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Two large pegmaititic crystals of sodic pyroxene
(aegirine) and sodic amphibole (arfvedsonite) from
the agpaitic igneous llimaussaq Complex, south
Greenland were found to be suitable as reference
materials for in situ Li isotope determinations.
Lithium concentrations determined by SIMS and
micro-drilled material analysed by MC-ICP-MS
generally agreed within analytical uncertainty.

The arfvedsonite crystal was homogeneous with [Lil
= 639 = 51 ug g (25, n = 69, MC-ICP-MS and
SIMS results). The aegirine crystal shows strongly
developed sector zoning, which is a common feature
of aegirines. Using qualitative element mapping
techniques (EPMA), the homogeneous core of the
crystal was easily distinguished from the outermost
sectors of the crystals. The core had a mean I[Li]

of 47.6 = 3.6 ug g-! (2s, n = 33) as determined

by SIMS. The seven micro-drilled regions measured
by solution MC-ICP-MS returned slightly lower
concentrations (41-46 ug g-1), but still overlap with
the SIMS data within uncertainty. Based on
MC-ICP-MS and SIMS analyses, the variation in §7Li
was about 1%o in each of the two crystals, which is
smaller than that in widely used glass reference
materials, making these two samples suitable to
serve as reference materials. There was, however, a
significant offset between the results of MC-ICP-MS
and SIMS. The latter deviated from the MC-ICP-MS
results by -6.0 = 1.9%o (2s) for the amphibole and
by -3.9 = 1.9%. (2s) for the aegirine. This indicates
the presence of a significant matrix effect in SIMS
determinations of Li isotopes for amphibole and
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Deux grands cristaux pegmatitiques, un pyroxéne
sodique (aegérine) et une amphibole sodique
(arfvedsonite) provenant du complexe agpaitique
llimaussaq (sud du Groenland) ont été sélectionnés
pour étre des matériaux de référence lors
d’analyses in situ des isotopes de Li. Les
concentrations en lithium ont été déterminées par
SIMS et par MC-ICP-MS sur du matériel prélevé par
micro-forage. Les deux déterminations sont en
accord aux erreurs analytiques prés. Le cristal de
arfvedsonite est homogéne avec [Li] = 639 = 51

ug g'! (2s, n = 69, données MC-ICP-MS et SIMS).
Le cristal d’aegérine présente des zonations trés
franches, comme il est classique dans les aegérines.
En utilisant les techniques de cartographie chimique
qualitative des éléments (EMPA) il a été possible de
clairement distinguer le cceur du cristal, homogéne,
de ses bordures zonées. Le coeur a un [Li] moyen

de 47.6 = 3.6 ug g! (2s, n = 33) d’apreés I'analyse
par SIMS. Les sept régions micro forées et analysées
par MC-ICP-MS en solution présentent des
concentrations légérement inférieures (41-46 ug g-')
mais qui néanmoins sont dans la méme gamme,
aux erreurs analytiques prés, que celles déterminées
par SIMS. Les données obtenues par MC-ICP-MS et
SIMS montrent que la variation de 87Li dans chaque
cristal est de 1%o, ce qui est bien inférieur a celle
mesurée dans les verres de référence généralement
utilisés. Ces deux échantillons sont donc trés
adaptés & une utilisation comme matériaux de
référence. Il y a néanmoins un décalage significatif
entre les données de MC-ICP-MS et les données

295



DARDS and
GEOANALYTICAL
RESEARCH

pyroxene relative to the basalt glasses used for
calibration. Based on the MC-ICP-MS results, mean
87Li values of +0.7 + 1.2%o (2s, n = 10) for the
arfvedsonite crystal and of -3.7 = 1.2%0 (25, n = 7)
for the core of the aegirine crystal were calculated.
Adopting these values, SIMS users can correct for
the specific IMF (instrumental mass fractionation)
of the ion probe used. We propose that these two
crystals serve as reference materials for in situ Li
isotope determinations by SIMS and pieces of
these two crystals are available from the first author
upon request.

Keywords: reference material, Li isotopes, aegirine,
arfvedsonite, llimaussaq.

Received 10 Dec 07 — Accepted 30 May 08

obtenues par SIMS, ces derniéres différent des
premiéres de -6.0 = 1.9%o (2s) pour 'amphibole et
de -3.9 = 1.9%o (2s) pour I'aegérine. Ceci démontre
I'existence d’un effet de matrice non négligeable
lors de I'analyse par SIMS des isotopes de Li dans
des amphiboles et des pyroxénes, par rapport au
verre basaltique utilisé pour la calibration. Les
valeurs moyennes de 87Li de +0.7 = 1.2%o (2s,

n = 10) pour le cristal d’arfvedsonite et de -3.7 =
1.2%0 (2s, n = 7) pour le cceur du cristal d’aegérine
ont été calculées & partir des données obtenues
par MC-ICP-MS. Les utilisateurs de SIMS peuvent
utiliser ces valeurs pour corriger leurs résultats

du fractionnement de masse instrumental (IMF)
spécifique a la sonde ionique utilisée. Nous
proposons d'utiliser ces deux cristaux comme
matériaux de référence lors de déterminations in
situ des isotopes de Li par SIMS et des fragments
de ces deux cristaux peuvent étre demandés au
premier auteur.

