2.1 Historical Perspective

Lithium was discovered as an elemental species in
1817 by J.A. Arfvedson and isolated as a metal one
year later by Sir H. Davy. The existence of two
naturally occurring isotopes of lithium, °Li and
"Li, was unambiguously proven by A.J. Dempster
(1921) and the atomic weight of Li and the indi-
vidual isotope masses were first determined with
reasonable accuracy and precision by F.W. Aston
(1932) (few available data are referenced therein)
at 6.928 + 0.008, 6.012, and 7.012 atomic mass
units, respectively (atomic mass unit, amu, is
defined as 1.660538921 + 73 x 102" kg and cor-
responds to 1/12 of mass of unbound neutral '*C in
nuclear and electronic ground state; modern phy-
sics uses the term “unified atomic mass” abbrevi-
ated as ‘u’ or dalton). In the decades that followed
this, however, only a few attempts to refine the
absolute atomic weight as well as its uncertainty
(see summary in Svec and Anderson 1965) were
implemented. The actual atomic weights of °Li
and "Li are 6.0151223 £ 5 and 7.0160040 + 5 u,
respectively. The actual atomic weight of Li, cur-
rently accepted by IUPAC, is 6.941 + 0.002
(Wieser 2006) and it may well be that this level of
precision will not improve significantly in the near
future due to natural variations in 'Li/°Li exceed-
ing ~ 80 %o (Tomascak 2004, this volume).

The natural variations of 'Li/°Li were not
measured extensively or with clearly established
reproducibility until late 1980s (Chan 1987).
This article reported a method for chemical

separation and precise isotopic measurements
with ~2.5 %o external uncertainty. Although
earlier measurements which used mass spec-
trometry were performed on a range of terrestrial
and extraterrestrial samples (e.g., Balsiger et al.
1968; Brown et al. 1977; Eugster and Bernas
1971; Krankowsky and Miiller 1967; Michiels
and De Biévre 1983), data reported in these
studies were usually expressed in absolute
"Li/°Li ratios with errors exceeding several per
mil. This severely hampered data comparison
and the overall utility of Li isotopes in
geochemistry.

A major problem of early reports on Li iso-
topic compositions was the lack of a widely
distributed reference material that would allow
for reliable inter-laboratory comparison of mea-
sured isotopic ratios. In 1973, Flesch and
co-workers  isolated Li from = “virgin”
spodumene-rich ores from the granitic pegmatite
at Kings Mountain, North Carolina, USA, and
determined its isotopic  composition  at
"Li/SLi = 12.0192 + 0.0002 (Flesch et al. 1973).
The isolated Li was made available by the
National Bureau of Standards (now NIST) as
L-SVEC (since reassigned as SRM 8545). The
availability of an external standard permitted
calibration of measured "Li/°Li and presentation
of data relative to L-SVEC in permil deviations.
Chan (1987) and several papers that followed
employed the normalized °Li/’Li (8°Li). Since
that time, though, the use of the 8’Li value has
prevailed, as it is consistent with the other major
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stable isotopic systems (i.e., positive values
reflect enrichment in the heavy isotope). This
nominal 8’Li = 0 %o mimics the Li isotopic
composition of global magmatic continental crust
(Bryant et al. 2004; Magna et al. 2010; Teng
et al. 2004, 2008, 2009). Considering that the
8’Li values in mineral phases from worldwide
granitic pegmatites vary greatly (e.g., Magna
et al. 2013), the choice of this particular spo-
dumene by Flesch et al. was quite serendipitous.

