas with typical hotspot magma composi-
tions have dominated magmatism in both the
eastern and western Sikhote-Alin region since 20
Ma [31]. Several authors have suggested that such
intraplate magmatism may be caused by mantle
plumes [39^42].
Some Takashima xenoliths (dunite) show sig-

ni¢cantly high 3He/4He ratios (V17.9R/RA) com-
pared to the MORB value (8R/RA) (the 3He/4He
ratios are expressed relative to the atmospheric
ratio, RA = 1.4U1036) [43]. This means that
some Takashima xenoliths contain primordial he-
lium that should reside in the lower mantle. In
addition, the apatite in spinel lherzolites from
Bullenmerri (SE Australia) has a neon-isotope sig-
nature similar to that associated with plume-re-
lated volcanism, as is found in Hawaii [44]. De-
tailed petrological descriptions for the samples
studied here are given by Gri⁄n et al. [45] for
Bullenmerri ; Takahashi [46] and Abe et al.
[23,47] for Ichino-megata; and Arai et al. [21]
for Kurose and Takashima.

3. Analytical method

Nishio and Nakai [8] reported an accurate and
precise Li isotope analytical method using MC-
ICP-MS. In this study, Sr and Nd isotope ratios
and concentrations have been measured together

with Li isotopic composition. Because of this, we
have modi¢ed the method of Nishio and Nakai [8]
as follows.

3.1. Sample preparation

After repeated crushing of the mantle-derived
ultrama¢c xenoliths, fresh CPXs were handpicked
under a binocular microscope to avoid contami-
nation. Collected CPXs were washed ultrasoni-
cally in a 5% HNO3 solution (15 min) and then
cleaned ultrasonically in Milli-Q water (15 min),
twice. As there is a possibility that a strong acid
leaching may cause Li isotopic fractionation, sam-
ples were washed with a dilute acid (5% HNO3).
Sample Sv1-A was washed with 33% HNO3 (15
min) to investigate acid leaching e¡ects. After dry-
ing at 110‡C for 24 h, the CPXs were crushed to
powder using an agate mortar. Powdered samples
(50 mg) were weighed into screw-cap Savillex
beakers. Concentrated HF (49%, 0.6 ml) and
HClO4 (60%, 0.3 ml) were used for digestion of
the CPX samples. This digested solution was
evaporated. Prior to complete evaporation, sev-
eral drops of concentrated HClO4 were repeatedly
added to remove any organic materials derived
from the samples. The dried residues were redis-
solved in 33% HNO3 (3 ml) at 150‡C for 12 h.
The completely decomposed sample was then
evaporated, and the residue was dissolved in 10
ml of 9.3% HNO3 (with trace HF), and a portion
of this dissolved solution was used for the mea-
surements of Sr and Nd contents. The remainder
was evaporated and dissolved in 4.7% HNO3

(6 ml). Prior to column separation, 3 ml of meth-
anol was added. Therefore, the sample solution
for column loading was 9 ml of 3% HNO3 in
33% methanol.

3.2. Column separation

Cation exchange resin, Bio-Rad AG 50W-X8
(200^400 mesh), was packed into columns (quartz
glass, with an internal diameter of 6 mm), to a
height of 125 mm. The resin was cleaned by re-
peated rinses with 20% HCl, 33% HNO3, and
Milli-Q water, sequentially. Before sample load-
ing, the resin was conditioned with 15 ml of
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0.47% HNO3 in 50% methanol. After sample
loading, 128 ml of 4.7% HNO3 in 80% methanol
was passed; the ¢rst 13 ml were discarded, and
the following 115 ml were collected for Li at a
rate of 0.16 ml/min.
After Li extraction, 85 ml of 6.6% HCl was

passed, the ¢rst 65 ml of which were discarded
and the following 20 ml were collected for Sr
(+Ca). Then 20 ml of 20% HCl was passed, the
¢rst 10 ml of which were discarded and the fol-
lowing 10 ml were collected for light rare earth
elements (LREEs) including Nd. Because of abun-
dant Ca in CPX, Sr was additionally puri¢ed us-
ing Sr-resin (Eichrom). Separation of Nd from
other LREEs was performed using Ln-resin (Ei-
chrom). Procedural blanks for Li, Sr, and Nd
isotopic analyses were less than 10, 50, and 10
pg, respectively.