Mots-clés : matériau de référence, isotopes de L,
aegérine, arfvedsonite, llimaussaq.

The precise and accurate isotopic determination of
Li and its two stable isotopes (6Li and 7Li) is of great
interest to many fields of science and technology, inclu-
ding the nuclear industry, astrophysics, biomedicines
and geosciences (Tomascak 2004 and references the-
rein). The large relative mass difference (about 17%)
between 6Li and 7Li results in a large natural variation
of Li isotopes of about 80%o (Rudnick and Nakamura
2004). Recently, a number of studies show that the
rapid solid-state diffusion of Li might produce large Li
isotope fractionations on a um-scale in geological
materials (e.g. Richter et al. 2003, Beck et al. 2006,
Jeffcoate et al. 2007, Rudnick and lonov 2007,
Parkinson et al. 2007). Therefore, in situ dno|yﬁco| tech-
niques such as secondary ion mass spectrometry (SIMS)
or laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) are critical to study Li diffusion.

In such in situ techniques, the sample of interest is
calibrated against a reference material with known
concentration and/or isotopic composition. This
approach works best if the reference material used for
calibration is structurally and chemically as similar to
the analysed sample as possible. However, to date, no
crystalline reference materials are available and refe-
rence materials suitable for in situ techniques are res-

tricted to glass reference materials of the NIST and the

USGS series (Kasemann et al. 2005) materials, which
are structurally very different from crystalline minerals. A
matrix effect for Li isotope determination using SIMS
has been reported by Kasemann et al. (2005) and
Bell et al. (2005), Hauri et al. (2006), Ludwig et al.
(2004) and Rosner et al. (2008) reported matrix
effects and an influence of the primary beam current
for H/D and B, respectively. However, the presence or
absence of matrix effects in different materials for Li
isotopes seems to be far from being fully understood
(Jeffcoate et al. 2007) and opposing opinions on this
topic exist. Given this and the absence of widely used
crystalline reference materials for in situ Li isotope
determinations, the ovoi|obi|ity of well-characterised,
isotopically homogeneous mineral reference materials
is imperative (see review of Tomascak 2004).

Despite the known disadvantages and because of
the absence of alternatives, glass reference materials
are sfill widely used and, unfortunately, little work has
been done so far in order to use crystalline materials
for evaluating in situ techniques (Chaussidon and
Robert 1998, Decitre et al. 2002). Moreover, in cases
where crystalline materials are used for calibration
(e.g. Beck et al. 2004, Lundstrom et al. 2005, Williams
and Hervig 2005), these are not established outside
the respective laboratories, although this would be
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necessary in order to enable inter-laboratory compari-
sons, to facilitate better comparisons between different
methods and to improve the reliability of in situ Li
isotope data in general.

In this study, we present Li concentration ([Li]) and Li
isotope data (87Li) for two chemically well-characterised
crystals of Na-pyroxene (aegirine) and Na-amphibole
(arfvedsonite) from south Greenland. These have been
analysed using bulk analyses (MC-ICP-MS) and in situ
techniques (SIMS, LA-ICP-MS) at the Universities of
Maryland (USA) and Heidelberg (Germany). Our
approach of combining MC-ICP-MS analysis of micro-
drilled areas in coarse-grained minerals with detailed
homogeneity tests by SIMS is a strategy that could be
generally applied to various in situ isotope studies. The
Na-amphibole arfvedsonite, for which the llimaussaq
complex is the type locality, was named after Johann
A. Arfvedson, who discovered the element Li in 1817 -
additional motivation to establish arfvedsonite as a Li

isotope reference material.

Sample material and analytical methods

We investigated one crystal each of Na-amphibole
(arfvedsonite) and of Na-pyroxene (aegirine) from the
agpaitic llimaussaq complex, south Greenland. Agpaitic
rocks are peralkaline feldspathoid syenites [molar
(Na,O + K,0)/Al,O5 ratio > 1], being characterised by
the presence of complex Na-(Ti, Zr)-silicates (e.g, eudia-
lyte, Serensen 1997). For details on the geology,
petrology and geochemistry of the llimaussaq complex,
the reader is referred to Ferguson (1964), Larsen (1976),
Serensen (2001), Markl et al (2001) and Marks et al.
(2004, 2007). The two crystals are from the so-called
marginal pegmatite, which generally consists of dm-
sized crystals of microcline, nepheline, sodalite, aegirine,
arfvedsonite and aenigmatite, with minor amounts of
biotite, rinkite, osfrophy”ife, fluorite and other accessory
minerals (Serensen 2006, Miller-Lorch et al. 2007).
Since Li generally behaves in a moderately incompa-
tible way during igneous fractionation (Ryan and
Langmuir 1987, Brenan et al. 1998), mafic minerals from
such highly fractionated rock types have high [Lil (several
tens to hundreds ug g, Marks et al. 2004, 2007)
compared to minerals from mantle rocks. These high
concentrations encouraged us to establish these crystals
as new reference materials for in situ Li isotope determi-
nation, since they cover the range of [Lil observed in
common silicate minerals in both metamorphic and
igneous crustal rocks (e.g., Tischendorf et al. 2001, Teng
et al. 2006, Zack et al. 2003, Marschall et al. 2006).

