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In this book we decided to attach the permil sign (%o) to all Li isotopic
quantities. One way of viewing stable isotopes denoted by & is that the
arithmetic sets the results as being part-per-thousand quantities, so to place
the %o on a value is redundant. However, this implies a certain familiarity
from the reader. Our decision regarding the %o in this volume was guided by
the potential that the audience may include those not so steeped in the
thinking of stable isotopes. This calls to mind a historical note regarding
Li isotopes. Readers of the early literature on the subject (beginning with
Chan in 1987) will find papers that use 8°Li. Prior to 2000, using the
now-accepted 3’Li notation was viewed as an unwanted usurpation by at
least one prominent geochemist. Nevertheless, being clear is important, and
although 3’Li was not the first notation employed, it follows stable isotope
convention. We find that students have a hard enough time understanding
isotope geochemistry, so to oppose the notation used in virtually all systems
(positive values are isotopically heavier than negative values) invites con-
fusion. Hence, our use of the %o is a further step to make this compilation
clear for all.



Once upon a time Jochen Hoefs approached one of us (P.T.) about putting
together a book for this Springer Advances series. Thus began an unex-
pectedly long sojourn, during which the use of Li isotopes has come of age.
Jochen had faith enough in us to persevere (keeping in mind the invitation to
write this came in 2008!). For this opportunity and for his overall encour-
agement we are extremely thankful.

Two other names that need to be mentioned prominently are those of
Lui-Heung Chan and Jan Kosler, who passed away in 2007 and 2014,
respectively. Anyone who works with Li isotopes owes Lui a debt of grat-
itude. Her passing saddened all with whom she had come in contact and
was a great loss for the geochemical community as a whole. Jan was the
M.Sc. supervisor for T.M., who brought him the idea of developing Li
analytical chemistry for mantle rocks and who, with time, became a close
friend. Jan’s scientific contributions, especially to the ICP-MS community,
are diverse and lasting. His presence as a colleague and friend will be badly
missed.

Throughout the construction of this work we have asked for input of
various kinds from a number of individuals, who have graciously helped. To
this end, we would like to thank Natalie Caciagli-Warman, Rick Carlson,
Alain Coc, Brian Fields, C. Eric Hellquist, Nick Prantzos, John Rakovan,
Gary Steigman, Elisabeth Vangioni, Aurelie Verney-Carron and Nathalie
Vigier for their assistance.

We have received a high level of support and almost unreasonable posi-
tivity from the editorial staff at Springer. How they had the patience to put up
with our constant delays speaks of their desire to see the project through to
completion. In particular we thank Janet Sterritt and Annett Buettner.
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Ackerman, James Day, Alex Deutsch, Vojtéch Erban, Tim Grove, Nikolaus
Gussone, Alex Halliday, Darrell Harrison, Vojtéch Janousek, Timm John,
Klaus Mezger, Fred Moynier, Clive Neal, Felix Oberli, Andreas Pack,
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Sharp, Tony Simonetti, Andreas Stracke, Larry Taylor, Dewashish Upad-
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Lithium (Li) was discovered by J. August
Arfvedson in 1817 (Berzelius 1817). The newly
isolated alkaline compound in the Swedish
petalite sample was given the Greek name for
stone: AiBog (lithos); the metal was dubbed
lithium. In the following year Sir Humphry Davy
described the isolation of metallic Li using
electrolysis (Anonymous 1818), although this
development is commonly considered contem-
poraneous with the work of Brande (Weeks
1956). Using a more modern electrolytic process,
Bunsen and Matthiessen succeeded in isolating
multi-gram quantities of Li metal (Bunsen 1855).
Commercial production of Li started only after
World War 1. A more massive production com-
menced after World War II with the findings of
potential Li utility in the nuclear industry.

Lithium as an element has a number of
peculiar properties. For example, it is the lightest
of all solids of the periodic table of elements with
a density of just 0.543 g cm™ >, meaning that it
floats on the water. It also has the highest specific
heat capacity of all solids (5.38 kJ kg~' K™). Its
melting and boiling temperatures (180.5 and
1342 °C, respectively) are the highest of alkali
metals of group 1A of the periodic table and,
similarly, its first ionization energy (5.39 eV) is
also higher compared with other elements of this
group.

Because of some of these properties, the
utility of Li has found its peak applications in the

industry, organic and polymer chemistry, the
nuclear industry, as well as in the production of
grease and lubricants, and as a desiccant (halo-
gens, hydroxide, peroxide, perchlorate) in air
cleaning devices for submarines, spacecraft, etc.
Lithium ion batteries constitute a major and
growing industrial channel for the element, with
the proliferation of mobile electronic devices and
the diversification of electric-powered vehicles.
These demands for Li are reflected in a dramatic
increase in Li production during the last two
decades (Fig. 1.1). Earlier commercial exploita-
tion of Li came from primary magmatic sources,
such as large pegmatite bodies with Li-bearing
minerals (amblygonite, eucryptite, lepidolite,
petalite, spodumene), and less commonly from
evaporites. More recently exploitation of brine
pools (salars) have become by far the dominant
source of the element, with principal resources
currently in Australia, China, and South Amer-
ica. Brine resources appear to be the stable pro-
ducers of Li also in the near future (Ebensperger
et al. 2005; Kesler et al. 2012) although alter-
native sources of Li as a side product of other
economic activities are also being explored (Qin
et al. 2015). Future demands appear likely to
continue to grow, and the recycling of the ele-
ment may become an integral part of the Li
business (Mohr et al. 2012).