3.3. Mass spectrometry

Li, Sr, and Nd isotopic ratios were measured in

solutions containing about 100 ppb Li, 100 ppb
Sr, and 50 ppb Nd, respectively, using MC-ICP-
MS (Isoprobe, Micromass). Samples were intro-
duced into the spectrometer via a Cetac Aridus
desolvating unit. For Sr and Nd isotopic measure-
ments, the existing (normal) Cetac nebulizer
(T1H) was replaced with a micromist nebulizer
from Glass Expansion Pty. Ltd. Li abundances
were also measured using the MC-ICP-MS. For
Li isotopic analyses, samples were bracketed by a
Li standard solution (NIST L-SVEC) to correct
the isotopic compositions for instrumental mass
bias. Measured Li isotopic ratios are expressed
as N

7Li = ([7Li/6Li]sample/[7Li/6Li]L�SVEC standard31)
U1000. In this study, Li isotopic measurements
by MC-ICP-MS were performed on three separate
days (16/Jan./02, 2/Feb./02, and 9/Mar./02). The
N
7Li data for our in-house Li standard solution [8]
for these days are listed in Table 2. The results
(+14.4 to +15.5x) are in accordance with the
long-term (23/Oct./00 to 26/Jan./01) average value
of +15.1x within analytical error ( Q 0.8x, 2c)
(Table 2). Following the Li isotopic measurement,
we monitored the solutions for coexisting ions,
such as C, Na, Mg, Al, Ca, and Fe, to ensure
that their abundances were too low to cause any
matrix e¡ect. The Li concentrations were esti-
mated from the comparison of beam intensities
of 7Liþ in the sample solution with that of a stan-
dard solution. In this case, analytical error for Li
concentrations is better than 12% at 2c, as esti-

Table 2
The Li isotopic ratios on our in-house Li standard solution
(+15.08Q 0.82x, 2c) [8]

Measurement date N
7Li
(x)

16/Jan./02 +14.40
2/Feb./02 +14.83
9/Mar./02 +15.53

Table 3
Comparison of our 87Sr/86Sr and 143Nd/144Nd ratios of reference rock samples (JA-1) with previously reported values
87Sr/86Sr Q 2c 143Nd/144Nd Q2c Reference

0.70360� 0.00006 0.513083� 0.000006 This study
(n=6) (n=3)
0.703557Q 0.000018 0.513078Q 0.000008 Orihashi et al. (1998) [57]
0.703533Q 0.000010 0.513066Q 0.000010 Na et al. (1995) [56]
0.703572Q 0.000008 Iizumi et al. (1994) [55]

0.513086Q 0.000005 Arakawa (1992) [54]
0.703637Q 0.000012 Notsu and Hirao (1990) [53]
0.70363Q 0.00001 0.5130880.000008 Okano et al. (1989) [52]
0.703507Q 0.000016 0.513065Q 0.000010 Kagami et al. (1989) [51]
0.70367Q 0.00005 Zhang Zichao (1987)a [50]
0.703636Q 0.000010 Shirahase and Nakajima (1984)a [50]
0.703586Q 0.000011 Kurasawa (1984) [49]

Bold type: mean and standard deviation on separate measurements.
a Personal communication in Ando and Shibata [50].
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mated from the reproducibility of standard rocks
[8]. Detailed Li analytical procedures, including
accuracy and precision, have been previously
documented [8]. The 87Sr/86Sr and 143Nd/144Nd
data were normalized to 87Sr/86Sr = 0.710258 for
SRM987, and to 143Nd/144Nd=0.5121067 for
JNdi-1. A high-grade argon (Ar) carrier gas was
used for the Sr isotopic measurement, compared
to Li^Nd isotopic measurement, as low-grade Ar
gas contains noble gases such as krypton (Kr),
which interfere with accurate and precise Sr iso-
topic measurements. Before Sr isotopic measure-
ments, we checked that peaks around m/e 83 (Kr)
were under the detection limit (6 10315 A). The
87Sr/86Sr and 143Nd/144Nd data for the reference
rock sample (JA-1, andesite [48]) are listed in Ta-
ble 3, together with other published data [49^57].
Our 87Sr/86Sr and 143Nd/144Nd data for the stan-
dard rocks agree well with previously published
data.
The concentrations of Sr and Nd were deter-

mined using a quadrapole ICP-MS (PQ3, Thermo
Elemental) without puri¢cation using a method in
which the matrix e¡ect was corrected by internal
standards of indium (In) and rhenium (Re). In
this case, both analytical errors for Sr and Nd
concentrations are better than 10% (2c), as esti-
mated from the reproducibilities of standard
rocks.