The ~ 13.5 mm x 8 mm large amphibole crystal
(sample ILM 160) was cut parallel to its c-axis; the
~ 15 mm x 11 mm large pyroxene crystal (sample ILM
163) was dissected perpendicular to its c-axis. In order
to avoid contamination, both crystals were mounted,
polished and cleaned following the procedure descri-
bed in Marschall and Ludwig (2004). Figure 1 shows
reflected light images of the two crystals, along with

the locations of the various measurements.

The two crystals were analysed for their major and
minor element composition with a JEOL 8900 electron
microprobe in wavelength-dispersion mode at
Universitat Tobingen (Germany), using a beam current
of 15 nA and an acceleration voltage of 15 kV. The
counting time on the peak was 16 s for major ele-
ments (Si, Fe, Na) and 30-60 s for minor elements (Cq,
K, Mn, Ti, Zr, Zn, Mg, Al, Cl, F). Background counting
times were half of the peak counting times. The peak
overlap between the Fe LB and F Ka lines was correc-
ted for. To avoid Na migration under the electron
beam, analyses were performed with a defocused
beam of 10 um diameter. Both natural and synthetic
mineral phases were used as calibrators and proces-
sing of the raw data was carried out with the internal
¢pZ correction method of JEOL (Armstrong 1991).

Lithium, Be and B concentrations were determined
by secondary ion mass spectrometry (SIMS) with a
modified Cameca IMS 3f ion microprobe at Universitéit
Heidelberg (Germany). Analyses were performed using
a (mass-filtered) 16O primary ion beam at 14.5 keV
and 20 nA. Positive secondary ions were accelerated
by applying a nominal voltage of 4.5 kV. The energy
window was set to 40 eV. We applied the energy filte-
ring technique with an offset of 75 eV at a mass reso-
lution of M/AM =~ 1000 (10% intensity ratio) to
suppress interfering molecules and to minimise matrix
effects (Ottolini et al. 1993). Secondary ion intensities
of 7Li, 9Be and "B were normalised to the count rate
of 30Si and calibrated against the NIST SRM 610 glass
reference material using the concentrations reported in
Pearce et al. (1997). A 5 min pre-sputtering time was
implemented on each spot. Employing a 750 um field
aperture limited the imaged field to a diameter of
~ 12 um so that only secondary ions originating from
the centre of the sputtered crater contributed to the
analyses. This technique reduced the influence of sur-
face contamination to an apparent B concentration
below the detection limit of ~ 2 ng g' B (Marschall
and Ludwig 2004). Since the mass spectrometer's and
the counting system’s background was only 0.02 =

© 2008 The Authors. Journal compilation © 2008 International Association of Geoanalysts 297
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Figure 1. Reflected light images of the two crystals investigated in this study along with the locations of the various

measurements performed. The dashed lines in the aegirine picture represent the borders of the different crystallographic

sectors, based on EPMA mapping (see Figures 5 and 6).

0.01 s, corresponding to concentrations of < 1 ng g,
no further correction was necessary.

Imaging time-of-flight secondary ion mass spectro-
metry (ToF-SIMS) was used to map quadlitatively the dis-
tribution of Li, Be, B and other elements. Measurements
were acquired with the ToF-SIMS IV instrument from
ION-TOF GmbH at the Smithsonian Institution,
Washington (USA). The 500 um x 500 um secondary
ion images were obtained using a 25 kV Ga* primary
ion beam in the so-called “high current bunched
mode” that offers high secondary ion count rates, the
best mass resolution (M/AM ~ 8000 for Si, full width
half maximum) and a lateral resolution of ~ 5 um.

The Li isotopic compositions of the two crystals
were investigated by three independent method:s:

(i) Powders derived from micro-drilling were analy-
sed by solution MC-ICP-MS at the University of
I\/\ory|ono| (USA). The diameter of the diamond drills
was 1 mm and the amount of powder retrieved varied

298

between 1 and 4 mg. Full details of the method of Li
isotope determinations used here are provided in
Rudnick et al. (2004) and Teng et al. (2004).
Monitoring the Li yield from column chemistry is impor-
tant in evaluating the quality of the Li isotope data
(Chan et al. 2002). Marks et al. (2007) show that a
» 96% Li yield is sufficient to obtain accurate 87Li
values. In order to monitor the Li yield from chromato-
graphic separation after peak elution, cuts (2 ml each)
were analysed for their [Li] using a ThermoFinnigan
Element2, single collector ICP-MS (see below). As can
be seen in Table 3, the Li yield during column separa-
tion was = 96% in all samples and no correlation bet-
ween Li yield and [Li] or 87Li value was observed
demonstrating the reliability of the data.