Just over a decade has passed since the pub-
lication of a broadly inclusive summary of Li

ceramic industry, electronics and electrical isotopic research in the world (Tomascak 2004).
industry, metallurgy, medicine, the optical Despite the short time, the use of this isotopic
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Fig. 1.1 Worldwide production of lithium. A dramatic
increase after World War II was caused by the demand for
Li in the nuclear industry, whereas more recent increase
reflects rapid diversification of commercial applications.
Data from Jaskula (2015)

system in the investigation of geo- and cosmo-
chemical questions has truly exploded, hinging
in part on the arrival of analytical technology at
the close of the millennium (Fig. 1.2). Prior to
2004, approximately 50 publications with Li
isotope data existed in the accessible
peer-reviewed literature, of which almost 30 %
were purely analytical studies (i.e., not specifi-
cally addressing research questions, but rather
reporting laboratory methods). Articles with
dates of 2004 and later currently number over
220. Technically-based studies have not disap-
peared in the era of advanced analytical capa-
bilities (about 6 % of the post-2003 studies are
principally technique articles), but clearly many
of the earlier analytical issues have been over-
come, facilitating the current research boom.

In response to this explosion, we have
endeavored to accumulate the trove of new
findings into an updated summary of the state of
Li isotopic science. Although this engenders a
degree of repetition of results and findings from
existing summary works (e.g., Burton and Vigier
2011; Chan 2004; Elliott et al. 2004; Tang et al.
2007; Tomascak 2004), the focus of this com-
pilation is to distill the more modern studies and
to highlight major developments to date. Given
that the history of the development of Li isotopic
geochemistry is covered in detail in other works,
our goal here is to concentrate on modern
research and the directions it currently takes.

1 Introduction

The title of this work accurately defines our
focus, which is primarily the compilation and
interpretation of the isotopic results in geo- and
cosmochemical studies. Lithium as an element
has its own important role in studies of these
kinds. Although we touch on this role in places
(necessarily in the discussion of laboratory
experiments, Chap. 4), the reader is referred to
the literature for additional detail on Li—the
element—as used in the Earth sciences. Addi-
tionally, Li is of great importance in many other
fields, ranging from ecology, biomedicine, and
pharmacology, to materials, energy, and nuclear
science and engineering. The reader is again
directed to the primary literature of these areas
for information.

This volume is broken down along conven-
tional lines. We have endeavored to the greatest
extent to repeat as little as possible from previous
compilations, attempting to integrate and high-
light newer findings. We begin in Chap. 2 with a
summary of the analytical techniques used, past
and present, to isolate and measure Li isotopic
ratios. Unlike many other fields in analytical
geochemistry, the community has not converged
on a single “standard operating procedure” when
it comes to either the chemical separation and
purification of the element or to the quantifica-
tion of its isotopes. There remains a variety of
methods still in wide use.

The summary of Li isotope cosmochemistry
in Chap. 3 sets the stage for the deeper focus of
Li in our planet. A general outlay of Li in the
cosmos is established, giving the major back-
ground necessary to appreciate Li in the terres-
trial neighborhood. This chapter attempts to cast
the ultimate origins of the isotopes of Li in terms
that are understandable for a non-astrophysicist
audience.

Chapter 4 takes as its focus the synthetic
studies that are designed to help understand Li
behavior in natural settings. In order to use Li
isotopes in a quantitative way in natural systems,
constraints must exist from experiments, and as
we probe deeper into natural samples the demand
for accurate and meaningful laboratory con-
straints intensifies. The diversification of experi-
mental approaches to understanding Li isotopes
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has been great in recent years, particularly with
the acceptance that diffusion produces, in many
settings, effects that must be considered. This
chapter summarizes existing results and draws
attention to where conclusions drawn from lab-
oratory and theoretical studies appear to most
significantly affect the interpretation of data from
natural systems. The fast pace of change in the
field as a whole dictated by experimental studies
is highlighted.

The solid Earth is the target of Chap. 5, with
emphasis on the interpretation of data from
mantle and crustal igneous and metamorphic

rocks. As the mantle is the primary reservoir of
Li in the Earth, it is critical to understand its bulk
Li isotopic composition in order to guide solar
system-scale interpretations. The bulk composi-
tion of the mantle and the transit of Li between
mantle and crustal reservoirs are major topics
addressed in this chapter.

In Chap. 6 we consider the many studies that
deal with the domain in which the bulk of Li
isotope fractionation takes place on Earth:
near-surface processes. Since stable isotopic
fractionation predominates in conditions of low
temperature, the bulk of the Li isotopic “action”
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in the Earth system can be said to exist within the
narrow fringe where rock, water, and atmosphere
closely coexist. Applications of Li isotopes in
this realm are manifold and extend to studies of
the Earth’s evolving climate system, as well as
the potential for use as a tracer of environmental
contaminants.

