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Abstract

A new method is presented for separation of lithium from silicate rocks and high precision MC-ICPMS analysis. A relatively small
(3.57 meq) resin volume is able to separate lithium from all silicate rocks in a single step using only 16 ml of nitric acid mixed with methanol.
Some advantages of the method are high sample throughput, low blanks and elution parameters that are insensitive to lithology. Elution
schemes are presented for a range of igneous rocks and minerals.δ7Li values for standards from the U.S. Geological Survey (USGS) for
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CR-1, BHVO-2 and AGV-2 are 2.4‰, 4.6‰ and 7.9‰, respectively. Reference materials from the Geological Survey of Japan (G
nd JR-2 giveδ7Li values of 4.7‰ and 3.8‰, respectively. The data for most reference rocks reproduce to within better than 0.5
olumn method can also be used for the direct separation of high-field-strength elements (Ti, Zr, Hf, Nb, Ta) from silicate rocks.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Lithium (Li) isotope geochemistry has developed rapidly
n recent years. It was first used effectively following the de-
elopment of a borate technique for measurement by thermal
onization mass spectrometry (TIMS)[1]. However, it has
een further enhanced by the advent of multiple-collector in-
uctively coupled plasma mass spectrometry (MC-ICPMS)

2]. The ionic radius of Li+ (≈0.59Å) is similar to that of
g2+ (≈0.57Å). Therefore, lithium can substitute for mag-
esium in olivine, enstatite and diopside[3]. This substitution
ehaviour contrasts with that of the large alkali ions (K, Rb
nd Cs) and means that Li behaves like a moderately incom-
atible element during partial melting of mantle rocks. In
queous solutions lithium is strongly hydrated. These chem-

cal properties make Li and its isotopes interesting for the
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study of hydrothermal processes[4], continental weatherin
rates[5,6], and as a tracer of subducted oceanic crust in
mantle[7,8].

Lithium has two stable isotopes,6Li and7Li, with a large
relative mass difference of∼17%. Mass-dependent lithiu
isotope fractionation has been known since Taylor and
[9] observed isotope fractionation of 25% as they perco
a lithium solution through a zeolite column. Early attem
to measure the isotope composition of lithium in geolog
materials were inconclusive and not precise enough t
solve any isotope variations[10]. The first accurate and pr
cise measurements of lithium isotopes were performed u
TIMS [8,11–17]. However, the TIMS technique suffers fro
a highly instable instrumental fractionation and require
that is virtually free of matrix[17,18]. Therefore, complicate
ion exchange procedures have to be applied to obtain
pure Li solutions[19]. Quadrupole ICPMS is able to meas
isotope ratios on very small amounts of lithium but is l
ited to lower precision compared with MC-ICPMS[20,21].
Other techniques that have been used for the measur
of lithium isotopes include atomic absorption spectrom
387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2004.09.008
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[22,23], secondary ionization mass spectrometry[24] and
laser-excited atomic fluorescence spectroscopy[25]. The ad-
vent of multiple-collector ICPMS offers the opportunity for
small amounts of lithium to be analysed to high precision
[2,26,27].

Most recently the procedures that have been developed to
separate lithium from silicate rocks use large eluant volumes
[2,27,28]and, therefore, are limited to relatively large sam-
ple amounts and are sensitive to (Mg, Fe)-rich rock matrices
[29,30]. Here, we describe a rapid and matrix-independent
method for separation of lithium from very small silicate
rock samples. The capability of measuring Li isotopes using
MC-ICPMS, with a high degree of accuracy and precision is
demonstrated with data for international reference rock stan-
dards.

2. Experimental

The natural abundances of6Li and 7Li are 7.5% and
92.5%, respectively. That the heavier isotope7Li is more
abundant than the lighter6Li, has led some authors to write
δ-values asδ6Li. In this way positiveδ-values are isotopically
light and negativeδ-values are isotopically heavy. This is the
opposite of howδ-notation is used for stable isotopes of car-
b tope
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this purpose 50-ppb solutions of L-SVEC aliquots were pre-
pared from three international labs.

2.2. Sample preparation

All acids were twice distilled to reduce Li, Na and B
blanks, methanol was distilled once; this removes sodium
from the acids and methanol which may have concentrations
high enough to cause matrix effects, i.e., shifts in isotopic
ratios of samples relative to L-SVEC. Indeed, the Li blank is
also particularly crucial. Qi et al.[37] reported highly anoma-
lous lithium isotope compositions (>1000‰) in some chem-
ical reagents.