4. Results

The abundances and isotopic ratios of Li of
CPXs from the mantle-derived xenoliths are listed
in Table 1, together with those of Sr and Nd.
Li isotopic ratios of the CPXs vary widely
(N7Li =317.1 to +6.8x) (Table 1). Among the
analyzed mantle-derived xenoliths, Ichino-megata
(NE Japan, N

7Li =+4.2 to +6.8x) and Bullen-
merri (SE Australia, N7Li =+5.0 to +6.0x) sam-
ples have positive N7Li values (Table 1), which are
similar to those of volcanic rocks from convergent
plate margins [2,13^16]. In contrast, low N

7Li
values were observed in mantle-derived xeno-
liths from Kurose (V312.2x), Takashima
(V39.8x), Sveyagin (V311.3x), Ennoken-
tiev (V317.1x), and Fevralsky (34.0x) (Ta-

ble 1). These N
7Li values are extremely low in

comparison with previously reported N
7Li values

of volcanic rock samples (+1.4 to +11.2x)
[2,7,10,12^19] and with the Ichino-megata and
Bullenmerri samples reported here. En2I from Si-
khote-Alin (FE Russia), the lowest N

7Li sample,
was analyzed twice using di¡erent aliquots from
the same xenolith. The measured N

7Li values of
En2I-A (317.1x) and En2I-B (316.9x) agree
within analytical error ( Q 0.8x, 2c). As men-
tioned in Section 2, most of the analyzed xenoliths
are spinel lherzolite, although the xenoliths from
both Kurose and Takashima include harzburgite,
dunite, clinopyroxenite, and CPX megacryst (Ta-
ble 1). Both Kurose and Takashima were classi-
¢ed into three groups: mantle peridotite (lherzo-
lite and harzburgite), dunite^wehrlite^pyroxenites
of Group I, and pyroxenites of Group II [21]. The
samples from Kurose and Takashima, regardless
of classi¢cation, contain lithium with negative
N
7Li value. The CPXs of FE Russia (5^11 ppm
Li) and Kurose (11^24 ppm Li) xenoliths contain
abundant Li, compared to the Ichino-megata
(1 ppm), Bullenmerri (1 ppm), and Takashima
(1^3 ppm) xenoliths.
The results show that Sr and Nd isotopic ratios

of CPXs from mantle-derived ultrama¢c xenoliths
vary widely (87Sr/86Sr = 0.7024^0.7098 and 143Nd/
144Nd=0.51224^0.51329) (Table 1). The 87Sr/86Sr
and 143Nd/144Nd ratios of the analyzed FE Rus-
sian samples (Sveyagin, Ennokentiev, and Fevral-
sky) range from 0.7024 to 0.7037 and from
0.51289 to 0.51329, respectively (Table 1). Among
the samples from the three regions, the Enno-
kentiev and Fevralsky samples contain more
radiogenic Sr and less radiogenic Nd (87Sr/
86Sr = 0.7036^0.7039 and 143Nd/144Nd= 0.51289^
0.51312) compared with those from Sveyagin
(87Sr/86Sr = 0.7024^0.7030 and 143Nd/144Nd=
0.51314^0.51329) (Table 1). Sv1, one of the
Sveyagin samples, has the lowest 87Sr/86Sr
(0.7024) and highest 143Nd/144Nd (0.51327^
0.51329) among the analyzed samples. Analyzed
Ichino-megata samples have also low 87Sr/86Sr
(0.7030^0.7031) and high 143Nd/144Nd (0.51321)
ratios, which range within the previously reported
Ichino-megata values (CPX data from lherzolites,
harzburgite, and websterite : 87Sr/86Sr = 0.7027^
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0.7046 and 143Nd/144Nd=0.51283^0.51336) [58].
The Sr and Nd isotopic ratios found in samples
from Kurose (87Sr/86Sr = 0.7033^0.7042 and
143Nd/144Nd=0.51288) and Takashima (87Sr/
86Sr = 0.7042^0.7047 and 143Nd/144Nd=0.51272^
0.51277) are more radiogenic than those found
in analyzed Ichino-megata samples. The 87Sr/
86Sr and 143Nd/144Nd ratios of the analyzed Bul-
lenmerri samples vary widely, from 0.7027 to
0.7098 and from 0.51224 to 0.51297, respectively.

5. Discussion

5.1. The accuracy of extremely low N
7Li values

Extremely low N
7Li values (N7LiV317x)

were measured in CPXs from several mantle-de-
rived ultrama¢c xenoliths using MC-ICP-MS.
Compared to TIMS, the MC-ICP-MS technique
enables high-precision analyses ( Q 0.82x, 2c)
with small amounts of Li (V45 ng Li) [8]. Con-
sequently, only 50 mg of rock sample is su⁄cient
to determine the accurate Li isotopic composition
of a low Li-concentration sample (1 ppm Li at
least). A small amount of ions introduced into
the column chromatography inhibits any shift in
the Li elution peak during column separation. In
addition, the smaller matrix e¡ect of the MC-ICP-
MS technique allows the collection of a larger
fraction in the column chromatography to avoid
Li loss. We collected a large volume of e¥uent
(13^128 ml) for the Li fraction, whereas most Li
is eluted from 50 to 100 ml [8].
The low Si contents (equivalent to high Mg in

the case of mantle-derived samples) of analyzed
samples are one cause of the measured N