The volume concludes in Chap. 7 with a
distillation of major findings with indications of
fertile areas for continued discovery. This section
partly reprises an earlier set of recommendations
for future study (Tomascak 2004), in an attempt
to gauge what the geochemical community has
learned from this stable isotopic system.
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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

13

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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3.1 Cosmology of Lithium: Big
Bang Nucleosynthesis,
Evolution of the Universe,

and Stellar Processes

The purpose of this chapter is to inform the
reader in a simplified way about the importance
of Li in astrophysics and stellar physics and its
impact (i) on extreme processes and events tak-
ing place during Big Bang Nucleosynthesis
(hereafter referred to as BBN) and shortly after
the BBN ceased, and (ii) after more regular
processes of forming new matter of the Universe
were launched. For a more interested reader the
literature is rich in studies dealing with the his-
tory of light nuclei during the evolution of our
Galaxy (e.g., Prantzos 2012) as well as the per-
spective on evolution of Li during cosmic history
(see reviews by Reeves 1994; Iocco et al. 2009,
for example, or recent proceedings edited by
Charbonnel et al. 2009).

3.1.1 The Earliest History and Further

Evolution of Lithium

With the advent of and further improvements in
astronomical and astrophysical observations, it
became clear that Li belongs to the few key
elements that may provide critical information on
the earliest history of cosmic matter as well as
place stringent constraints on stellar evolution.
This stems from the fact that Li, more precisely
"Li, is among the very few stable species

synthesized during the Big Bang Nucleosynthe-
sis (BBN), the others being ’H (=D; deuterium),
3He, 4He, and a few radioactive nuclei like *H
(=T; tritium, decaying to 3He). A number of
other very short-lived nuclei (e.g., 11C) that either
decayed or participated in subsequent fusion
reactions (Fig. 3.1) and perhaps paltry amounts
of stable Be (9Be/H ~ 10_18) were also pro-
duced by the end of the BBN process.

Lithium-7 is an important child of BBN and
can be produced by two chains of reactions: (i) T
(o,y)’Li, and (i) >He(o,y)’Be(n,p)’Li. The
"Be — 'Li decay via electron capture appears to
be responsible for c. 90 % of the 'Li formed
during BBN; the remaining ~ 10 % was synthe-
sized directly as primordial “Li. The "Be half-life
of c. 53.1 days was measured by Jaeger et al.
(1996) while the half-life of 53.22 days is given by
Audi et al. (2003). Despite its consumption much
"Be remained alive until BBN ceased (Fig. 3.2).

Conversely, 'Li is mostly destroyed by the
reaction 7Li(p,a)4He. Overall, the T — ’Li
reaction is the most important, but at high bary-
onic densities (roughly speaking a ratio of pro-
tons and neutrons to photons) the 'Li — “He
reaction appears to reach approximately similar
leverage, balancing the contribution from
T — "Li reaction, and under such conditions Li
is mainly produced by the decay of "Be.

The BBN contribution to cosmic Li abun-
dances can be observed from a so called “Spite
plateau” (Fig. 3.3) in the Li/H versus [Fe/H] plot
of old halo stars. The ratio [Fe/H] is called
metallicity, the abundance of all elements in stars
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Fig. 3.1 Big Bang
Nucleosynthesis

(BBN) nuclear reactions up
to CNO (modified from
Coc et al. 2012). Deuterium
formation represents a key
event for the subsequent
chain of nuclear reactions

heavier than H and He. It is defined as follows:
[Fe/H] = logio (Nee/Nstar — 10€10(Nre/Nt)sun
(N = number of atoms per unit of volume; Fe is
taken as an element that is easy to measure in the
visible spectrum and, more importantly, an ele-
ment fully synthesized in stars and not during
BBN). Ancient metal-poor halo stars have con-
stant 'Li abundances for a large range of metal-
licities whereas abundances of those nuclei that
are produced during the galactic epoch (such as
Be and B) increase almost constantly (Spite and
Spite 1982). Earlier calculations implied that for
the standard BBN theory, primordial ’Li/H
abundance is between 5 x 107'% and 2 x 107°
and that over the history of the Universe 'Li
abundance has steadily grown and decreased
(Delbourgo-Salvador et al. 1985; Steigman
1993). Predictive theoretical models for the pri-
mordial BBN ’Li abundance suggest a very nar-
row range between 8 x 107" < "Li/H <2 x 1077
(Steigman and Walker 1992). This range is con-
sistent with the estimates of Audouze et al. (1983)
and Reeves (1994) at 'Li/H between 1 and
3 x 10710, with more elaborate calculations of
Ryan et al. (2000) at ~1.2 x 10~'°, and with
empirical observations for warm (T = ~ 5500 K)

3 Cosmochemistry of Lithium

11c 12C
Xz~
108 g 4B

51

°Be

metal-poor ([Fe/H] < —1.3) Population II stars
(Spite and Spite 1982). The revised calculations,
underscored by advancements both in the exper-
imentally determined cross-section of the 3He(oc,
¥)"Be reaction (important for production of "Li)
and tighter constraints placed on the cosmic bar-
yon density using Wilkinson Microwave Aniso-
tropy Probe (WMAP) measurements, have
delimited the primordial "Li/H at ~5.2 x 107'°
(Cyburt et al. 2008).