Approximately 100 mg of each rock powder was digested
in Savillex® screw-top beakers with 3 ml concentrated HF
and 0.5 ml concentrated HNO3 for 24 h on a hot plate at
∼130◦C. After evaporation of the solution, the residue was
re-dissolved and dried down three times in concentrated
HNO3 to remove fluorides completely. Finally, the sample
was dissolved and stored in 8 ml 6 M HCl. An aliquot (1/8th
of the solution, equivalent to∼12.5 mg of the original sam-
ple powder) from the 6 M HCl solution was then evaporated
and dissolved in 0.5 ml of 0.67 M HNO3 in methanol. This is
made from a 30% (v/v) solution of methanol, which dilutes
concentrated HNO3 to the desired concentration and is here-
a -
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on, nitrogen, oxygen, sulphur and many other new iso
ystems. We feel therefore it is advisable to report data i
tandardδ7Li-notation in agreement with the recommen
ions[31]:

7Li(‰) =
[

(7Li/6Li) sample

(7Li/6Li)L-SVEC
− 1

]
× 1000.

he lithium isotope composition is given in per mil re
ive to NIST SRM 8545 or L-SVEC (7Li/6Li = 12.02± 0.03)
32]. Other standards are utilized sometimes, e.g., se
er [33,34] or IRM-016 [35]. One advantage of seawater

standard for the lithium isotope scale is that seawa
large homogeneous reservoir. However, using seawa
reference requires an additional calibration step. Th

ore, it is a potential source of errors and might cause
itional problems when data from different laboratories
ompared.

.1. L-SVEC preparation

Approximately 100 mg of L-SVEC powder (Li2CO3)
rom USGS was dissolved gently in 2 ml of concentra
NO3, then evaporated to dryness and taken up in 50
f 2% HNO3. This produces a 40-ppm stock solution t
an be further diluted to Li concentrations suitable for h
ensitive mass spectrometer analyses.

Galy et al.[36] have reported isotopic heterogeneity
he magnesium international reference material SRM
herefore, comparisons between aliquots were made to
rm isotopic homogeneity of L-SVEC standard material.
fter referred to as 0.67 M HNO3/methanol. The final con
entration of methanol in the solution is∼27%. This aliquo
as used for Li separation by ion exchange chromatogra

.3. Chromatography

The separation of lithium from other elements using m
ures of mineral acids and organic media is based on the p
us work ofŠulcek and co-workers[38,39]. They establishe

he technique employing a mixture of HCl and methano
eparation of lithium from silicate rock matrices. The adv
age of an HCl–methanol mixture compared to pure HC
he better separation of lithium from sodium, i.e., metha
ncreases the difference of the partition coefficients betw
ithium and the other alkali metals on cation resins. The
raction of lithium was further improved by using HNO3;
Cl may create Fe(III)-complexes that are not retaine
ation resins and may therefore elute Fe together with lith
40]. Moreover, HNO3 increases the distribution coefficie
f Na but the behaviour of lithium is unchanged, i.e., N
ven more strongly bound to the resin than with HCl. S
methanol–nitric acid mixture has previously been use
number of research groups. For MC-ICPMS it was

sed by Tomascak et al.[7]. Košler et al.[20] optimised
he method for separation of small amounts of lithium fr
arbonate rocks and shells of planktonic foraminifera. H
ver, successful separation of lithium from silicate rocks
een hampered by high eluant volumes and matrix eff
he former may potentially cause high blanks that lim
arly studies of lithium isotopes to samples with relativ
igh Li concentrations (e.g., basalts). Only in a more re
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study have these problems been overcome successfully[28]
although still large eluant volumes are used.