The L-SVEC reference standard has proven,
perhaps fortuitously, robust, with proven Li iso-
topic homogeneity within better than +0.1 %o (20)
for aliquots allocated to different laboratories
(Magna et al. 2004). This is noteworthy in the
view of homogeneity problems encountered for
reference materials used in several other stable
isotopic systems (e.g., NIST SRM 980 for Mg;
Galy et al. 2003), Si isotopic discrepancies for
IRMM-018 versus NBS-28 (see Reynolds et al.
2006 and discussion therein), or different values
in newly marketed reference materials compared
to older, exhausted resources, such as for Ca (note
differences in 8*¥*°Ca between SRM 915a and
915b; Heuser and Eisenhauer 2008). Recently,
however, the L-SVEC reference material has run
out and was replaced by the new IRMM-016
artificial material with 8'Li; sygc = -0.2 to
+0.3 %o (Aulbach and Rudnick 2009; Aulbach
et al. 2008; Caciagli et al. 2011; Huang et al.
2010; Jeftcoate et al. 2004; Kasemann et al. 2005;
Millot et al. 2004; Penniston-Dorland et al. 2010;
Qi et al. 1997b; Simons et al. 2010; Teng et al.
2006; Zack et al. 2003). This can thus be con-
sidered identical within external analytical
uncertainty of Li isotopic measurements and no
further recalculation is required. Care should be
exercised, however, to juxtapose L-SVEC and
IRMM-016 when significantly different ’Li
values emerge (e.g.,<-0.5 %o; Liu et al. 2010;
Marks et al. 2007) that are slightly beyond the
level of current analytical uncertainties.

Yet another problem for Li isotopic analyses
is represented by laboratory-induced contamina-
tion that may seriously compromise the intrinsic
"Li/°Li in natural samples as these ratios often
show large variations in commercially available
Li materials (Qi et al. 1997a) and even minimal

exposure to such reagents may result in erratic
"Li/°Li (Kosler and Magna 2014). Vigilance in
areas of sample preparation is just as critical as in
the chemistry laboratory (as discussed below) for
the production of verifiable Li isotopic data. For
example, in many rock processing facilities the
preparation of samples for XRF or other
flux-fusion methods has taken place. Traces of
residual dust from Li-borate flux, even years
later, threaten samples being processed for min-
eral separates or rock powders in such spaces.

2.2 Lithium Isolation by Cation
Exchange Chromatography

Separation of Li from other elements in natural
materials is challenging owing to M/Li ratios
commonly in excess of 10* (e.g., Na/Li in sea-
water), as well as the similarity of the ion
exchange partitioning of Li to some major
cations. Pioneering work on partitioning of Li and
other elements between ion exchangers and var-
ious types of elution media stressed the efficacy of
mineral acids such as HCl and HNOj in separat-
ing Li (Strelow et al. 1974; Sulcek et al. 1965;
Sulcek and Rubeska 1969), in particular when
mixed with organic solvents (e.g., methanol and
ethanol, although other organic elution media
may be used for specific purposes; Kim 2001).
All major subsequent analytical developments
adopted this approach with different combina-
tions of these mineral acids and simple alcohols.

A major consideration when ion exchange is
applied to Li isolation is the large isotopic frac-
tionation introduced during chromatographic
separation as a consequence of greater affinity of
®Li to stationary phase (Taylor and Urey 1938).
As aresult of incomplete Li recovery, unintended
isotopic fractionation can be caused. For example,
Moriguti and Nakamura (1998) and Kosler et al.
(2001) have shown that Li isotopic fractionation
may reach several tens of percent with 'Li eluting
first and °Li tailing (Fig. 2.1) as a result of equi-
librium fractionation of Li between the solid
phase and solvent (Schauble 2004); thus,
~100 % yields are indeed essential. This differs
from elements with more than two isotopes where
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Fig. 2.1 Example of Li isotopic fractionation during ion
exchange chromatography (after Kosler et al. 2001).
A progressive shift from isotopically heavy to light
fractions during ongoing chromatographic isolation of Li,
with a 8"Li range of ~ 100 %o during elution. A failure to
complete recovery of Li would result in the collection of a
sample with an erroneous isotopic composition

internal corrections for incomplete recovery may
be applied. Unfortunately for the laboratory geo-
chemist, achieving quantitative recovery is not
simply a matter of calibrating ion exchange col-
umns. Position of the elution peak for Li from
exchange columns is affected by the bulk chemi-
cal composition of the sample and the ion load to
the column. Thus, separate elution recipes may be
necessary for different sample types (Fig. 2.2).
The reality of this issue was driven home by Chan
et al. (1999), where biased 8’Li results resulted in
the publication of a correction (Chan et al. 2002).
Analyses of rocks yielding distinct (and geologi-
cally reasonable) isotopic compositions were
shown, after chemical separation issues were
solved, to be isotopically homogeneous and with
no anomalous samples.