Yet, a so-called “cosmic lithium problem” still
exists: the predicted Li abundance is a factor of 2—
4 higher than the observed (Asplund et al. 2006;
Coc 2013; Fields 2011). This appears to impart
unsolved problems to the existing models of
particle physics. Fields (2011) offers several
solutions to this “cosmic lithium problem” with
respect to astrophysical observations, cosmolog-
ical models of BBN predictions and more com-
plex solutions beyond standard models of particle
physics. The recent observations of up to
several-times larger 'Li depletions (lower than
would be predicted solely by BBN) in very old
Population II dwarfs with [Fe/H] <-4 (e.g., Caf-
fau et al. 2011; Sbordone et al. 2010) combined
with a significant scatter of the Spite plateau at
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Fig. 3.2 Production of light nuclei during BBN (modified
from Coc et al. 2012). The abundance of other stable nuclei
(e.g., 9Be, CNO) was several orders of magnitude lower

such low and even lower metallicities (so-called
“meltdown”) may imply not-yet completely
understood astrophysical processes causing the
dispersion of Li abundance in these otherwise
very similar, metal-deficient old stars rather than
invoking new cosmological theories. These latter
observations may also imply high temperatures
(>2 x 10° K) in the prior history of stellar material
with extreme Li depletions on the order of up to
10° or, alternatively, distinct stellar processes that
could once have led to efficient depletion in Li.
Whereas recent findings of Howk et al. (2012)
are in broad agreement with combined
WMAP + BBN predictions, their observations
also tell us very little about primordial lithium.
The reason is that Howk et al. (2012) observed
lithium in a gas cloud system whose metallicity is
intermediate between primordial (i.e., very low
metallicity of the Spite plateau stars) and Solar. It
has been known that in its post-BBN evolution,
the lithium abundance increased from a low pri-
mordial value to the value inferred from the Solar
System or from the interstellar medium of the
Galaxy. The results of Howk et al. (2012) are
expectedly intermediate between the Spite plateau
and the Solar abundance but they lack a model for
evolution of the primordial abundance of Li.
During the subsequent evolution of the Uni-
verse, primordial "Li decreased due to astration,

9
z
£
g -11 | B
£
=2
2
13+ Be
1 1 1 1

-3 -2 -1 0
Metallicity [Fe/H]

Fig. 3.3 Schematic plot of abundance of light elements
(Li, Be, B) as a function of stellar metallicity. The
so-called Spite plateau is apparent for Li whereas
abundance of Be and B grows constantly over a range
of metallicities. The difference between modern predic-
tions (dashed line) and long-term observations of Li
abundance in stars (dark grey solid line) is depicted by a
stippled area

the destruction of ’Li in stars (in particular
important at high metallicities), but was con-
stantly replaced by production from other sour-
ces. For low-metallicity stars, "Li started to be
continuously produced during stellar nucleosyn-
thesis and through spallation reactions on C, N,
and O nuclei as well as o + a fusion reactions of
Galactic Cosmic Rays (GCR) interacting with the
interstellar medium (ISM). In this respect, it is
noteworthy that stellar Li—-Be-B depletion is not
paralleled by lowered GCR Li—Be-B abundances
(Fig. 3.4). This clearly supports GCR as an
important input of these light nuclei. It is also
speculated that a less significant proportion of "Li
may perhaps be formed in core-collapse Type Il
supernovae by neutrino interactions with pre-
dominantly *He and '*C (Woosley et al. 1990) in
AGB stars (e.g., Romano et al. 2001) and by
"Be — ’Li reaction in novae, the latter type of
stars being among significant Li suppliers
(Romano et al. 2001; Tajitsu et al. 2015).
Contrary to the clear variability in "Li pro-
duction owing to three different mechanisms
(BBN, GCR, stellar nucleosynthesis), SLi is
nearly solely produced by spallative interactions
of GCR with ISM. A very subordinate proportion
of °Li was probably synthesized during BBN.
The BBN production of °Li is dominated by the
D(a,y)6Li reaction, which is largely ineffective,
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Fig. 3.4 Solar abundance of elements (in order of
increasing Z, up to 39) normalized to Si, relative to
Galactic Cosmic Ray abundance (dark grey line).
Notably, light nuclei (Li, Be, B) are depleted in the
Sun, attesting to significant production of these nuclei in
GCR reactions and consumption in the Sun

producing only vanishingly small amounts of °Li
(Fig. 3.1). Thus, the primordial °Li/H was vari-
ously estimated at ~ 107 levels (i.e.,
"Li/’Li ~ 10* Hammache et al. 2010; Nollett
et al. 1997; Vangioni-Flam et al. 2000, 1999).
Most °Li is produced by much more efficient
spallation-induced energetic collisions of GCR
through p, a + He and CNO — 6Li, 7L, and fast
nuclei (o, C, O) fragmenting on H and He in the
ISM (Vangioni-Flam et al. 1999). We refer to a
detailed review by Prantzos (2012) for the his-
tory and physical processes of Li evolution.