For this study, Teflon columns with a volume of 2.1 ml
were packed with BioRad® AG 50W-X8 (200–400 mesh)
cation exchange resin. The columns are conical in shape
with 6-mm upper and 5-mm lower internal diameter. The
resin is cleaned before the first use by repeated rinsing with
6 M HCl and de-ionized water, then with 3 M HCl and de-
ionized water. When the columns are not used, they are
stored in weakly acidified de-ionized water. Prior to load-
ing of a sample, the column is rinsed with 4 ml HCl and
4 ml de-ionized water and pre-conditioned with 2 ml 0.67 M
HNO3/methanol. The sample is loaded onto the resin in
0.5 ml of 0.67 M HNO3/methanol. Subsequently cations are
eluted with 1 M HNO3 in methanol. This is made from an
80% (v/v) solution of methanol, which dilutes concentrated
HNO3 to the desired concentration and is hereafter referred to
as 1 M HNO3/methanol. The final concentration of methanol
is ∼75%. The eluate is then evaporated to dryness. Finally,
samples are dissolved in 2% HNO3 for analysis on the mass
spectrometer. The time for passing 1 ml through the columns
is approximately 15 min. The procedural blank is usually less
than 20 pg Li.

The total capacity of the resin in 2.1-ml column is 3.57 meq
(1.7 meq/ml). For 12.5 mg of BHVO-2 the total capacity of
m 3+ s
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Table 1
Instrumental settings and conditions

RF power (W) 1400
Nebulizer pressure (psia) 49
Auxiliary gas flow rate (L/min) 0.9
Coolant gas flow rate (L/min) 13.0
Nebulizer Microconcentric
Spray chamber temperature (◦C) 108
Membrane temperature (◦C) 108
Sample uptake rate (�L/min) 80
Acceleration voltage (kV) 6
Resolution ∼700
Analyzer pressure (mbar) 2.3× 10−9

Conditions for DSN-100, only argon is used.
a 1 psi = 0.06895 kg cm−2.

scanned for6LiH+ on mass7Li at a resolution of∼1400 (re-
quired resolution 1010) but no hydrides have been detected.
Each measurement consists of 40–60 cycles of 10 s of inte-
gration resulting in a total integration time of 400–600 s. Our
standard procedure uses between 30 and 50 ng Li per analy-
sis. However, a useful measurement can still be obtained with
ca. 5 ng Li at lower precision.

Concentration measurements of Li were performed on
a quadrupole ICPMS (VG Elemental PlasmaQuad 2+). All
samples were diluted by 1000–3000 times and measured rel-
ative to a L-SVEC standard solution. High dilution factors
were chosen to keep the lithium memory low. Matrix effects
were corrected for using beryllium as an internal standard.
The least square regression coefficient of the calibration line
was always between 0.98 and 1. The reproducibility of the
concentration measurements is±10% (2S.D.) based on mul-
tiple standard analyses.

3. Results and discussion

3.1. Separation of lithium

The first 8 ml of 1 M HNO3/methanol removes Ti, Zr, Hf,
Nb and Ta from the resin. From 9 to 16 ml lithium is eluted.
S sent
i and
s
e
m 8
r t en-
e
T tion
b r
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a AG
5 mns
( is
e The
q tra-
t mples
ajor elements (total iron as Fe) is 0.283 meq. Silicon i
ot included because it is fumed out by decomposition o
ample. Thus, the capacity of the elements represent
han 10% of the total exchange capacity of the resin, w
s in the range for optimal separation of cations on this
f resin.

.4. Mass spectrometry

Lithium isotope ratios were measured on Nu1700
nstruments), a new large-geometry high-resolution M
CPMS [41]. The Nu1700 is equipped with three elect
ultipliers and 16 Faraday cups with the outermost Far
etectors L7 and H8 covering a mass dispersion of app

mately 14% by neutral quadrupole setting conditions.
araday cups are equipped with 1011� resistors. We utilize

he two outermost movable Faraday cups L7 and H8 fo
Li and7Li beam, respectively. Sample solutions were in
uced through either desolvating spray nebulizer DSN
Nu Instruments) or Aridus (Cetac) desolvator and ion
n argon plasma at 1400 W. The other instrument param
re listed inTable 1.

For lithium measurements, a “wide-angle” (WA) skimm
one was used because this increases sensitivity, com
ith a standard cone, by a factor of 2–3. With this con
ration total ion beam intensities of (10–14)× 10−9 A/ppm
f Li in solution were obtained at an uptake of≈80�l/min.
amples were run at a mass resolution of 700–800 (m/�M;
M is defined at 5% peak height). This is sufficient to res
oubly charged12C and14N on masses6Li (required resolu

ion 400) and7Li (required resolution 490), respectively. W
odium, the next element to elute after lithium, is not pre
n the first 20 ml, i.e., an excellent separation of lithium
odium is achieved. The earliest breakthrough of Li is7Li-
nriched whereas the tail is enriched in6Li [19,20]. This
eans that6Li is preferentially taken up by AG 50W-X

esin. This is because of a difference in the zero poin
rgy and vibrational frequencies of the two isotopes[42].
he process must be essentially an equilibrium fractiona
etween AG 50W-X8 resin and 1 M HNO3/methanol rathe

han diffusion, since the lighter isotope would elute firs
kinetic process. However, fractionation of lithium on