The sensitivity of different instrumental
methods to analyte solutions that lack complete
purification is variable, but, for plasma-based
methods, it is clear that significant amounts of
contaminant elements may compromise the
accuracy and precision of Li isotopic determina-
tions. Hence, the quality of ion exchange sepa-
ration is an important issue in sample preparation.
The effects of imperfect separation of Li from
other elements have been demonstrated by many
studies (e.g., Huang et al. 2010; Jeffcoate et al.
2004; Magna et al. 2004; Moriguti and Nakamura

1998; Nishio and Nakai 2002; Rosner et al. 2007;
Tomascak et al. 1999). In particular, the removal
of Na, as the nearest major element to be eluted
after Li, has received attention; avoiding or
eliminating Na tailing in the Li fraction during
chromatographic separation is the goal here. The
extent to which contaminant elements may com-
promise successful isotopic analysis depends
largely on the measurement technique. Whereas
there is some degree of freedom in matrix con-
centrations for plasma-based techniques (Huang
et al. 2010; Jeftcoate et al. 2004; Kosler et al.
2001; Magna et al. 2004; Rosner et al. 2007;
Tomascak et al. 1999), little tolerance is apparent
with thermal ionization methods (Hoefs and
Sywall 1997; James and Palmer 2000; Moriguti
and Nakamura 1998; Xiao and Beary 1989).

Early attempts to measure Li isotopic com-
positions in natural samples required several
hundreds of nanograms Li (e.g., Chan 1987;
Chan and Edmond 1988; You and Chan 1996)
but these requirements were alleviated with
technical improvements; high-sensitivity
ICP-based mass spectrometers now allow accu-
rate analyses with less than 5 ng Li. The need to
prepare such large samples, especially for rela-
tively low-Li materials like mantle rocks,
required large-volume columns packed with
ion-exchange resins and large amounts of col-
lection media (sometimes several hundred milli-
liters). This made early techniques rather time
consuming and prone to elevated procedural
blanks. With diminishing sample size came the
capacity to analyze materials with very low Li
abundance and/or samples of very small size,
critical for high spatial resolution as well as when
limited amounts of sample were available.

Exchange media with Li-specific characteris-
tics are not available, unlike for certain elements
or elemental groups (e.g., Dow AMBERLITE™
for B, Sr. Spec for Sr and Pb, and Eichrom TRU
Resin for actinides). The use of cation exchange
resins such as AG50W-X8 appears to provide
high efficiency in separating Li from other ele-
ments, but optimization of the geometry of
chromatographic columns also plays a role in
quality of element separation, blank suppression,
and time cost.
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Fig. 2.2 Examples of the difference in cation exchange
elution peaks for Li resulting from various matrices (e.g.,
peridotites and other silicate rocks, seawater). Improper

Mixtures of mineral acids with methanol or
ethanol provide better separation of Li from other
elements than strictly inorganic eluants. The
increasing concentration of alcohols at a given
molarity of the respective mineral acid increases
the separation factor between Li and Na (as the
next element to elute), such that 80 % by volume
methanol solution roughly triples the separation
over 60 % methanol solution. This is
counter-balanced by decreasing separation factor
when the molarity of the respective acid increa-
ses. Therefore, a near-ideal formula entails
low-molarity acid mixed in high percentage
organic solvent. There is apparently little differ-
ence between HCl and HNO;, the former pro-
viding slightly larger separation factor between
Li and Na and the latter quantitatively eliminat-
ing some elements such as Fe, Zn and Cd, which
may appear in HCl-based elution schemes
(Strelow et al. 1974). One practical downside of
the acid—organic mixture is the formation of
small bubbles in the resin. This phenomenon
restricts both choice of the internal diameter of a
column (which cannot be too narrow) and the
column material (e.g., non-wetting material like
PFA Teflon versus quartz glass).