It is generally accepted that the combined
reactions of energetic cosmic ray C-N-O nuclei,
and cosmic ray H-He interacting with ambient
interstellar C, N and O species produce
low-energy Li, Be and B nuclei. Indeed, it has
been suggested by some that the latter process,
which is an important part of the galactic
chemical evolution, may dominate the overall
production of modern Li in the Galaxy. This is
depicted in Fig. 3.4 where the six orders differ-
ence between Solar abundances and those
determined for GCR manifests an important
contribution by GCR reactions to the total Li
budget (and also budgets of Be and B). We stress
here that the ISM abundance of Li is largely
unknown or, at least, less well constrained due to
technical difficulties, such as extreme proximity
of spectroscopic resonance lines accessible for Li
abundance measurements (Steigman 1993).

3 Cosmochemistry of Lithium

Moreover, it may be plausible that a large frac-
tion of Li is bound in molecules like LiH, or is
depleted from the gas into microscopic dust
particles known to commonly exist in ISM. The
extent of this depletion is largely unknown,
however, but may play important role.

Also interesting are the production rates of
individual Li isotopes for GCR processes.
Audouze et al. (1983) calculated that the maxi-
mum production "Li/’Liger cannot exceed 67
and "Li/°Ligcr production ratios as low as ~ 1
were also reported (e.g., Garcia-Munoz et al.
1975; Meneguzzi et al. 1971; Webber et al.
2002). This would mean that either an additional
source of ’Li, or a mechanism to efficiently
destroy 6Li, or a combination of both, are nee-
ded, during Galactic evolution. In fact, lifetime in
the stellar environment is ~ 100 x shorter for °Li
compared to 'Li given the greater fragility of the
former nuclide at high temperatures, and it
appears that in massive stars initial 'Li was not
destroyed (Audouze et al. 1983). Alternatively, it
was destroyed but was subsequently compen-
sated for by synthesis of 'Li in the neutrino
process. Several measurements of Li abundance
in ISM regions yielded Li/H of ~0.6 to
4 x 10710 (Knauth et al. 2003) although Li
abundance may vary between distinct ISM
regions. The measurements of ISM appear to find
Li isotopic ratios that are somewhat lower than
meteoritic 'Li/°Li (e.g., Ferlet and Dennefeld
1984). Meyer et al. (1993) reported "Li/SLi val-
ues for two ISM regions between 5.5 and 6.8
whereas Lemoine et al. (1993) found ISM ratios
which were very close to meteoritic (~ 12).

These variations were further underscored by
later data from Knauth et al. (2000), who reported
on observations of °Li and “Li abundance in sev-
eral interstellar clouds, with "Li/°Li ratios varying
between 1.7 and 10.6 (i.e., broadly meteoritic vs.
highly non-Solar). The decreased "Li/°Li is sug-
gested to derive from recent massive interactions
with energetic particles that may result in “Li/’Li
ratios as low as ~ 1 through cosmic ray spallation
(see above). Knauth et al. (2000) also estimated
the interstellar Li/H abundance at ~1x10™° and
speculated that low "Li/°Li ~ 2 may be intrinsic to
the interstellar gas and that contamination with
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high-"Li/°Li material would be warranted. The
weighted mean "Li/’Li of 7.6 + 2.3 (10) in several
ISM regions was more recently given by Kawa-
nomoto et al. (2009). Such Li isotopic variability
of the ISM was corroborated by Knauth et al.
(2003) who investigated Li/SLi ratios of ISM in
the vicinity of active star-forming regions. These
authors confirmed low “Li/°Li ratios in several
ISM regions but they also provided additional
support for "Li/°Li ratios that are approximately
chondritic (c. 12.5).

3.1.2 The Vicinity of the Solar System

The "Li/°Li ratios of the local ISM appear to be
generally in the Solar range, based on observations
of other elements (Be, C, O) whose abundances
are consistent with an input from environment
where some Li is also synthesized, such as
asymptotic giant branch stars, Type Il supernovae
or GCR. Webber et al. (2002) have used data
collected with the Voyager 1 and 2 spacecraft and
included periods where levels of the Solar modu-
lation of energy spectra of various nuclei (°Li, "Li,
"Be, °Be, '°B and 11B) were at minima (1986—
1988, 1996-2000). From these measurements,
interstellar production of "Li/°Li was estimated to
be about 1.4—1.5, consistent with most models of
spallogenic 'Li/°Li (see Vangioni-Flam et al.
1999, for a discussion). Consistently, for popula-
tion I stars such as the Sun, a spallogenic "Li/°Li of
1.38 was calculated (Steigman and Walker 1992).
An additional free parameter requiring consider-
ation is the possible galactocentric variation in
Li/°Li. Kawanomoto et al. (2009) suggested that
such variation appears to be nonexistent for Li
isotopes whereas it has been clearly demonstrated
for D/H and T/H. On the other hand, advanced
modelling of Prantzos (2012) shows that there
may be a gradient in our Galaxy both in Li abun-
dance and "Li/°Li which would be consistent with
an increased metallicity toward the inner disc of
the Milky Way (Fig. 3.5). These theoretical
predictions remain to be yet evaluated.
Reproduction of the depletion in the Solar Li
abundance relative to meteoritic Li contents is an
important aspect in stellar evolution models and