The total Li procedural blank during this study was
~ 50 pg Li with a 87Li value of -45%o, which accounts
for both procedural and instrumental blank. This blank
is negligible compared to the amount of Li processed
for the samples (genero”y » 50 ng), and the long-term
precision of = 1%o (2s). Thus, no blank correction was

© 2008 The Authors. Journal compilation © 2008 International Association of Geoanalysts



necessary. All Li isotope results are reported in the
87Li notation with 87Li = 1000 x [(7Li/®Li g mple)/
(7Li/6LiRM)-]] relative to the L-SVEC reference material
(Flesch et al. 1973) and are calculated by comparison
of the unknown sample to the average of two bracke-
ting L.SVEC analyses, as described in Tomascak et al.
(1999). For two blocks of twenty ratios each, the in-run
precision of 7Li/éLi measurements was generally within
= 0.2%o, with no systematic change in the 7Li/6Li ratio.
The external precision, based on repeat runs of Li stan-
dard solutions, was within = 1%o (2s) or better. During
the course of this study reference materials UMD-1
and IRMM-016 gave §7Li values of +54.5 = 0.5%0 (25,
n = 26) and -0.8 = 0.4%0 (2s, n = 14), respectively,
values falling in the previously established ranges (e.g.,
Teng et al. 2006). Lithium concentrations of the
samples were determined by voltage comparisons
obtained for the sample with that of the two bracke-
ting L-SVEC reference materials of known concentration,
and then adjusting for the sample mass. The precision
and accuracy of this method is better than 10% based
on comparison with isotope dilution analyses (Teng et
al. 2004).

(i) SIMS Li isotope determinations were performed
with the modified Cameca IMS 3f ion microprobe at
Universitét Heidelberg. Modifications to this machine
included new, fast electronics for the mass spectrometer’s
magnet (active compensation of the magnet's eddy
current fields for rapid field stabilisation) and a counting
system for the electron multiplier with a dead time of
~ 18 ns. A 14.5 keV 160" (mass-filtered) primary ion
beam with a current of [, = 10 nA and a spot size of
~ 25 um were used. Secondary ions were accelerated to
4.5 keV, the energy window was set to 100 eV and no
offset was applied. N = 100 cycles were measured on
each analysis spot with integration times of 3.518 s and
1.003 s on 6li and 7Li, respectively. For each cycle, the éLi
signal was integrated for 1.759 s before and after collec-
tion of the 7Li signal, thus minimising the influence of
increasing or decreasing count rates (which were correc-
ted for the counting system’s dead time of 18 ns) on the
measured isotope ratio. Pre-sputtering lasted for 5 min
(including automatic mass calibration of the 6Li and the
7Li peaks) and the seftling time between two masses was
200 ms, resulting in a total analysis time of approxima-
tely 14 min. Instrumental mass fractionation o, was
determined by using synthetic basaltic glasses GSD-1G
and GSE-1G as reference materials. 87Li values for these
glasses were taken from Kasemann et al. (2005): §7Li
(GSD-1G) = +31.42%0 and 87Li (GSE-1G) = +31.31%0
(mean value of MC-ICP-MS and TIMS analyses).

ARDS and

In order to obtain similar count rates i (Li) on both
reference samples (GSD-1G: 39 ug g'! Li, GSE-1G:
380 ug g Li, Jochum et al. 2005) and both samples
(ILM160: ~ 650 ug g, ILM163: ~ 46 ug g-') the
width of the mass spectrometer’s entrance slit was
reduced for GSE-1G and ILM160. The mass resolution
was always sufficiently high to suppress any significant
contribution of the 6LiH peak at the centre of the 7Li
peak (we report our mass resolution M/AM at 0.01%
intensity ratio). Ten analyses on the reference sample
were performed before analysing the unknown sample
and ten analyses thereafter. The mean a;,, and its
relative standard deviation RSD of these twenty ana-
lyses are reported here. For ILM160 (i (7Li) = 2.1 x 105
s1) GSE-1G was used as reference: o, = 1.0215, RSD
(c,,) = 0.5%0, M/AM = 742 and i (7Li) ~ 1.2 x 105 .
For ILM163 (i (7Li) = 2.6 x 105 s-1) GSD-1G was used:
a,, = 10197, RSD (a;.,) = 0.8%0, M/AM = 592 and i
(7Li) = 1.6 x 105 s1. The in-run precision of a single
analysis on the samples is reported as the standard
mean = § VN. The
average s,..q, for the reference samples was 0.7%o on
GSE-1G and 0.6%0 on GSD-1G and was dominated
by counting statistics.

deviation of the mean &7Li value s

The goal of the SIMS Li isotope determinations was
to have exactly (N, Iy, total time) or nearly ([Li], i (Li)) the
same conditions for the unknown and the reference
samples in order to preclude an effect of these para-
meters on the result. It is remarkable that closing the
entrance slit of the mass spectrometer changed o

only by +1.8%0 while reducing the count rate by a
factor of ~ 10.

(i) In situ Li isotopic determinations on the amphi-
bole (ILM 160) were also obtained by LA-ICP-MS at
the University of Maryland (USA). Here, a New Wave
UP-213 laser was coupled to a ThermoFinnigan
Element2 ICP mass spectrometer. A 40 um spot was
used with a repetition rate of 8 Hz. Output power was
45%, corresponding to ~ 3 J cm2. Measurements were
made in rastering mode with a scan speed of 10 um
s-1. One analysis comprised 5000 runs, and the dwell
times during each cycle for ¢Li and 7Li were 20 and 5
ms, respectively, separated by a seftling time of 1 ms
between the peaks. While the counting precision for
individual measurements was < 0.7%o, the 2s uncer-
tainty of the mean 7Li/¢Li ratio was = 5%.. This large
uncertainty is obviously not an effect of limited coun-
ting stafistics. We suspect that variations in the mean
atomic weight within the analysed material, but also