A glut of methods have been successfully
employed in geochemistry and cosmochemistry:
pure HCI (Chan 1987; James and Palmer 2000;
Misra and Froehlich 2009; Moriguti and Naka-
mura 1998; Oi et al. 1997; Sahoo and Masuda
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column calibration may lead to incomplete collection of
the Li fraction (Chan et al. 1999, 2002)

1995a, 1998), HCl—ethanol (Jeffcoate et al. 2004
in second step), pure HNO3 (Hoefs and Sywall
1997 and Magna et al. 2006 in second step) and
HNOjz;-methanol (Huang et al. 2010; Choi et al.
2010; Kosler et al. 2001; Magna et al. 2004;
Nishio and Nakai 2002; Seitz et al. 2004;
Tomascak et al. 1999). These studies encompass a
wide variety in resin mesh size (100-200 vs. 200—
400), cross-linkage (X8 vs. X12; see Schonbach-
ler and Fehr 2014 for a more detailed review of
issues related to ion exchange chromatography),
and column size/volume, but they all seem to
provide a reasonable means of Li separation.
Inasmuch as no single method presents a clear
best-case separation (i.e., one that minimizes
reagents and time whilst maximizing ease of use
and flexibility of sample type), there appears to be
room for further analytical improvements. Per-
haps in the near future a selective complexing
agent or the use of other solvents (e.g., acetone)
will further improve the process of Li separation
for isotopic measurement.

2.3 Methodology of Li Isotopic
Measurements

At present, a plethora of technical possibilities
exists for measurements of Li isotopic composi-
tions, but superior performance with respect to
the accuracy and precision of isotopic data
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collection is represented by plasma-based tech-
niques (Q-ICPMS, SF-ICPMS, MC-ICPMS),
thermal ionization (TIMS), and secondary ion-
ization (SIMS). Although this instrumentation
and its technical aspects are rather complex and
expensive, these methods provide the data output
required for geochemistry and cosmochemistry.
Nevertheless, other methods have also been
developed for specific purposes and we discuss
them here briefly. Also, it is important to note the
prevalence of the 8°Li notation, where negative
values represent isotopically heavier values, in
most of the earlier publications. Following the
Goldschmidt 2002 geochemical conference a
more logical 3’Li notation has uniformly been
accepted (Coplen et al. 2002). The conversion
can simply be performed with the following
equation:

S°Li
(1+ (%))

This conversion must be performed for §°Li
values outside the range ~-10 to ~+10 %o.
Within this range the sign-changed difference
between 8°Li and 8’Li values results in shifts
<0.1 %o whereas for 8°Li values in the range of
seawater (—31.0 %o; Millot et al. 2004) the dif-
ference is ~1 %o. It increases to ~+10 %o at
8’Li > 100 %o and to ~40 %o at §'Li > 200 %o,
found for anthropogenically fractionated samples
(Millot et al. 2010; Négrel et al. 2010).

&'Li= —

2.3.1 Mass Spectrometry-Based

Methods of Widest Use

2.3.1.1 TIMS

Prior to the diversification of ICP and SIMS
instruments, thermal ionization was the primary
method of choice in yielding high-precision Li
isotopic compositions for several decades.
Indeed, the first absolute Li isotopic composi-
tions were obtained by TIMS (Balsiger et al.
1968; Svec and Anderson 1965, 1966) or its
modifications (Brown et al. 1977) and this

remains the only reliable method for determina-
tion of absolute Li isotopic abundances, as the
plasma-based  instruments always  return
mass-biased results and the instrumental frac-
tionation is too great and variable to effectively
correct back to absolute ratios. As such TIMS has
represented a cornerstone for resolving even
small differences in 8’Li considering +1 %o errors
that were routinely obtained (Chan 1987). It is
unfortunate that, despite the generation of the
L-SVEC standard in the early 1970s, TIMS
studies throughout the 1970s and 1980s failed to
measure this material, making it impossible to
recalculate data to modern systematics.

Several strategies have been developed that
employed polyatomic species, such as Li,BO,*
(Bickle et al. 2000; Datta et al. 1992; Chan 1987,
Sahoo and Masuda 1995b), LiNaBO,* (Chan
et al. 1992), Li,F" (Green et al. 1988), or metal
Li" ion (Ahmed et al. 2002; Jabeen et al. 2003;
James and Palmer 2000; Michiels and De Biévre
1983; Moriguti and Nakamura 1998; Sahoo and
Masuda 1995a, 1998; Xiao and Beary 1989; You
and Chan 1996). These approaches combined
different loading procedures, utilizing Li,B40O,
Li;POy, LiCl + H3BO;, LiOH, Lil, LiF, LiCl (but
other possibilities were also explored, see Xiao
and Beary 1989), with various filament config-
urations: single Re, Ta—Re or double Re, or triple
Re filament assembly.