cosmology. Ahrens et al. (1992) discussed that Li
depletion of the Sun may have been completed
during its pre-main sequence evolution, but this
depends on the abundances of He and other
metals, on the mixing length, and the thickness of
an extra mixing layer. Some ~200,000 km for
the convective zone in the Sun, responsible for Li
depletion, was calculated. However, if Li deple-
tion by a factor of ~ 150x% is considered (roughly
the extent of depletion found in the Sun relative
to meteoritic matter; Anders and Grevesse 1989),
then parallel problems arise with too little Be
depletion compared to the observations. Here, we
stress that beside Li, only a few other elements
show depletion in the Sun relative to chondritic
meteorites by the factor of ~ 100 (Te, I, Cs and
Hg; see a recent compilation in Palme et al.
2014). This is important to note because Solar
elemental abundances in fact are similar to those
in the meteorites; from the group of light ele-
ments Li-Be-B, Li is the most depleted in the
Sun (Asplund et al. 2009).

dlog [Li/H]/dR = -0.052

log [Li/H] +12
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Fig. 3.5 Model calculations of Li abundance (a) and
SLi/"Li ratio (b) as functions of radial distance from the
center of the Milky Way disc (after Prantzos 2012).
Dashed curve = 4.5 Ga, solid curve = present. Thick
segments were used to calculate the slope in a. More exact
evaluation of Li isotopic ratios is hindered by uncertain-
ties in 'Li yields of low-mass sources, °Li/’Li ratios of
ISM, and possible reactions between ISM and GCR
(Prantzos 2012)
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The major outcome of the calculations of
Ahrens et al. (1992) is that any generalization for
stars other than Sun should be avoided, or, at
least, carefully examined. Indeed, some stars of a
Sun-like mass still maintain Li abundances more
or less in the range of the original starting values.
It follows that the problem lies in reducing or
avoiding Li burning in the pre-main sequence
evolution rather than proposing mechanisms of
Li burning in the main sequence. As a conse-
quence, the Sun may not be the proper choice for
calibrating the extent of Li depletion in stellar
regions because in this range of solar masses the
dependence of Li depletion on the depth of
mixing is scaled up. This was also noted by
Steigman (1993) who summarized that stellar
production of ’Li was very subordinate dur-
ing ~4.6 Gyr existence of the Solar System.
They suggested that, perhaps, the Sun is not
representative of the local ISM at ~4.6 Ga so
that Li-Be-B abundances may in fact be over-
abundant. Moreover, there is a difference
between the primordial Li abundance of the
Galaxy and the Solar System; Audouze et al.
(1983) estimated the primordial Galactic Li
abundance at Li/H of 11.8 £ 3.2 x 10~"! whereas
the Solar System Li/H starting value was esti-
mated to be as high as ~2x107°, requiring
enrichments in Li during the Galactic history.

In contrast to general Li depletion in the Sun,
some other classes of stars may carry far higher
Li loads. Values up to 400x higher than pri-
mordial "Li (Scalo 1976) are quite often observed
in giants of various classes (e.g., Brown et al.
1989; Carlberg et al. 2010; Koch et al. 2011;
Monaco et al. 2011; Smith et al. 1995; Waller-
stein and Sneden 1982), although the nature of
these enrichments is not yet completely clear.
The "Li/°Li ratios in these massive stars do not
differ from Li-poor regular stellar bodies
(Andersen et al. 1984). It may be that He cir-
culating from stellar atmospheres into deeper
zones transforms into 'Be which decays to 'Li
through (a,y) reaction (Monaco et al. 2011). An
important factor in this reaction (see also
Sect. 3.1.1) is the need for a hot stellar envi-
ronment (>107 K) to produce "Be and its fast
transport to cooler subsurface layers (<3 x 10° K)
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where the freshly synthesized 'Li is not con-
sumed in nuclear reactions; it is called the
Cameron-Fowler transport mechanism
(Cameron and Fowler 1971). Capture of a
sub-stellar body would enhance abundances of
other refractory elements or would have other
consequences, none of which, however, are
observed (Koch et al. 2011; Kumar et al. 2011).