7Li value
being lower than the true value (details are de-
scribed in the Appendix). However, the Si (Mg)
contents of the CPXs with extremely low N

7Li
values are approximately equal to those CPXs
with positive N

7Li values (Table 4) [45,59]. Fur-
thermore, several samples with extremely low N

7Li
(FE Russia and Kurose) are enriched in Li rela-
tive to basalts (ca. 5 ppm Li) (Table 1). Because
the Li concentration of the solution introduced
into the MC-ICP-MS is ¢xed at 100 ppb Li in
our analytical protocol, concentrations of coexis-

tent ions tend to decrease with increasing Li con-
tents in the analyzed samples. In addition, both
extremely low and positive N

7Li data were mea-
sured on the same day (see Table 1). Because in-
strumental conditions (i.e. location of detector
and focusing) have not been changed during se-
quential measurements conducted on the same
day, the extremely low N

7Li values observed in
this study are not due to the instrumental condi-
tion of the MC-ICP-MS.

5.2. The features of extremely low N
7Li component

in mantle-derived xenoliths

5.2.1. Anhydrous metasomatic agent
Correlations are observed in the Sikhote-Alin

(Sveyagin and Ennokentiev) data; the N7Li is pos-
itively correlated with 143Nd/144Nd (Fig. 2a), and
negatively correlated with 87Sr/86Sr (Fig. 2b). The
wide N

7Li variation of the Sikhote-Alin samples
can be explained as a result of mixing between a
depleted component (high-N7Li, low-87Sr/86Sr, and
high-143Nd/144Nd) and an enriched component
(low-N7Li, high-87Sr/86Sr, and low-143Nd/144Nd).
This indicates that the enriched component (the
metasomatic agent) in the mantle beneath the Si-

Table 4
Comparison of major elemental compositions of CPXs with
extremely low and positive N

7Li values

Sikhote-Alin Bullenmerria

En2 Sv1 dry hyd

N
7Li (x)b 317 33 +5 +5 to +6
SiO2 (wt%) 52 53 52^54 53^54
TiO2 (wt%) 0.5 0.6 0.1^0.4 0.0
Al2O3 (wt%) 6.8 7.2 3.8^5.0 3.9^4.5
Cr2O3 (wt%) 0.7 0.5 0.7^1.3 1.2^1.4
FeOT (wt%) 3.2 2.7 2.3^3.9 2.2^3.1
MnO (wt%) 0.1 0.1 0.0^0.1 0.1
MgO (wt%) 15 15 15^16 15
NiO (wt%) 0.0 0.0 0.0 0.0^0.1
CaO (wt%) 20 20 20^22 21
Na2O (wt%) 1.9 1.7 1.3^1.7 1.8^1.9
Referencesc [59] [59] [45] [45]
a Mantle-derived xenoliths in Bullenmerri are divided into
two types. One is the anhydrous (dry) type that is free of
amphibole, the other is the hydrous (hyd) type that contains
amphibole.
b
N
7Li values are the results of this study.

c References of major element data.
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khote-Alin area has an extraordinarily low N
7Li

value (lower than 317x).
In contrast, the N

7Li values of the Bullenmerri
samples are essentially constant (N7Li =+5.0 to
+6.0x), whereas their 87Sr/86Sr (0.7027^0.7098)
and 143Nd/144Nd ratios (0.51224^0.51297) vary
widely (Fig. 2a,b). These wide Sr and Nd isotopic
variations have been considered to result from
binary mixing, as Sr and Nd isotopic ratios are
also correlated with carbon isotopic ratios (N13C)
[58]. No obvious correlation between 87Sr/86Sr
and 87Rb/86Sr ratios supports the binary mixing
model, too [60]. The Bullenmerri anhydrous lher-
zolites have a relatively limited range of 87Sr/86Sr
and 143Nd/144Nd ratios, whereas the ratios found
in hydrous xenoliths are more radiogenic [60],
which is also shown in the results of this study
(Table 1). From these viewpoints, it has been con-
sidered that the metasomatic agent with the en-
riched signature (high-87Sr/86Sr and low-143Nd/
144Nd) observed in the Bullenmerri samples is hy-

drous [60]. It is notable that the metasomatic
agent observed in Ichino-megata samples is also
hydrous [22,23]. Although there are only two
data, the N

7Li values of the Ichino-megata xeno-
liths are positive (+4.2 to +6.8x), similar to the
Bullenmerri samples. By contrast, the Sikhote-
Alin (Sveyagin and Ennokentiev), Kurose, and
Takashima xenoliths with extremely low N

7Li val-
ues are free of hydrous minerals (Table 1). From
these observations, we infer that anhydrous meta-
somatic agents may be characterized by extremely
low N

7Li values.