drift introduced by the ICP source to the system are the
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predominate reasons for this uncertainty. When the
plasma passes through the sample and skimmer
cones, the population of ions changes dramatically.
First, the electrical potentials of these cones are such
that the electrons in the plasma are removed via
conduction along the cone surface. Second, as the ion
beam passes through the cones, it is significantly affec-
ted by space-charge forces, which cause it to expand,
with the lighter ions (i.e, Li) being more affected than
heavy ions (ie, U). The Li isotope results from LA-ICP-
MS analyses (-2.2 to +1.6%o, n = 7) overlapped with
MC-CP-MS and SIMS data (see below) when standar-
dised relative to NIST SRM 610 glass [a value of +31.3
+ 0.5%0 (2s, n = 3) was determined by MC-ICP-MS
solution analysis, which is in agreement with that
reported by Kasemann et al. (2005)]. However, becau-
se of the large uncertainty, these analyses are not dis-
cussed further.

Results and discussion

Amphibole ILM 160

Major, minor and trace element composition:
Following the nomenclature of leake et al. (1997), the
amphibole belongs to the sodic group and is an arf-
vedsonite, with a uniform high Xg, value (Fe2+/(Fe2+ +
I\/\QQ*)) of 0.99. lts composition (Figure 2, Table 1) is
characterised by high concentrations of FeO,,,, (34.85
+ 1.83% m/m) and Na,O (765 = 0.46% m/m) and
low concentrations of Al,O5 (1.92 = 0.12% m/m), K,O
(1.87 = 0.09% m/m) and CaO (1.49 + 0.08% m/m).
Minor elements determined include MnO (0.62 =
0.04% m/m), TiO, (0.54 = 0.03% m/m), ZrO, (0.28 =
0.04% m/m), ZnO (0.09 = 0.05% m/m) and MgO
(0.15 = 0.03% m/m). The mean F content was 0.82 =
0.10% m/m, whereas Cl was generally below the
EPMA detection limit (200 ugg'l, n= 205). Aluminium
showed a slight enrichment in the innermost core of
the crystal, while all other elements showed no syste-
matic core to rim variation (Figure 2 upper left). These
data are in accordance with previously published data
on llimaussaq amphiboles (Marks et al. 2004, Krumrei
et al. 2006, Muller-lorch et al. 2007) and with the
expected highly evolved character of pegmatitic
amphiboles in peralkaline igneous rocks.

Beryllium and B concentrations were homogeneous
and had mean values of 3.75 = 022 ug g! (25, n =
62) and 120 = 0.08 ug g! (25, n = 62), respectively
(Figure 2). Beryllium was enriched in one spot that was
adjacent to a fracture, having a concentration of ~ 5.1

300

ug g'. Interestingly, Be was only enriched in one out
of the three spots, where Li was significantly enriched

(see below).

Li concentrations: The Li concentrations of the arf-
vedsonite determined by SIMS varied between 601
and 672 ug g’ in profile A (n = 32, Figure 2, lower
left) and between 594 and 766 ug g in profile B (n
= 30, Figure 2, lower right) and showed no systematic
zoning. Three out of the thirty data points in profile B
showed significantly higher Li concentrations (747-766
ug g'') compared to all other SIMS data points (594-
672 ug g, n = 59), which gave an average of 634
+ 20 ug g’'. These three data points lay close to a
fracture zone in the crystal. ToF-SIMS imaging verified
the local enrichment of Li and several other trace ele-
ments such as Be, Rb, K, Zn, but not for B (Figure 3).
We thus consider this Li enrichment to be a secondary
feature and we excluded these three data points from
the calculation of averages. The Li concentrations
determined from the drilled samples varied between
628 and 715 ug g (mean of 667 = 35 ug g, n =
10) and compared well with the SIMS results.
Excluding the three data points adjacent to the fractu-
re zone from profile B, the calculated mean Li concen-
tration from the two profiles and the drilled samples
was then 639 + 5] ug g’ (2s, n = 69), which we
consider to be the best estimate of Li concentration for
this specimen.

Li isotopic composition: The micro-drilled MC-ICP-
MS profile (n = 10) revealed homogeneous §7Li values
between -0.2 and +1.9%o, with an average value of
+0.7 = 1.2%o (2s, Figure 4, Table 3). The Li isotope
data obtained by SIMS (n = 43) showed a similar
homogeneous Li isotopic composition, but measured
87Li values had a mean of -5.3 = 1.1%0 (25, Figure 4),
which is a systematic deviation of -6.0 = 1.9%0 (2s)
from the MC-ICP-MS data.

Pyroxene ILM 163

Major, minor and trace element composition:
This aegirine crystal showed spectacular sector zoning,
similar to aegirines from the llimaussaq complex pre-
viously described by Larsen (1981) and Shearer and
Larsen (1994). The core [001] was enriched in Ca, Fe2+
and Zr, whereas the prism sectors {110}, {100} and
{010} were enriched in Na, Fe3*, Al and Ti (Table 2,
Figures 5 and 6). Following the nomenclature of
Morimoto (1989), both the re|c1ﬁve|y Ca-rich core and
the Na-rich outer sectors of the crystal have aegirine

© 2008 The Authors. Journal compilation © 2008 International Association of Geoanalysts
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Figure 2. Results from two measurement profiles (A and B) through the arfvedsonite crystal ILM 160. The upper two

diagrams show electron probe microanalysis data for selected elements, the middle diagrams present Li concentrations
(MC ICP-MS and SIMS analyses) and the lower diagrams show Be and B contents (SIMS). The error bars for Li, Be and B
concentrations determined by SIMS represent the 2s uncertainty. The white ellipses in the middle left diagram represent

the MC ICP-MS results for the ten drill pits, whereas the numbers correspond to those given in Figure 1 and Table 3.
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Table 1.