The photosphere of the Sun (and by inference
the Sun as a whole) is depleted in Li by two
orders of magnitude compared with meteoritic
abundance (~ 150%; Anders and Grevesse 1989;
Asplund et al. 2009), yet it carries distinctively
high “Li/°Li > 33 as measured in sunspots
(Ritzenhoff et al. 1997). Technically, sunspots
are cooler surface regions and their Li spectra
should thus be better resolved; indeed, evidence
is provided for small but resolvable amounts of
°Li (Ritzenhoff et al. 1997). The high "Li/°Li
ratios in the Sun probably are the result of dif-
ferential destruction rates of °Li and 'Li at
2 x 10° and ~2.5 x 10° K, respectively
(Delbourgo-Salvador et al. 1985). The isotopi-
cally heavy values found for sunspots were also
obtained in physical samples of implanted solar
wind particles in lunar soils. Chaussidon and
Robert (1999) provided an estimate for
"Li’Li > 31 in the solar wind through ion
microprobe shallow-depth in situ profiling of
exposed lunar soil grains, resulting in a reason-
able match between astrophysical predictions and
cosmochemical approaches. The analyses also
showed that both the solar wind and spallogenic
Li penetrate the very surface of lunar materials
no deeper than a few tenths of a micrometer. The
observation of heavy Li in the outer shells of
lunar soil particles was confirmed later by Magna
et al. (2006) although not yielding such high
"Li/°Li ratios given the different methodology
used to investigate lunar samples.

It is critical to note that, through time, stellar
"Li/°Li ratios might have undergone significant
modifications due to stellar processes, as discussed
above, while meteoritic Li isotopic ratios appear to
be more or less constant over the lifetime of our
Solar System. However, the "Li/°Li at the Solar
System start is unknown and alternative 'Li/°Li
evolution of the Sun can be sketched (Fig. 3.6). We
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cannot therefore postulate unambiguously that the
Sun represents the interstellar gas composition at
the time of formation at ~4.6 Ga. This may imply
a process-oriented dichotomy in Li isotopic evo-
lution of gaseous and solid materials of the Solar
System. Of course, for the latter we do have
physical samples in the form of primitive and
evolved meteorites such as chondrites and mete-
orites from Mars and asteroidal bodies such as
Vesta, as well as samples from the Moon, collec-
tively spanning time from the beginning of the
Solar System until present. In general, although the
Li isotopic compositions of Solar System solids
and the Sun differ significantly today, it may well
be that the bulk Solar System started with a more
uniform and perhaps chondritic "Li/°Li ~ 12, or
perhaps even a lower value reflecting low "Li/°Li
ratios typical of ISM, and evolved to the Sun’s
present-day "Li/°Li ~ 33 (see above) as a conse-
quence of stellar processes. Over the same time the
composition would have remained essentially
constant for solid residua of the Solar proto-nebula
from which planets accreted because the accretion
process, including multiple impacts, runaway
collisions and oligarchic growth of planets, did not
impose conditions necessary for major changes in
the ratio of Li isotopes.
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Fig. 3.6 Schematic evolution of "Li/°Li in our Solar
System. Solid materials (Earth, Mars, Moon, asteroids,
meteorites) all have a constant Li isotopic ratio at ~ 12
whereas Solar 7Li/°Li ratio has apparently evolved toward
higher values as a consequence of preferential destruction
of °Li over Li. It is unclear, however, what "Li/®Li ratio
our Sun started with. Also, local ISM prior to formation of
Solar System might have had a range of "Li/°Li ratios and
the present-day ‘Li/°Li value may not necessarilly reflect
that of a new-born Solar nebula

The uncertainty in deconvolving the history
and evolution of "Li/°Li of the Sun may, to some
extent, be linked with variations in "Li/%Li ratios of
other stars. It is generally difficult to obtain "Li/°Li
ratios for stars (Piau 2008) due to technical com-
plexities in resolving the spectra of °Li and "Li. As
a consequence, the measured TLi/°Li ratios are
usually very high and burdened by large analytical
errors. In fact, lower "Li/°Li limits at ~20 are
typical (e.g., Garcia Pérez et al. 2009; Hobbs and
Thorburn 1994; Hobbs et al. 1999; Maurice et al.
1984; Nissen et al. 1999). In this respect, both the
low-mass halo stars and metal-poor stars appar-
ently play the determining role in models of evo-
lution of Li and its isotopes because their lifetimes
are comparable to those of the Galaxy itself and
because precise measurements of individual Li
abundances in such stars may be critical in con-
straining the Galactic history and evolution. Lind
et al. (2013) found very high “Li/°Li ratios in
several metal-poor stars, showing that these were
indeed devoid of °Li, attesting to standard models
of BBN evolution. High "Li/°Li ratios, practically
at the edge of current instrumental analytical
capabilities, appear to be the common feature of
stars. For example, Ghezzi et al. (2009) measured
"Li/°Li ratios in several stars and despite many
technical barriers and the need for many correc-
tions, they found very high "Li/°Li ratios (>125)
within analytical errors for all studied cases.

3.1.3 Searching for Exoplanets
with Lithium

The stellar Li abundance could eventually be
useful in searching for the existence of stellar
systems with orbiting planets, as spectral mea-
surements of Li abundance are, in some cases,
relatively easy. Theoretically, the existence of an
orbiting planetary system may affect the stellar
angular momentum as well as surface convective
mixing because rotational forces produced by the
movement of large satellites could impart sig-
nificant additional energy to mixing of stellar
layers. By inference, this would affect the avail-
ability of Li for burning. However, alternative
explanations may seek Li depletion to be
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inherited from the pre-main sequence stage of
stellar evolution.