5.2.2. EM1-like metasomatic agent
At least four end-member components have

been proposed: depleted mantle (DM), high U/
Pb mantle (HIMU), and enriched mantle (EM1
and EM2) (e.g. [61]) to explain the Sr, Nd, and
Pb isotopic systematics of ocean island basalts
(OIBs). Zindler and Hart [61] noticed that man-
tle-derived xenoliths appeared to show similar iso-

Fig. 2. N7Li values as a function of the 143Nd/144Nd (a) and 87Sr/86Sr ratios (b) of CPXs in the mantle-derived ultrama¢c xeno-
liths. Both diagrams show the positions of the mantle reservoirs identi¢ed by Zindler and Hart [61], Nishio et al. [16,18,19], and
this study: DM, depleted mantle; EM1 and EM2, enriched mantle; HIMU, mantle with high U/Pb ratio. The short-dashed and
long-dashed lines are best-¢t regression lines of the Bullenmerri and Sikhote-Alin samples, respectively. Correlations are observed
in the Sikhote-Alin (Sveyagin and Ennokentiev) data; the N

7Li is positively correlated with 143Nd/144Nd (panel a), and negatively
correlated with 87Sr/86Sr (panel b). In contrast to this, the N

7Li values of the Bullenmerri samples are essentially constant, where-
as their 87Sr/86Sr and 143Nd/144Nd ratios vary widely (panels a and b). The distributions of N-MORB data (MORBs which have
chondrite-normalized La/Sm ratios are less than 1) are hatched. The N-MORB data are from Nishio’s unpublished data
(N7Li =+3.2Q 1.4x, 2c [16]).
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topic variations and they classi¢ed metasomatic
agents, which have caused the isotopic variations,
into two types based on Sr^Nd isotopic system-
atics of the xenoliths. One has an EM1-like sig-
nature; the other has an EM2-like signature. In
addition, they suggested that EM1-like metaso-
matic agent is anhydrous (CO2-rich £uids), where-
as EM2-like metasomatic agent is hydrous [61,62].
It is unknown whether the processes that formed
these types of metasomatic agents were the same
as those that formed OIB end-members, but the
apparent similarity in their isotopic systems may
imply a genetic relationship [61].
The Sr^Nd isotopic diagram (Fig. 3) shows that

the trend of the Sikhote-Alin (Sveyagin and En-
nokentiev) array di¡ers from that of the Bullen-
merri array. In this ¢gure both arrays show a
decrease of 143Nd/144Nd ratios when the 87Sr/

86Sr ratios increase. However, the Sikhote-Alin
array shows a faster decrease than the Bullenmer-
ri array and the extension of both arrays leads to
EM1 and EM2 end-members, respectively. From
these features, we infer that classi¢cation of en-
riched components (metasomatic agents) on the
basis of Li isotopic composition (extremely low
N
7Li versus positive N

7Li) may correspond with
the Sr^Nd isotopic systematics of the mantle-de-
rived xenoliths.
The enriched component (metasomatic agent)

of the Bullenmerri xenoliths seems to have an
EM2-like isotopic signature judging from the ex-
tension of the trend in Fig. 3. Previously reported
Pb isotopic data also support the metasomatic
agent of Bullenmerri having the EM2-like signa-
ture [58]. On the basis of our Bullenmerri data,
then, the N

7Li value of the EM2-like end-member
component (metasomatic agent) is estimated to be
+6x, which is slightly higher than that of DM.
The N7Li value of the DM component is estimated
as +3.2 Q 1.4x (2c, n=8) from the results of
fresh N-MORB glasses (chondrite-normalized
La/Sm ratios are less than 1) that were recovered
from the Mid-Atlantic and the Indian Ocean [16].
In contrast, the Sr^Nd isotopic array of the

Sikhote-Alin region (Sveyagin and Ennokentiev)
is signi¢cantly di¡erent (Fig. 3): As the extension
of 87Sr/86Sr^143Nd/144Nd correlation for Sikhote-
Alin samples leads to the EM1 end-member, it is
inferred that the metasomatic agent with ex-
tremely low N

7Li value has an EM1-like signature
(Fig. 3). From the Pb^Sr^Nd isotopic systematics,
it has been pointed out that the volcanic rocks
and mantle-derived ultrama¢c xenoliths from the
eastern margin of the Eurasian plate (including
the FE Russia and SW Japan regions) show
EM1-like signatures [41,63^68]. The SW Japan
samples (Kurose and Takashima) analyzed in
this study have extremely low N

7Li values as
well as FE Russian samples. The features de-
scribed above, therefore, support the possibility
that the extremely low N

7Li may be characteristic
of EM1-like metasomatic agent. Furthermore, as
described previously, it has been suggested that
EM1-like metasomatic agent is anhydrous (CO2-
rich £uids), whereas EM2-like metasomatic agent
is hydrous [61,62]. Our observation that xenoliths