Representative electron probe microanalyses of arfvedsonite ILM 160 together
with the calculated mean composition of the homogeneous core region

Mean composition Standard deviation

(n =205, 15)
% m/m
SiO, 47.59 47.89 4798 48.11 48.17 4795 + 0.85
TiO, 0.51 0.49 0.53 0.53 0.50 0.54 + 0.03
Al,O4 1.94 1.91 1.86 2.00 2.01 1.92 + 0.12
ZnO 0.08 0.06 0.13 0.08 0.09 0.09 + 0.05
Li,O* 0.14 0.14 0.14 0.14 0.14 0.14 + 0.01
FeO 34.73 34.95 35.04 35.17 34.52 34.85 + 1.83
MnO 0.62 0.62 0.60 0.62 0.58 0.62 + 0.04
MgO 0.15 0.14 0.16 0.18 0.15 0.15 + 0.03
CaO 1.46 1.50 1.54 1.46 1.51 1.49 + 0.08
Na,O 7.58 7.48 7.60 774 748 7.65 + 0.46
K,O 1.88 1.95 1.95 1.83 1.93 1.87 + 0.09
ZrO, 0.29 0.29 0.33 0.25 0.31 0.28 + 0.04
cl 0.01 0.01 0.00 0.00 0.00 0.00 -
F 0.83 0.82 0.82 0.80 0.81 0.82 + 0.10
Total 9768 9825 98.70 98.93 98.22 98.36 ;
Formulae based on 16 cations and 23 oxygens
Si 7.65 7.67 7.64 763 771 7.66
Al 0.39 0.38 0.37 0.39 0.40 0.38
Ti 0.06 0.06 0.06 0.06 0.06 0.06
Zn 0.01 0.01 0.02 0.01 0.01 0.01
Li 0.08 0.08 0.09 0.09 0.09 0.09
Fe3+ 0.98 0.92 1.00 1.01 0.82 0.97
Mg 0.04 0.03 0.04 0.04 0.04 0.04
Fe2+ 3.69 3.76 3.67 3.66 3.80 3.68
Mn 0.08 0.08 0.08 0.08 0.08 0.08
Ca 0.25 0.26 0.26 0.25 0.26 0.25
Na 2.36 2.32 2.35 2.38 2.32 2.37
K 0.39 0.40 0.40 0.37 0.39 0.38
Zr 0.02 0.02 0.03 0.02 0.02 0.02
cl 0.00 0.01 0.00 0.01 0.01 0.00
F 0.42 0.42 0.41 0.40 0.41 0.41
Sum 16.00 16.00 16.00 16.00 16.00 16.00

* Li concentrations are given after the SIMS results.

composition. The chemical changes from the outermost
part of the crystal towards the border with the core
were gradual and were followed by a distinct composi-
tional step at the sector boundaries (Figure 6). In
contrast, the core was homogeneous (FeO,,, = 28.95
= 0.35% m/m, Na,O = 11.30 = 0.21% m/m, CaO =
4.30 = 0.33% m/m, Al,O5 = 0.70 = 0.03% m/m, ZrO,
= 0.64 = 0.05% m/m, TiO, = 041 + 0.04, MnO =
0.27 = 0.03% m/m, ZnO = 0.04 = 0.03% m/m and
MgO = 0.02 + 0.01% m/m, n = 165).

Beryllium and B concentrations varied systematical-
ly as well. Compared to the homogeneous core, which
contained 0.88 + 0.04 ug g-' Be (h = 33) and 0.23 =
003 ug g'! B (h = 33), Be was slightly depleted (~ 0.71
ug g') and B was slightly enriched (~ 0.33 nug g) in
the outer sectors of the crystal (Figure 6).

302

Li concentrations: As for the major and minor ele-
ments, [Lil determined by SIMS varied systematically,
with relatively high concentrations (70-75 ug g!) in the
outer sectors and 476 = 3.6 ug g' (2s, n = 33) in the
homogeneous core (Figure 6). Within the outer prism
sectors [Li] was either constant (Profile C) or showed a
gradual decrease towards the core, or even more
complicated profiles (Profile D). The twelve micro-
drilled samples revealed the same systematic pattern.
Data for the core varied between 41 and 46 pg g-!
7) and between 54 and 56 ug g for the
prism sectors (n = 5; Table 3, Figure 6) and overlapped
within uncertainty with the SIMS data.