The developments by Chan et al. in mea-
surement by TIMS, making use of the L-SVEC
standard, broke the logjam and ushered in a new
era of Li isotopic geochemistry. Studies using
this technique introduced several first-order
observations on the geochemical cycle of Li,
making the first steps into this ferra incognita
(e.g., Chan et al. 1992, 1993, 1994; You et al.
1995). However, with the advent and rapid
development of MC-ICPMS instrumentation
(e.g., Halliday et al. 1995, 1998), TIMS tech-
niques quickly became a somewhat obsolete
approach for determination of Li isotopic com-
positions in natural samples considering the more
time consuming mass spectrometry and lesser
opportunity to monitor shifts in instrumental
mass bias. Despite these drawbacks, TIMS
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remains the only method capable of directly
measuring the absolute Li isotopic abundances
and as such, it will continue to have importance
for precise validation of Li isotopic abundances
in reference materials.

2.3.1.2 ICPMS

Despite the explosion in the use of plasma-based
technologies in early 1980s, these methods did
not find broad application to Li isotopic mea-
surements until much later. The early generation
of single-collector quadrupole ICP instruments
was not well suited for isotopic determinations in
geological samples but the few attempts returned
data that were fully in the context of contempo-
raneous investigations (Grégoire et al. 1996;
Vanhoe et al. 1991). Despite larger inaccuracy of
Li isotopic measurements by this technique, it
was applied to, for example, serious social—
medical questions (Sun et al. 1987).

Kosler et al. (2001) presented an improved
quadrupole ICPMS protocol for determining Li
isotopic compositions in natural samples (for-
aminiferal species) with external reproducibility
approaching the £2 %o (20) barrier which would
be adequate for many geological applications.
Further optimization has improved these statis-
tical parameters (Carignan et al. 2007; Misra and
Froehlich  2009). The higher sensitivity
sector-field (single-collecting) ICPMS does not
appear to represent significant improvement in
accuracy and long-term precision of Li isotopic
measurements compared to quadrupole instru-
ments (Janousek et al. 2010; Magna et al. 2010).
Nonetheless, Li isotopic measurement by
Q-ICPMS is not a “routine” practice, and as such
the diversification of MC-ICPMS instruments
leaves ICPMS a less used alternative today.
However, for studies for which precision of
+1.0 %o is sufficient, it is a viable method that is
certain to continue to be applied.

2.3.1.3 MC-ICPMS

With the advent of MC-ICPMS instrumentation
and subsequent rapid developments in accurate,
high-precision stable isotopic measurements
(Halliday et al. 1995, 1998), it was only a matter
of time before the tool was brought to bear on Li

isotopes (Tomascak et al. 1999). The possibility
of monitoring the varying instrumental bias by
alternating samples and reference materials
(L-SVEC; Fig. 2.3) on short time scales (plus the
capability of monitoring abrupt changes in
instrumental bias) promoted a massive increase
in number of available data for Li isotopic
compositions in all manner of geological set-
tings, as well as some of the first credible data on
non-terrestrial materials (¢f. Tomascak 2004 and
later development discussed in several sections
of this volume). The major advantages of this
technique lie in rapid throughput of solute sam-
ples, possibility to monitor instrumental bias
during the analytical session, and low consump-
tion of material that may, under suitable cir-
cumstances (sample/noise ratio), utilize less than
one nanogram of Li with sub-permil external
reproducibility.  Furthermore, MC-ICPMS
appears less susceptible to undesired shifts in
measured 'Li/°Li ratios resulting from the pres-
ence of matrix elements due to imperfect chem-
ical separation of Li (e.g., Bryant et al. 2003;
Jeffcoate et al. 2004; Magna et al. 2004; Nishio
and Nakai 2002; Rosner et al. 2007; Tomascak
et al. 1999). Despite the strong fractionation of Li
isotopic ratios with MC-ICPMS compared to
TIMS, the method of measuring samples brack-
eted by standards has effectively circumnavi-
gated this problem.