Fig. 3. The correlation diagram of Sr^Nd isotopic ratios of
CPXs in the mantle-derived ultrama¢c xenoliths. This dia-
gram shows the positions of the mantle reservoirs identi¢ed
by Zindler and Hart [61] : BSE, bulk silicate Earth. Other
symbols are the same as in Fig. 2. The trend of the Sikhote-
Alin (Sveyagin and Ennokentiev) array di¡ers from that of
the Bullenmerri array. Both arrays show a decrease of 143Nd/
144Nd ratios when the 87Sr/86Sr ratios increase. However, the
Sikhote-Alin array shows a faster decrease than the Bullen-
merri array and the extension of both arrays leads to EM1
and EM2 end-members, respectively. The distribution of N-
MORB data (MORBs which have chondrite-normalized La/
Sm ratios are less than 1) is hatched. The N-MORB data are
from Nishio’s unpublished data.
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from Sikhote-Alin (Sveyagin and Ennokentiev),
Kurose, and Takashima with extremely low N

7Li
values are free of hydrous minerals seems to be
consistent with our model.

5.3. Origin of Li of metasomatic agent with
extremely low N

7Li

Li isotopic fractionation at magmatic temper-
atures is small [12]. As stable isotope fractionation
factors are temperature-dependent, it is expected
that large Li isotopic fractionation would occur
with Li di¡erentiation at low temperature. Re-
cently, Zack et al. [9] proposed that subducted
highly altered oceanic crust should be character-
ized by signi¢cantly low N

7Li values (6 fresh
MORB), due to preferential loss of heavier Li
(higher N7Li) from the subducting slab during de-
hydration at low temperatures (close to the
trench). This model was derived from a ¢nding
of dramatically low N

7Li values (311x to
+5x) in eclogites from Trescolmen, Switzerland
[9]. Before the study of Zack et al. [9], N7Li values
that are signi¢cantly lower than the chondritic
values (ca. Q 0x [1]) had never been observed
in terrestrial samples (e.g. [2^8,10^17,69^71]).
The Trescolmen eclogites have been considered
to be an analog for subducted oceanic crust
[9,72]. Using an open-system Rayleigh distillation
model, Zack et al. [9] demonstrated that the ex-
tremely low N

7Li values of several Trescolmen
eclogites were the results of £uid loss (dehydra-
tion) of highly altered oceanic crust.
The N

7Li values of subducted altered MORB
decrease after dehydration at a subduction zone
[9], whereas those of altered MORBs (+4.5 to
+14x [10,11]) are higher than that of fresh
MORB (+1.5 to +6.8x [2,10,16]). The N7Li value
of Li in dehydrated £uid is expected be higher
than that of residual slab Li [9]. Indeed, £uids
from the decollement of the Costa Rica subduc-
tion zone [71] and £uids associated with the Con-
ical serpentine seamount [73] support this model.
In both cases, the subduction £uids have N

7Li of
about +20x, signi¢cantly higher than that of
altered MORB and hemipelagic sediments from
which they are derived (N7Li6+14x) [11,71].
Here, in the Li isotopic fractionation model of

Zack et al. [9], the most important point is that
the more a basalt has been altered, and has high
N
7Li, the lower N

7Li the rock will have after de-
hydration [9]. During low-temperature alteration
at the sea£oor, both Li concentrations and N

7Li
values increase with the degree of alteration [9]. In
addition, the abundance of H2O bound on the
interlayer sites of clays increases with the degree
of alteration [9]. Due to the large potential vol-
ume of water for dehydration, the N

7Li value of
highly altered basalt becomes lower following de-
hydration, compared to slightly altered basalt [9].
For example, it was calculated that highly altered
basalt with 8 wt% interlayer-bound H2O, 80 ppm
Li and N

7Li of +14x, becomes N
7Li of 310x

and 20 ppm Li [9]. By contrast, it was calculated
that slightly altered basalt with 1 wt% interlayer-
bound H2O, 15 ppm Li and N

7Li of +5.5x, be-
comes N

7Li of +3x and 10 ppm Li [9]. Conse-
quently, it is deduced that Li of metasomatic
agent with an extremely low N

7Li value is derived
from subducted highly altered basalt. It is also
notable that both highly and slightly altered
MORBs still retain higher Li abundance even
after dehydration, in comparison with mantle
peridotite [9] and that the addition of a minute
amount of metasomatic agent would cause a large
decrease in N

7Li of the metasomatized xenoliths.