(n =

Li isotopic composition: The micro-drill MC-ICP-MS
data revealed a 87Li of -4.8 =+ 0.4%0 (n = 5) for the rim
and -3.7 = 1.2%o (n = 7) for the core of the crystal
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Figure 3. ToF-SIMS secondary ion distribution images of selected elements, showing increased
concentrations along small cracks (the approximate position of this mapping of arfvedsonite sample
ILM160 is indicated in Figure 1). Lithium, Be, Rb, Zn and other elements (which are not shown here)
were enriched along the cracks, K was depleted and the B content was not significantly influenced in
these areas (see also Figure 2, lower right). The four red dots in the Li-map are SIMS pits, with the

three on the left corresponding to the data points with high Li concentrations (compare with Figure 2).

arfvedsonite ILM160 Figure 4. Lithium isotopic

composition of the arfvedsonite
(ILM 160) as determined by SIMS

HL)%) # #({) ¢¢ (#\%) = 43)and MC CP-M5 (0 = 10)

) mean of MC ICP-MS analyses:
i +0.7 £ 1.2%o (n = 10)

-
1

87Li (%)

mean of SIMS analyses:
-5.3 + 1.1%0 (n = 43)
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Table 2.
Representative electron probe microanalyses of aegirine ILM 163 together
with the calculated mean composition of the homogeneous core region

Rim Rim Rim Rim Core Core Core Mean composition Standard deviation
of core region (n =165, 1s)

% m/m

SiO, 51.20 51.04 50.09 49.88 49.83 49.98 49.51 49.85 + 0.65
TiO, 0.68 0.77 0.40 0.40 0.40 0.42 0.42 0.41 + 0.04
Al,O4 0.98 1.01 0.60 0.78 0.67 0.73 0.67 0.70 + 0.03
FeO (total) 28.25 28.86 29.03 29.05 28.93 28.88 29.18 28.95 + 0.35
MnO 0.24 0.20 0.28 0.27 0.26 0.27 0.28 0.27 + 0.03
ZnO 0.05 0.04 0.03 0.05 0.02 0.09 0.09 0.04 + 0.03
MgO 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.02 + 0.01
CaO 3.16 3.1 4.96 4.36 4.41 4.33 4.37 4.30 + 0.33
Na,O 11.88 12.05 10.87 1.11 11.13 11.19 11.09 11.30 + 0.21
ZrO, 0.27 0.29 0.62 0.65 0.67 0.69 0.64 0.64 + 0.05
Total 96.76 97.39 96.90 96.47 96.36 96.57 96.29 96.48

Ferric Total 99.63  100.40 99.75 99.38 99.28 99.45 99.37 99.47

Formulae based on 4 cations and 6 oxygens

Si 198 1.96 196 195 195 1.96 195 195
Al 0.04 0.05 003 0.04 0.03 0.04 0.04 0.03
Fed+ 0.83 0.87 0.83 0.86 0.86 0.85 0.87 0.88
Ti 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Zr 0.01 0.01 0.01 0.01 0.01 0.01 001 0.01
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.08 0.06 0.1 0.10 0.09 0.06 0.07 0.07
Mn 0.01 0.01 0.01 0.01 001 0.01 001 0.01
Ca 0.13 0.13 0.21 0.18 0.19 0.17 0.18 0.18
Na 0.89 0.90 0.82 0.84 0.85 0.85 0.86 0.86
Sum 400 400 400 400 400 400 400 400
Table 3.

Lithium isotopic data (MC-ICP-MS), Li yield from column chemistry and Li concentration
(MC-ICP-MS) for micro-drilled arfvedsonite (ILM160) and aegirine (ILM163)

Drill site Sample mass S7Li Li yield Li concentration
(mg) (%) (%) (g g)
Arfvedsonite ILM 160
1 0.98 -0.2 99.2 628
2 0.93 0.4 98.9 632
3 1.30 0.7 99.6 708
4 2.53 0.7 99.3 651
5 271 0.9 99.3 701
6 1.85 1.1 98.7 631
7 1.92 0.3 99.6 715
8 1.29 1.9 98.0 671
9 1.98 1.1 96.1 629
10 2.08 0.2 99.1 705
Aegirine ILM 163
1 2.86 -4.9 99.1 55
2 2.82 -4.7 99.4 54
3 2.37 -37 99.0 46
4 0.96 -4.4 99.0 41
5 3.00 -3.3 98.4 43
6 2.52 -3.2 98.8 42
7 2.49 -4.6 98.5 44
8 3.58 -3.1 972 45
9 2.86 -4.5 99.4 56
10 297 -5.0 98.7 55
1 1.70 -4.9 98.8 55
12 1.89 -3.9 98.6 43
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Figure 6. Two measurement profiles (C and D) through the aegirine crystal ILM 163. The upper two diagrams show
electron probe microanalysis data for selected elements, the middle diagrams present Li concentrations (MC ICP-MS
analyses and SIMS analyses) and the lower diagrams show Be and B contents (SIMS). The error bars for Li, Be and B
concentrations determined by SIMS represent the 2s uncertainty. The white ellipses in the middle right diagram represent

the MC ICP-MS results for the ten drill pits, whereas the numbers correspond to those given in Figure 1 and Table 3.
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aegirine ILM163

Figure 7. Lithium isotopic

composition of the core of the

0 mean of MC ICP-MS analyses:

3.7+ 1.2%0 (n=17)

aegirine crystal (ILM 163) as
determined by SIMS (n = 24)
and MC-ICP-MS (n = 7).