0W-X8 can be as high as 100‰ for small-sized colu
see Fig. 4 in[20]). Thus, complete recovery of lithium
ssential to avoid chromatographic fractionation effects.
uantitative recovery of lithium is monitored by concen

ion measurements prior to separation and thereafter. Sa
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Fig. 1. Elution curve of lithium for silicate rocks. AG 50W-X8 ion exchange resin is used for: eclogite OK-1, basalt JB-2, andesite AGV-2 and rhyolite JR-2,
respectively. Note that all Li eluted within 16 ml independent from the rock type. This is especially interesting for high-magnesium rocks. If any loss of Li
is possible, then it could happen due to longer tailing of lithium. This would shift lithium isotope composition towards heavier values as previouslywell
documented[19,20].

for which less than 100% lithium (within analytical errors)
was recovered have not been taken for isotope analysis.

Chan et al.[30] reported a significant change of the elu-
tion behaviour of lithium related to high magnesium and iron
concentrations in volcanic rocks. In order to test whether
different rock matrices influence the elution parameters of
our analytical procedure we have analysed a series of sam-
ples with a range of MgO and SiO2 content: OK-1 eclog-
ite from Oberkotzau, Germany (51% SiO2 and >10% MgO)
[43]; the rock standards JB-2, a basalt (53.3% SiO2 and 4.6%
MgO), AGV-2, an andesite (59.3% SiO2 and 1.8% MgO)
and JR-2, a rhyolite (76% SiO2 and 0.04% MgO). Results
of the column calibration are shown inFig. 1. In all these
cases, lithium was quantitatively recovered between 9 and
16 ml.

Two mineral separates with completely different compo-
sition were also tested – an olivine from lherzolite 8520-9
[44] and a spodumene from a zoned pegmatite (Tin Mountain
mine, Harney Peak, USA)[45]. Lithium is a trace element in
olivine [3,46,47]. On the other hand, lithium in spodumene
(nominally LiAlSi2O6) is a major element, thus, matrix is ab-
sent because Li itself is the major element. This makes such
minerals useful for testing whether the separation is suitable
for these extreme compositions. The results (Fig. 2) show
that even such different compositions were not able to dis-
t ine
w ned
a on-
c ws
f elu-

tion window for Li has to be broadened until 19 ml is eluted
because the Li tail is still high. This test also shows that an ex-
cellent separation of large abundances of lithium from other
elements is achieved. Therefore, only unusual and dramat-
ically high lithium concentration in rocks or minerals may

F lite
8 ion of
l dow
f mple.
urb the separation scheme. Lithium is eluted from oliv
ithin exactly the same span as from all rocks mentio
bove, starting with 9 ml and ending by 16 ml without c
omitant elution of magnesium. The only problem follo
rom the huge amount of Li in spodumene. Thus, the
ig. 2. Elution of lithium for mineral separates. (a) Olivine from lherzo
520-09 and (b) spodumene from Harney Peak (USA). Note that elut

ithium is within exactly the same volume as for rocks. Opening the win
or spodumene is caused by large amount of lithium present in the sa
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change lithium elution parameters, i.e., the method is matrix
independent for most silicate materials.