The issue of accuracy and inter-laboratory
comparison is only secured by the availability of
reference rock materials. At present, several of
these are utilized worldwide (e.g., the basalts
BHVO-2, JB-2, BCR-2, and IRMM BCR-403 or
TIAPSO seawater) and many others have been
characterized for their 3’Li through multiple
independent measurements. Considering this
wide range of materials of distinctive chemical
compositions, it may be a prerequisite to
“matrix-match” complete analytical procedures
with corresponding reference materials instead of
relying solely on one reference material.

Technical approaches to the measurement by
MC-ICPMS are diverse. Overall, solutes are
aspired into the plasma via low-flow nebulizers,
nominally 30-100 pL min~', where the plasma
may be “hot” (~1200-1400 W) or “cool”
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Fig. 2.3 Example of analytical sequences with standard—
sample bracketing, as commonly used with MC-ICP-MS
measurement (a). Calculation of the final 8’Li may be
performed in two ways: (i) relative to the average "Li/°Li
of two bracketing reference solution measurements irre-
spective of the actual measured "Li/’Li (~ 14.80 for the
depicted analytical sequence), or (ii) recalculating the
measured values to the natural "Li/SLi of ~12.1. Both

(~700-800 W; Bryant et al. 2003; Choi et al.
2013); aspiration is often aided by desolvation,
resulting in more homogeneous droplet size just
prior to dispersion in plasma. During an analyt-
ical session, a solution is introduced after the
background signal level is reached that may
require significant washout time, but alternative
switch between sample and standard solution
without rinsing was also explored (Rosner et al.
2007). This latter approach requires a complete
signal intensity match to better than £5 % in
order to avoid instrumental bias introduced by
improperly balanced signals of bracketing stan-
dard and unknown sample (Huang et al. 2010;
Magna et al. 2004; Rosner et al. 2007). The
isobaric interferences from '2C**, “N** and
°LiH* appear to pose a minor problem and were
indeed not detected at mass resolution of ~ 1400
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alternatives should yield identical results. Stability of the
instrumental bias is among the key factors for accurate
determination of Li isotopic composition, here exempli-
fied by a maximum ‘Li/’Li variability of ~0.4 %o over
>5 h. In b and ¢, example of noisy and stable measure-
ment is apparent by a ~ 10-fold difference in internal
errors of the measurement of the same solution over two
different analytical sessions, performed within 1 week

(Magna et al. 2004) despite lower mass resolving
power required to delimit these individual peaks.
When Tomascak et al. (1999) introduced
MC-ICPMS measurement protocols for Li iso-
topic measurements with the first generation
instruments, a reproducibility of +1.1 %o (20),
basically equivalent to TIMS analysis, was
achieved. Currently, the long-term reproducibil-
ity of MC-ICPMS measurements using more
modern instruments appears to be at the =~ 0.3—
0.4 %o (20) level (Jeffcoate et al. 2004; Magna
et al. 2004; Millot et al. 2004). Although
short-term reproducibility may surpass this level,
it is not apparent in the current literature that any
group is able to do demonstrably better for true,
long-term conditions.

At present the literature on Li isotopes is
dominated by data generated with solution
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MC-ICPMS. Recently, le Roux (2010) presented
a laser ablation (LA) MC-ICPMS method. In this
study, they performed in situ measurements of Li
isotopic composition in reference glasses whose
Li isotopes had been characterized by means of
solution MC-ICPMS. It appears that combination
of LA with MC-ICPMS may result in rapid
determination of Li isotopic compositions on the
sub-0.1 mm scale if followed by technical
improvements in detection limits and sensitivity.
For example, minerals with 10-20 ppm Li gen-
erated ~0.1 V signals on mass 'Li against 6-8 V
for 10 ppb Li solutions routinely obtained with
solution MC-ICPMS. Also, diligent matrix
matching appears to be essential for laser sam-
pling, which demands a suite of homogeneous
and well characterized glass reference standards.
The recent report of Xu et al. (2013) showed the
spatial capabilities coupled with high sample
throughput weighed against still rather high
analytical errors (mostly >1.8 %o, 26) and poor
reproducibility for a large selection of reference
glass standards. It shows that this methodology
yet awaits further detailed analytical efforts
before it may become a fast and lower-cost
analytical alternative.