5.4. Implication for EM1 origin

As discussed in Section 5.2.2, we infer that the
extremely low N

7Li value may be a property of the
EM1-like metasomatic agent. As a lack of x-
level Li isotopic fractionation at magmatic tem-
perature [12], the Li isotopic composition of the
metasomatic agent generated at high temperature
would be approximately equal to that of the par-
ent source (ex. dehydrated slab residue Li). How-
ever, it has not been revealed whether the root
slab resided at shallow levels in the convecting
mantle (ex. sub-continental mantle) or was cycled
through the deep mantle.
Recently, Kobayashi et al. [74] reported the ex-

tremely low N
7Li values (s310.2x) of glass in-

clusions from fresh picritic lavas from the Oahu
North-a (Hawaii). In addition, the N

7Li values of
several Koolau lavas (2^3x) are slightly lower
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than those of fresh N-MORBs [17]. Low 206Pb/
204Pb ratios between about 17.5 and 18.0 are char-
acteristic of EM1-enriched oceanic island and
seamount volcanoes such as Oahu North-a and
Koolau lavas [75,76]. Therefore, we infer that
isotopically light Li enrichment (N7Li6 fresh
MORB) may be a general property of EM1 man-
tle reservoir. As well as EM1-like metasomatic
agent, most Li of the EM1 reservoir may origi-
nate from Li of highly altered basalt, as repre-
sented by the uppermost part of the oceanic crust.
Based on the distribution of Sr^Nd^Pb isotopic

data of OIBs, it was proposed that the HIMU
reservoir is closely related to the EM1 reservoir
(e.g. [77]). Moreover, several authors proposed
that the EM sources were derived from the an-
cient dehydrated subducted basalt (the HIMU
source) contaminated with small amounts of sedi-
mentary components (e.g. [78^80]). Although the
basaltic portion evolved with high 238U/204Pb
(WV22) and low 232Th/238U (UV3.2), the high
U, Th, and Pb of sediments dominate the isotopic
evolution of the basaltic crust and sediment mix-
ture [79]. A mixture of old basaltic crust and pe-
lagic sediment (WV5 and UV6) may produce
EM1, while a mixture of old basaltic crust
and terrigenous sediment (WV10 and UV4.5)
may produce EM2 [79]. As well as Pb isotopic
compositions, this model [79] can explain the
Sr^Nd isotopic compositions of HIMU^EM1^
EM2 sources.
Recently, it was estimated that the HIMU end-

member reservoir most likely has N
7Li values

higher than +7.4x from the results of Mangaia
OIB (Polynesia) [18,19]. Based on Li isotopic
data, Nishio et al. [18,19] proposed the HIMU
component originated from the dehydrated resi-
due of the deeper, less altered part of subducted
oceanic crust. Thus, the Li isotopic data suggest a
model in which the EM1 and HIMU sources may
originate from di¡erent parts of a recycling oce-
anic crust, with the EM1 source including the
upper part of the crust that is absent from the
HIMU source. This is essentially the same as
the models proposed previously [78^80], but
with the Li isotopic data requiring uppermost,
highly altered basaltic crust as well as pelagic sedi-
ment in the EM1 source, but not so in the HIMU

end-member. Whereas the Pb, Sr, and Nd isotopic
signatures are dominated by any contribution
from sediments to the source, Li is more sensitive
to the basaltic crust alteration pro¢le and should
be able to distinguish suite variations in the parts
of basaltic crust that are trapped by OIBs.

6. Conclusions

In conclusion, we emphasize the following
points:
b Extremely low N

7Li values (N7LiV317x)
have been measured in CPXs in many mantle-
derived ultrama¢c xenoliths from SW Japan
(Kurose and Takashima) and FE Russia
(Sveyagin, Ennokentiev, and Fevralsky). These
N
7Li values are unusually low, in comparison
with the previously reported N

7Li values of
mantle-derived samples such as volcanic rocks
(+1.4 to +11.2x) [2,7,10,12^19].

b These low N
7Li data (N7LiV317x) are not

due to analytical problems. The reasons are:
a In a similar manner, measured N

7Li values
of fresh N-MORB glasses were found to
be +3.2 Q 1.4x (2c, n=8) [16], which is
within the range of previously docu-
mented fresh MORB data (+1.5 to
+6.8x [2,10]).

a The samples with low N
7Li values have

high Li abundances: the FE Russia (5^
11 ppm Li) and Kurose (11^24 ppm Li).

a The Sikhote-Alin N
7Li data correlate well

with both 143Nd/144Nd and 87Sr/86Sr.
a Most typical, positive N

7Li values were
measured in mantle-derived ultrama¢c xe-
noliths from Ichino-megata and Bullen-
merri (+4 to +7x).

a There is no di¡erence between the Si (Mg)
contents of the CPXs with extremely low
N
7Li and those with positive N

7Li values
(Table 4).

a Repeatedly measured N
7Li values of En2I

(317.1x and 316.9x), which is the
lowest N7Li sample, agree within analytical
error ( Q 0.8x, 2c). (Two analyses were
prepared from di¡erent aliquots in a xe-
nolith.)
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b Following dehydration at a subduction zone,
the N