3.2. Instrumental mass fractionation

Nu1700 can accommodate the mass dispersion of∼15%
suitable for simultaneous detection of both lithium isotopes.
However, all plasma source mass spectrometers suffer from a
mass bias effect[48] that increases towards lighter masses. It
depends on cones, extraction lenses and many other parame-
ters. To detect natural stable isotope variations it is necessary
to distinguish between instrumental and natural fractionation.
For stable isotopes in the lower mass range this is only pos-
sible by comparing samples with a standard by using the so-
called “sample-standard bracketing” technique[2]. During
this study 40–60 individual isotope ratios for each sample and
standard run were measured. The isotope ratio of the sample
was calculated relative to the average of two bracketing stan-
dards (Fig. 3). Typically three to four L-SVEC-normalized
isotope ratios for one sample were measured in one analytical
session. The mass spectrometer extraction and focusing po-
tentials were tuned daily to yield the best signal stability. No
tuning was performed during the measurements because any
changes of the instrumental setting would change the mass
bias. The precision of a single run varied between 0.06 and
0 of at
l
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l d
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In order to evaluate possible background contributions to
the analytical uncertainty of the measurements, we tested a
DSN-100 (Nu Instruments) and Aridus (Cetac) desolvating
nebulizer in standard mode and time-resolved analysis (TRA)
mode. A key difference of the two analysis routines lies in
how the zero correction is carried out. The standard mode
measures zeros by deflecting the ion beams whereas in TRA
mode zeros are measured with ion beams on cups, i.e., for
the zero measurement a clean zero or blank solution is ap-
plied. Typically zero measurements on mass 7 were in the
range of several mV whereas 40 ppb Li in solution gave be-
tween 5 and 7 V (uptake rate 80�l/min). The7Li/6Li ratio of
the background has been detected at∼12.6, while measured
ratios of L-SVEC varied between 13.8 and 14.4 depending
on cones, gas flow conditions and lens settings. To find the
best analysis procedure for lithium isotope measurements,
L-SVEC solutions with concentrations ranging from 10 to
45 ppb are compared with a 50-ppb L-SVEC standard solu-
tion. The measured isotope ratios for these L-SVEC solutions
vary by−3.5‰ for the 10 ppb solution relative to the 50-ppb
solution for the DSN-100 when measured in standard mode
(seeFig. 4). When the standard mode is employed together
with the Aridus, lithium isotope ratios are altered by−2.0‰
(seeFig. 4). When the TRA mode is applied, isotope ra-
tios are independent of sample concentrations (seeFig. 4).
W s is,
w in-
s dard
a it has
b ng
z ium
m sults
a TRA

F ffer-
e ents)
d s ver-
s lution
a w
a eflec-
t ained
b Li iso-
t verage
v

.15‰ (2S.E.) whereas errors calculated from averages
east four sample runs give≤0.5‰ (2S.D.).

To ensure that the Nu1700 was functioning correct
ithium solution prepared from LiNO3 (Merck) was measure
efore each analytical session. With the LiNO3 the accurac
nd precision of the mass spectrometer can be monit
xcluding any effects from column chemistry. The isot
omposition of the LiNO3, measured over the past 12 mon
s 0.91± 0.15‰ (2S.D.,n= 15) relative to L-SVEC. Thi
rror also states our best possible long-term reproduci
ecause this solution is not treated with the column chem
rocedure.

ig. 3. Standard-sample-standard bracketing technique.7Li/ 6Li ratios of
our single sample measurements (squares) bracketed by five L-SVEC
ses (diamonds) are shown. Each symbol represents 40–60 single m
ents. The slight increase of the sample7Li/ 6Li ratios is corrected by

imilar increase of the ratio for bracketing standard.
-

e conclude that the mass bias effect on lithium isotope
ithin error, concentration independent. It is likely that
ufficient time elapses to wash out lithium between stan
nd sample analysis. Between samples and standards
een washed with 2% HNO3 for 120 s. Methods measuri
eros by deflecting ion beams cannot correct for any lith
emory independent from the used desolvator. Better re
re achieved by measuring zeros using blank solution in

ig. 4. Lithium isotope ratio measurements of L-SVEC solutions with di
nt concentrations using an Aridus (Cetac) and DSN-100 (Nu Instrum
esolvating nebulizer for sample introduction. Plotted are isotope ratio
us concentration of the sample solution relative to 50-ppb L-SVEC so
s total beam intensity (I) ratios (Ispl/I50ppb). Both Aridus and DSN-100 sho
“concentration” effect when zero values are obtained by ion beam d

ion with the electrostatic analyser (ESA). In contrast, isotope ratios obt
y time-resolved analysis do not show a concentration dependence of

ope ratio measurements (see text for discussion). Symbols represent a
alues of at least four single measurements. Errors are 2S.D.
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mode. Alternatively concentrations of sample and standard
solutions could be balanced within±10%. Then memory ef-
fects become negligible independent of which method is used
(Fig. 4).