2.3.1.4 SIMS

Although it may seem that implementation of
laser ablation into MC-ICPMS could represent a
new and straightforward in situ means of Li
isotopic determination, SIMS technology is far
ahead in terms of spatial resolution, sensitivity,
and overall technical abilities in investigations of
Li isotopic compositions. The first real attempts
to measure Li isotopic compositions with a sec-
ondary or sputtering ion source were performed
on meteorites (Gradsztajn et al. 1967; Poschen-
rieder et al. 1965) and lunar rocks (Eugster and
Bernas 1971), although the precision and accu-
racy were apparently too low for any valuable
scientific statements apart from the “Li/’Li ratios
identical to those found for terrestrial rocks
within large uncertainties. Nevertheless, further
measurements of Li isotopic compositions in
geological samples were mostly obtained by
TIMS and later MC-ICPMS; only relatively
recently have studies utilizing  SIMS

measurement of Li isotopes emerged (e.g., Barrat
et al. 2005; Beck et al. 2004; Decitre et al. 2002;
Chaussidon and Robert 1999; Kobayashi et al.
2004; Richter et al. 2003).

Whereas SIMS requires precise matrix
matching for any elemental and/or isotopic
determinations, little effort has been exerted for
characterization of suitable geological reference
materials in terms of Li isotopic compositions
(Jochum et al. 2006; Kasemann et al. 2005). This
appears a persistent problem and may require
further experimental work. Such inferences are
stressed by apparent matrix-induced fractionation
of Li isotopes (Bell et al. 2009) which may
indeed impart an additional uncertainty to in situ
measurements unless these matrix effects are not
disentangled correctly. It would follow that an
instrumental mass fractionation factor may be
estimated from false data and that not only must
a mineral phase be matched, but also its major
element composition should be more or less
identical with unknown samples. These matrix
effects may partly be responsible for a larger
uncertainty linked to SIMS, that in most appli-
cations is limited to ~=£2 %o (20). It is expected
that this can be significantly reduced in carefully
controlled experiments (Marks et al. 2008).

Marks et al. (2008) provided a detailed
investigation and SIMS-MC-ICPMS
cross-calibration of pegmatitic Na-rich arfved-
sonite and aegirine in order to determine the
matrix effects caused by SIMS. These authors
found a significant difference in resulting 8’Li of
the two methods at the level of 4-5 %o (see also
Kasemann et al. 2005), and differences on the
order of nearly 10 %o for NIST 610, 612 and 614
glasses. Similarly, Bell et al. (2009) applied a
differential matrix correction factor deduced from
experimentally verified fractionation of Li iso-
topes in response to major chemical composition
of olivines (Mg#). Recently, Su et al. (2015)
have provided a detailed SIMS, ICPMS and
MC-ICPMS comparison of multiple grains of
olivine, clinopyroxene and orthopyroxene from
ultramafic rocks collected in China, with the aim
of establishing well-characterized mineral refer-
ence materials for in situ techniques. While
laborious by nature, these analyses showed that
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(i) SIMS results for olivine may strongly depend
on Mg# [molar MgO/MgO + FeO, x 100]
which would demand careful daily calibration
over a range of Mg# values, and (ii) significant
8’Li variations of several %o persisted between
different laboratories and even between different
sessions conducted in a single laboratory. This
may, in part, be linked with different instrumental
optimization parameters because the reported Li
contents in mineral phases were shown to be
reproducible.

The homogeneity in Li contents is also an
important factor to consider, as has been under-
scored by inter-laboratory consistency of Li
abundances in a natural quartz specimen (Audé-
tat et al. 2015). Therefore, combined analytical
tools may become a truly essential strategy for
further SIMS studies of, for example, meteoritic
constituents such as chondrules and calcium—
aluminum-rich inclusions, considering both their
small sizes and the important message they may
carry since their formation in the earliest era of
the Solar system. In fact, Li partitioning within
single crystals of a mineral species may depend
on major element composition, such as shown
for plagioclase (Coogan 2011).