87Li (%o)

(Figure 7). Despite the overlap between these mean
values, we focus in the following on the core of the
crystal. The mean of the twenty-four SIMS analyses per-
formed in the core of the crystal was -7.6 = 1.0%o.
Again, this is a significant offset from the MC-ICP-MS
data, and again the SIMS data were isotopically ligh-
ter than the MC-ICP-MS data. The deviation from the
latter was in this case 3.9 = 1.9%o (2s).

Presence of a matrix effect in
SIMS Li isotope determination

Based on the SIMS analytical conditions - which
were tailored to be as similar as possible for the unk-
nown and the reference samples - we found a signifi-
cant deviation of the SIMS results from MC-ICP-MS
measurements. For both crystals, SIMS 87Li values were
consistently lower than the MC-ICP-MS values. In our
case this difference was -6.0 = 1.9%0 (2s) for the
amphibole and -3.9 = 1.9%0 (2s) for the pyroxene,
respectively. An even larger deviation (~ -10%o0) was
reported for NIST SRM 610, 612 and 614 glasses by
Kasemann et al. (2005). Bell et al. (2007) report a

significant change of o, when analysing olivines with

inst

compositions between Fo74 and Fo94.

In the light of these and of our results it becomes
clear that SIMS Li isotope determination requires more
than only one well defined reference material such as
the USGS glasses in order to ascertain accurate results

when analysing a variety of minerals. The two crystals

mean of SIMS analyses:
-7.6 £ 1.0%0 (n = 24)

intfroduced and analysed in this work may be used to
check accuracy for similar pyroxenes and amphiboles,
but this can only be a first step. In order to confirm or
establish the accuracy of SIMS Li isotope determina-
tions in general, structurally different minerals as well
as other pyroxenes and amphiboles with different che-
mical composition (e.g., different X,,,) will be needed.

Summary

Lithium concentrations and 87Li values for two natu-
ral crysfo|s, one aegirine and one arfvedsonite, were
determined by SIMS and micro-drill MC-ICP-MS. Both
crystals have large homogeneous areas on a mm-
scale, which are comparable in homogeneity to artifi-
cial glass reference materials. However, some care has
to be taken to avoid chemical heterogeneities (e.g.,
cracks and sector zones), which can easily be identi-
fied by element microprobe imaging techniques. These
two crystals thus appear to be suitable reference mate-
rials for in situ Li isotope determinations by SIMS.

Their Li concentrations differ by about one order of
magnitude and, taken together, cover a significant por-
tion of the range observed in common silicate minerals
in crustal rocks. For exomp|e, Li concentrations for
pyroxenes and amphiboles from high-pressure meta-
morphic rocks generally vary between several tens to
hundreds of ug g (e.g. Zack et al. 2003, Marschall
et al. 2006) and Li concentrations for micas from
igneous and metamorphic rocks are one to two orders

© 2008 The Authors. Journal compilation © 2008 International Association of Geoanalysts 307



N

NDARDS and

/ GEOANALYTICAL
RESEARCH

of magnitude higher (e.g., Tischendorf et al. 2001, Teng
et al. 2006).

Strucfuro”y, They represent important and common
silicates for both mantle and crustal rocks and are thus
a significant improvement over glass reference mate-
rials. Compared to mantle minerals and minerals from
primitive magmatic rocks, their Li content is about one
to two orders of magnitude higher (e.g., Seitz et al.
2004, Ottolini et al. 2004, Rudnick and lonov 2007,
Halama et al. 2007). This does, however, not preclude
their use as reference materials for in situ Li isotope
work, since both minerals can be analysed with one of
the USGS glasses as reference in order to check for
possible matrix effects and because high concentra-
tions and count rates are not a problem per se. Of
course, publicly available homogeneous mantle mine-
rals with typical mantle Li concentrations would be very

useful reference materials as well.

The two crystals are isotopically homogeneous
within the precision of the applied methods. There was,
however, a significant deviation of SIMS data from
MC-ICP-MS data (-6.0 = 1.9%o (2s) for ILM160 and
-3.9 = 1.9%0 (2s) for ILM163), which indicates the
presence of a matrix effect for amphibole and pyroxene
(re|0ﬁve to the basalt g|osses used for co|ibr0ﬂon) in
SIMS analysis for Li isotopes. No matter whether this is
a “real” matrix effect or another hitherto unidentified
analytical problem - the necessity of minerals as refe-
rence materials to ensure the accuracy of 87Li SIMS
analysis is obvious.

These crystals are the first natural samples of suffi-
cient quantity that have been satisfactorily characteri-
sed for this purpose. Some of the so far investigated
RM glasses show extensive variations in both their Li
concentration and isotope composition (e.g., glass
BIR-1G; Kasemann et al. 2005). The variation in 87Li of
about 1%o in the crystals of this study is of the same
order or even better than that in widely used glass
reference materials (e.g, GS, BCR and NIST glasses;
Kasemann et al. 2005).

Pieces of these two crystals can be obtained from
the first author upon request. From the amphibole crys-
tal and from the pyroxene core region we hold each
around 5 g, enough material to supply SIMS laborato-
ries willing to determine Li isotopes routinely. Splits of
these crystals are available to colleagues using SIMS
who are, in return, invited to contribute to the SIMS
values of this pyroxene and amphibole to further
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examine their coherence and to establish these two
crystals as widely-used reference materials. This will
facilitate inter-laboratory comparisons and improve the
reliability of in situ Li isotope data in general.
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