Any matrix element in the sample solution may change
the instrumental fractionation (mass bias) and alter the iso-
tope ratio of samples in a different way to the standard (e.g.,
[49]). Therefore, all solutions have been monitored for Na,
Mg, Ca, Al and Fe. These elements have been selected be-
cause of distribution coefficients similar to lithium in ana-
lytical procedure or because they are major elements. In no
case did we observe significant amounts of Na, Mg or any
other of these elements in the Li aliquots. In the worst case
the total fraction might make up 20% of the lithium. Such
amounts would not have any detectable effect on lithium iso-
tope ratios. Despite not observing any significant amounts of
alkalis beside lithium, the effect of large concentrations of
alkali elements in the final eluate was tested. Pure L-SVEC
solutions were individually doped with Na, Mg, Al, and a
multi-element matrix consisting of Na, Mg, Al, Ca, K and
Fe. Solutions with Na/Li, Mg/Li, and Al/Li ratios of 1:1 and
5:1 and multi-element/Li solution with equal concentrations
of all elements were prepared and the isotope ratio of lithium
was compared with pure L-SVEC standard solution (Fig. 5).
Sodium has no effect on lithium isotope ratio in either Na/Li
p iso-
t ow
m table
e ter
i ect
i (5:1)
f The
m
s his
s 0 can
b tions
( trix

F Na
( , Ca,
K Each
s y field
g ns.
O ls 5:1.
E

elements did not make up more than 20% of the lithium,
and this precludes any alteration of the isotope ratios by the
matrix effects discussed above.

3.3. L-SVEC measurements

The international reference material for Li isotope analy-
sis, L-SVEC, was prepared from several kilograms of high-
purity carbonate and its Li isotope composition measured.
This yielded an absolute ratio of7Li/ 6Li = 12.02± 0.03[32].
However, such a large error is greatly in excess of that needed
for geological problems because lithium isotope variations in
nature are never larger than several tens of per mil (see[51]
and references therein). Galy et al.[36] have shown that Mg
international reference material SRM 980 suffers from large
amounts of heterogeneity in25Mg/24Mg and 26Mg/24Mg.
Therefore, we tested the homogeneity of Li L-SVEC. We
measured three aliquots of L-SVEC from three international
labs (Univ. Maryland, USA; Open Univ., UK; Charles Univ.,
Prague, Czech Rep.) together with our own aliquot that has
been used as a bracketing solution. The results are shown in
Fig. 6. All three aliquots were identical to our own within
±0.03‰. Thus, this standard would appear to be homoge-
neous and very suitable for high precision isotope ratio mass
spectrometry.

3

tudy
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a omas-
c ,
R C
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roportions. Magnesium causes slightly higher lithium
ope ratios but only at higher concentrations (Mg/Li 5:1). L
agnesium concentrations (Mg/Li 1:1) have no detec
ffect. Aluminium shifts the Li isotope ratio toward ligh

sotope ratios already at low Al/Li (1:1). However, the eff
s not concentration dependent because higher Al/Li
ractionate lithium isotopes by exactly the same extent.
ulti-element solution (Na + Mg + Al + K + Ca +Fe/Li 1:1)

hows no effect when compared with pure L-SVEC. T
uggests lithium isotope measurements on the Nu170
e affected by matrix elements at only high concentra
see also[50]). However, for the data reported here, ma

ig. 5. The effects of matrix elements. L-SVEC solutions doped with
diamonds), Mg (circles), Al (squares), and a multi-element (Na, Mg, Al
and Fe) matrix (triangle) are compared with pure L-SVEC solutions.

ymbol represents the average of four single measurements. The gre
ives the reproducibility of lithium isotope ratios for pure L-SVEC solutio
pen symbols represent element/lithium ratios of 1:1, closed symbo
rror bars are 2S.D.
.4. International reference rocks

The data for international reference rocks from this s
re presented inTable 2. The error of all averages is given
S.D. Outliers are excluded from the calculations of aver
sing 3σ-confidence limits. There is no systematic corr

ion between measured concentrations and isotope rat
ndividual samples.

ig. 6. Comparison of several selected L-SVEC aliquots. It is clear
his reference material is homogeneous in terms of lithium isotope
osition. Open symbols represent individual runs; closed symbols a
verages of the respective runs with 2S.E. error bars (diamonds, P. T
ak,δ7Li = 0.01± 0.05‰; circles, J. Kǒsler,δ7Li = 0.04± 0.05‰; squares
.H. James,δ7Li = 0.01± 0.07‰; solid line is the average of our L-SVE
liquot with dashed lines as 2S.E. error bars,δ7Li = 0.003± 0.099‰).
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Table 2
δ7Li values for international reference rocks

Li (ppm) measured Li (ppm) recomm. δ7Li (‰) 2S.E. na Average (2S.D.) Other studies

δ7Li (‰) 2S.D.