2.3.2 “Other” Analytical Methods
2.3.2.1 Atomic Absorption Spectrometry
(AAS)

This technique has been successfully applied to
rapid determination of Li isotopic compositions
in the nuclear industry. Lithium-6 has large cross
section for thermal neutrons (~ 942 barns) and
the knowledge of °Li level is important for its
burnup rate and for estimation of the production
rate of tritium through the °Li(n,a)*H reaction.
The possible usage of AAS for determining Li
isotopic ratios was first explored by Wheat
(1971) who employed a mono-isotope hollow
cathode lamp. For AAS, it is essential to pre-
cisely know the Li content in unknown samples;
Li isotopic ratios are calculated from measured
absorbance of °Li (Meier 1982) but the linearity
of these absorbance determinations, which is
prerequisite for exact data acquisition, appears to
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be disputed (Kushita 1986). Chapman and Dale
(1976) reported on an AAS methodology for fast
determination of ‘Li/°Li in a range of samples
which Chapman et al. (1980) suggested to
approach analytical precision obtained by clas-
sical TIMS techniques. However, the data of
Kushita (1986) show that this expectation was
largely over-estimated.

In later progress, many problems were over-
come (Wizemann and Niemax 2000), but the
precision of Li isotopic determinations reached
with AAS remains an issue. Moreover, results
obtained for many natural samples (Meier 1982)
that are likely to have non-extreme isotopic
compositions (e.g., natural waters) show extre-
mely light compositions. Therefore, the reliabil-
ity of AAS (and also atomic emission
spectrometry; ur Rehman et al. 2009) or
laser-induced breakdown/atomic fluorescence
(Smith et al. 1998) may be adequate for nuclear
research, but geochemical applications require
much more precise data, largely beyond capa-
bilities of these techniques.

2.3.2.2 Nuclear- and Charged-
Particle-Based Techniques

The general use of neutron activation analysis
(NAA) in ’Li’Li determination has been
explored, with primary application to the nuclear
industry. In principle, the abundance of one of
the Li isotopes is determined precisely and total
Li abundance is then measured by an indepen-
dent method; the final “Li/’Li can then be cal-
culated (Wiernik and Amiel 1970). Wolfle and
Neubert (1977) introduced an activation analysis
method for simultaneous determination of °Li
and "Li, and applied it to aqueous solutions, but
the approach is less effective for natural samples.
On the other hand, Rajan et al. (1980) applied
nuclear techniques to 'Li/°Li determination of
several stony meteorites, showing largely
homogeneous Li isotopic compositions within
+10 %o of terrestrial value (given by analysis of
spodumene) which is broadly compatible with
recent high-precision MC-ICPMS investigations
(e.g., Seitz et al. 2007; see Chap. 3) but any
inter-sample relations cannot be accounted for by
this method. It may be that NAA techniques
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(Chao and Tseng 1995; Itoh et al. 1993) and
other more or less related methods, such as
proton induced gamma-ray emission (Trompetter
et al. 1999) or nuclear track detection (Kjellman
et al. 1985), remain permissible methods for fast
determination of Li contents in geological and
other samples (see Réisdnen 1992 for review),
but they are less useful in determining Li isotopic
compositions and their subtle variations at pre-
cisions of less than several permil, seriously limit
their utility in the examination of a large range of
geochemical processes.

2.3.2.3 Resonance lonization and Other
Techniques

Of the less-commonly applied methods to mea-
sure Li isotopes, resonance ionization mass
spectrometry (RIMS), could offer an alternative to
destructive methods (Suryanarayana et al. 1998)
due to its extremely low detection limits (on the
order of several tens femtograms of Li). The
possible application of this technique to cosmo-
chemical studies (Knight et al. 2007; Levine et al.
2009) could provide answers to some funda-
mental questions of the origin of the Solar system,
presuming continued technical advancement.
Laser spectroscopy was developed for studies of
nuclear properties of different Li isotopes (Her-
genrdder et al. 1993; Nortershiuser et al. 2011)
but seems to be less applicable to geochemistry.
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