7Li value of subducted highly altered
MORB is likely to become very low relative
to less altered MORB [9]. Therefore, we pro-
pose that Li of a metasomatic agent with an
extremely low N

7Li value is derived from sub-
ducted highly altered basalt, as observed in
samples of the uppermost part of altered oce-
anic crust.

b Based on the Sr^Nd isotopic systematics and
coexistent hydrous mineral, metasomatic agents
of the Sikhote-Alin and Bullenmerri samples
are classi¢ed into anhydrous EM1-type and hy-
drous EM2-type, respectively. Therefore, we in-
fer that anhydrous EM1-like metasomatic agent
has an extremely low N

7Li value, whereas hy-
drous EM2-like metasomatic agent has a pos-
itive N

7Li value.
b Li isotopic data suggest a model in which the
HIMU and EM1 sources originate from di¡er-
ent parts of a recycling oceanic crust, with the
EM1 source including the upper part of the
crust that is absent from the HIMU source.
This is essentially the same as the models pro-
posed previously [78^80], but with the Li iso-
topic data requiring uppermost, highly altered
basaltic crust as well as pelagic sediment in the
EM1 source, but not so in the HIMU end-
member.
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Appendix. Di⁄culties with accurate Li isotopic
analysis of peridotitic samples using
TIMS

Accurate Li isotopic determination for low Li-
concentration samples, such as peridotite, is di⁄-
cult using TIMS techniques rather than the MC-
ICP-MS technique. Chan et al. [81] reported ex-
tremely low N

7Li values (312.9x and 39.7x)
for peridotite (Z34) from Zabargad Island, Red
Sea, although they revised the N

7Li value to a
positive value (N7LiV+5.0x) in a later publica-
tion [15]. Since the isotopic mass fractionation in
TIMS is very sensitive to loading materials, it is
essential to achieve complete Li separation from
other elements [5,69]. Accordingly, it is desirable
for TIMS measurements that the volume of the
recovered fraction for Li is diminished as much as
possible through Li puri¢cation using cation-ex-
change chromatography.
Contrary to this, it is necessary to collect all Li

fractions to avoid incomplete Li recovery. A large
Li isotopic fractionation occurs during cation-ex-
change chromatography [5,82]. Even if we lose
only 1% of the Li, the Li isotopic composition
of the collected portion could be changed signi¢-
cantly [5,82]. The leading Li fraction has a higher
N
7Li value (higher 7Li/6Li ratio) than the true val-
ue, while the tailing Li fraction has a lower N

7Li
value. Thus, if we lose the leading Li fraction, the
recovered sample will give a lower value than the
true value. On the other hand, if we lose the tail-
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ing Li fraction, the recovered sample will give a
higher N

7Li value than the true value.
When compared to the MC-ICP-MS technique,

accurate and precise Li isotopic measurements us-
ing the TIMS technique require a large amount of
Li [6,8]. Because of the low Li content of perido-
tite (ca. 2 ppm), Li has to be separated from a
large amount of sample by cation-exchange chro-
matography. In addition, peridotite is depleted in
Si (enriched in Mg) compared with volcanic rock
samples. Most Si, which is the major element in
peridotite, evaporates during acid digestion using
HF (e.g. SiO2+4HFCSiF4+2H2O). Consequent-
ly, the amount of ions introduced to the column
separation tends to increase with decreasing Si
content and increasing Mg content of the perido-
titic sample. Here, it has to be stressed that all
ions (including Li) tend to be eluted faster (elution
peaks shift to earlier fraction) when the amount
of ions loaded on the resin exceeds the resin’s
capacity. Therefore, the amount of ions intro-
duced to the column separation tends to increase
with decreasing Si content and increasing Mg con-
tent of the peridotitic sample.
Considering the above, the extremely low N

7Li
values observed by Chan’s former analytical pro-
tocol [81] may have been produced as follows: As
peridotite has a low Li concentration, a large
amount of sample was needed for accurate Li
isotopic measurements using the TIMS technique.
In addition, the low-Si (high-Mg) concentration
of peridotite leads to an increase in the amount
of ions introduced into the column chromatogra-
phy. Accordingly, the Li elution peak shifted to
an earlier fraction as the amount of ions loaded
on resin exceeded the resin’s capacity. It is desir-
able for TIMS measurements that the volume of
the recovered fraction for Li is as small as possi-
ble, while Li is puri¢ed using cation-exchange
chromatography. In the manner of Chan’s analyt-
ical protocol [81], such a narrow recovery position
had been calibrated not with peridotite, but with
seawater. Therefore, the Li would not have been
recovered completely, since the Li elution peaks
would have shifted to an earlier fraction. As a
result of the loss of the leading Li fraction, the
recovered sample gave a much lower N

7Li value
than the true value.
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