AGV-1 12.0 12.0 6.74 0.20 3
BHVO-1 4.4 4.6 5.31 0.18 3 5.0b 1.4

5.8c 1.6
5.2d 0.5

BCR-1 12.5 12.9 2.56 0.06 2
2.19 0.33 2 2.38 (0.52)

AGV-2 10.4 11.0 8.28 0.23 4
7.80 0.35 4
7.65 0.44 2
8.24 0.09 2

12.4 8.12 0.34 4
10.9 7.53 0.43 3 7.94 (0.64)

BHVO-2 4.8 5.0 4.50 0.28 4
5.0 4.84 1
4.4 4.36 0.08 2

4.65 0.36 3
5.0 4.46 0.22 3
4.9 4.52 0.14 3
5.0 4.40 0.31 2
4.7 4.58 0.16 4

4.62 0.13 3 4.55 (0.29) 4.5e 1.0

JB-2 8.4 7.8 4.93 0.33 3
7.8 4.90 0.21 2
8.2 4.69 0.04 4
7.8 4.66 0.28 3

4.44 0.07 4 6.8c 0.2
8.1 4.73 0.48 3 5.1d 0.4

4.70 1 4.7e 1.0
4.65 0.16 3 5.1f 1.1
4.55 0.06 3 4.9g 0.7

8.4 4.73 0.12 2 4.70 (0.29) 4.2h 0.3

JR-2 78.6 79.2 3.84 0.18 3 3.9c 0.8
3.9d 0.4

recomm., recommended.
a Number of individual measurements.
b Bouman et al.[53].
c James and Palmer[15].
d Chan and Frey[14].
e Zack et al.[52].
f Tomascak et al.[2].
g Moriguti and Nakamura[19].
h Nishio and Nakai[27].

We chose a broad variety of reference rocks from basic
to acidic compositions to test whether our column chemistry
is sensitive to different igneous rock types and to determine
precision and accuracy of the new lithium separation scheme
on the 2.1 ml columns and using MC-ICPMS. Different vol-
canic rocks ranging from high MgO, low SiO2 concentrations
to high SiO2, low MgO chemistry were selected (see also
Section3.1).

Theδ7Li value of 4.7± 0.3‰ (2S.D.) for JB-2 from this
study (10 separate digestions of JB-2) is in good agree-
ment with previously published values 5.1± 1.1‰ (2S.D.)
[2] and 4.9± 0.7‰ (2S.D.)[19] and within analytical error

of 4.3± 0.3‰ (2S.D.)[27]. However, this value is signifi-
cantly different from aδ7Li of 6.8± 0.2‰ (2S.D.) reported
by James and Palmer[15]. A compilation of available data
for JB-2 is given inFig. 7.

For BHVO-2 a total of nine averages gives aδ7Li of
4.55± 0.3‰ (2S.D.). This is in excellent agreement withδ7Li
of 4.5± 1.0‰ (2S.D.) reported by Zack et al.[52]. A δ7Li
value of 5.3± 0.2‰ (2S.E.) has been obtained for BHVO-1
which is in the middle of the range of publishedδ7Li values
from 5.0 to 5.8‰[14,15,53]. Although both BHVO-1 and
BHVO-2 come from the same lava flow, they are distinct by
about 0.8‰ inδ7Li and do not overlap within analytical error
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Fig. 7. Compilation ofδ7Li values for GSJ reference material JB-2 from the
literature and this study. The grey bar shows±2S.D. for JB-2 obtained from
this study (0.29‰).

in our study. This may be explicable by some small-scale het-
erogeneity. Heterogeneity for lead isotopes has been reported
for BHVO-2 [54].

For JR-2 aδ7Li of 3.8± 0.2‰ (2S.E.) has been measured
which is within analytical error the same as reported by James
and Palmer[15] (δ7Li = 3.9± 0.8‰; 2S.D.) and 3.9± 0.4‰
(2S.D.) reported by Chan and Frey[14] using TIMS tech-
niques. It is interesting to note that this rhyolite still has a

Table 3
δ7Li values for other rocks and standard materials

Li (ppm) measured Li (ppm) rec .

NIST 612 30.2 43.17c

35.5

Eclogite OK-1 10.1
(Münchberg, Germany) 9.3

9.8
10.3

8520-09 olivine (Mongolia) 1.4

Spodumene (Harney Peak, USA)

Li nitrate 0.04b

0.77 0.16 3

δ7Li similar to that for pristine mantle rocks[55] consistent
with no isotope fractionation during magmatic differentiation
as reported by Tomascak et al.[7] for a sub-alkalic to alkalic
basaltic rock suite.

A δ7Li of 7.9± 0.6‰ (2S.D.) measured for AGV-2 is
clearly above theδ7Li range of fresh MORB mantle rocks
[52]. The Li in AGV-1 and AGV-2 is slightly different. The
δ7Li value of AGV-1 (6.7± 0.2‰, 2S.E.) is substantially
lower.

3.5. Other reference materials and rocks

Lithium abundances and isotope compositions of several
other materials are summarized inTable 3.

The lithium isotope composition of NIST SRM 612,
the nominally 50-ppm multi-element glass standard used
for laser-ICPMS, is close to seawater (δ7Li = 35.3± 0.8‰,
2S.D.). The Li content of∼33 ppm measured during this
study is lower when compared to the nominal value which
reflects heterogeneity of this reference material as shown also
by other elements (see[56] and references therein). This may
also be the source of the poorer reproducibility of this refer-
ence material.

A δ7Li = −8.3± 0.2‰ (2S.D.) for the eclogite OK-1 is
consistent with a MORB protolith[43] and fractionation of
l n as
a Number of individual runs in one analytical session.
b Concentration matched to 40 ppb of L-SVEC.
c Pearce et al.[56].
omm. δ7Li (‰) 2S.E. na Average 2S.D

35.07 0.47 3
34.79 0.25 4
35.55 0.39 3
35.62 1 35.26 0.79

−8.30 0.08 2
−8.24 0.09 2
−8.16 0.11 4
−8.40 0.13 4 −8.27 0.20

3.60 0.36 3

7.23 0.15 3

0.88 0.11 4
0.98 0.03 2
0.87 0.17 4
1.04 0.30 7
0.88 0.11 4
1.03 0.23 5
0.91 0.14 4
0.97 0.11 4
0.93 0.14 2
0.92 0.25 4
0.88 0.32 4
0.93 0.23 4
0.84 0.15 3

ithium isotopes related to subduction and dehydratio
0.83 0.09 3 0.91 0.15
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proposed by Zack et al.[52] for eclogitic rocks from Trescol-
men, Switzerland. Recently, even more negativeδ7Li values
were reported for peridotitic rocks from far-east Russia that
have been metasomatised by an eclogitic melt[57].

The olivine fraction of peridotite 8520-09 has a low Li con-
centration of 1.4 ppm, which is consistent with previous find-
ings for garnet peridotites from Alpe Arami (Central Alps,
Switzerland)[46] and for mineral separates of peridotitic
rocks from Kenya, France, Australia, Italy and Germany[3].
Isotope analysis of this olivine yieldedδ7Li = 3.6± 0.4‰
(2S.E.). This is consistent with the conclusions, thatδ7Li of
unmetasomatised mantle is 4.2± 0.8‰ [55] similar to val-
ues for peridotites reported by Chan et al.[30] and Brooker
et al.[58]. Spodumene from Tin Mountain, Harney Peak, has
δ7Li = 7.2± 0.2‰ (2S.E.). This is similar to lithium isotopes
measured for I-type granites from Australia[59]. However,
granites from the Harney Peak region are considered S-type,
which are expected to have lowδ7Li values. Therefore, the Li
isotope composition of this pegmatite is unlikely a magmatic
source signature. It may be related to late stage fractiona-
tion and/or alteration process occurring in that region[45].
Further studies are required to solve this paradox.

4. Conclusions
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Univ., Milton Keynes, UK) kindly provided aliquots of L-
SVEC. Careful reviews of P. Tomascak and J. Schwieters
significantly helped to improve the manuscript. This work
was supported by ETH and Swiss Nationalfonds.
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Hopple, H.R. Krouse, A. Lamberty, H.S. Peiser, K. Révész, S.E
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