In order to establish Li as a practical proxy for
stellar planet-harboring systems, Israelian et al.
(2009) reported on a pronounced Li depletion in
stars with proven orbiting planets. These authors
suggested that stars more massive than the Sun
do not suffer from comparable Li depletion due
to convective layers that are too shallow to
transport Li into greater depths where Li-burning
is triggered. It may appear that Li depletion is
peculiar to Sun-like stars within a very restricted
temperature range (+80 K) and wherein neither
age nor metallicity are the major determining
parameters of Li depletion (Israelian et al. 2009).

The results of Israelian et al. (2009) were later
critically reviewed by Baumann et al. (2010) who
concluded that planet-harboring stars do not differ
in their Li abundances from stars without
anchored planetary systems and that these fea-
tures may be coupled with different rotation
profiles of stars (Charbonnel and Talon 2005).
Lithium depletion may be pronounced in stars
with thicker convective zones and in stars with a
higher degree of differential rotation between the
core and envelope so that Li is entrained in dee-
per, hotter regions. More generally, Baumann
et al. (2010) provided evidence against stellar
planet-hosts possessing surface Li abundance
different to those which would be intrinsic to
solitary stars. Also, Ramirez et al. (2012) were not
able to statistically distinguish between
planet-hosting and planet-free stellar systems
despite multiple constraints on surface tempera-
ture, mass and metallicity. They concluded that
some of the foreseen differences in Li abundance
may stem from subtle disparity in these key stellar
parameters between the two compared groups.

Recently, Figueira et al. (2014) employed
more stringent statistical tools for larger data set
and found that differences in stellar surface Li
abundance exist at statistically significant levels
(>30) for planet-devoid and planet-harboring
stars whereas a difference in Li abundances
at ~ 7o level was found for a selected population
of stars analyzed by Delgado Mena et al. (2015)
and ascribed by the authors to the presence of
massive hot Jupiter-size planets migrating closer
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toward the star. However, one must keep in mind
that (i) some of the former stellar systems may
host planets not yet detected by our analytical
tools and, (ii) depletion in Li of stars may be
related to massive Jupiters which may impart
more gravitational influence on stellar mixing.
Collectively, some limitations resulting from
both the model parameters and data evaluation
call for further analyses and a better under-
standing of stellar environments.

3.2 Cosmochemistry of Lithium
in Meteorites

Lithium is rendered an important element for
stellar nucleosynthesis (see previous section),
and holds promise as a petrogenetically mean-
ingful parameter of planetary magmatic differ-
entiation, crustal evolution and
alteration/metasomatism. These assumptions
partly follow from its moderately volatile
behavior with a 50 % condensation temperature
from Solar System gas of 1142 K (Lodders 2003)
and its incorporation into forsterite and enstatite
where it substitutes for Mg. Despite its broad use
in understanding magmatic and post-magmatic
processes, only a handful of detailed studies of
elemental and isotopic distribution of Li in
meteorites, considered the building blocks of
terrestrial planets, has emerged.

In 1960s and early 1970s, it became clear that
(i) chondritic meteorites of diverse classes (car-
bonaceous, enstatite, ordinary) are uniformly low
in Li abundance, generally in the range between
1 and 3 ppm (e.g., Balsiger et al. 1968; Dews
1966; Krankowsky and Miiller 1964, 1967;
Nichiporuk and Moore 1970, 1974; Tera et al.
1970), (ii) Li resides primarily in the silicate
portion of meteorites, (iii) chondrules are gener-
ally depleted in Li relative to the bulk sample
(Krankowsky and Miiller 1967; Shima and
Honda 1966), and (iv) some achondrites may
carry significant quantities of Li (up to 15 ppm),
for example shergottites and nakhlites coming
from Mars (see Sect. 3.3.2) and eucrites coming
from asteroid 4-Vesta (see Sect. 3.3.3). Most of
these preliminary conclusions were later
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confirmed by analyses of a larger number of
specimens, but the advent and wide application
of modern state-of the-art analytical instruments
made it clear that Li is distributed heteroge-
neously on a small scale and that it behaves in a
complex fashion (e.g., Hanon et al. 1999;
Chaussidon et al. 2006; Maruyama et al. 2009;
McDonough et al. 2006; Murty et al. 1983; Seitz
et al. 2007, 2012; Sephton et al. 2013).

3.2.1 Lithium in Bulk Chondritic

Meteorites

A few early studies of meteorites produced a
significant load of Li isotopic data (Balsiger et al.
1968; Dews 1966; Gradsztajn et al. 1967; Kran-
kowsky and Miiller 1964, 1967; Poschenrieder
et al. 1965; Rajan et al. 1980; Shima and Honda
1966; Yanagita and Gensho 1977) but given the
contemporary precision of ~+10 %o and con-
sidering the lack of a recognized international
reference material, the only significant conclusion
reached from those investigations was that the Li
isotopic signature in meteorites overlaps, within a
broad uncertainty; hence it was inferred that the
chondritic (and by extension the bulk Earth)
"Li/°Li ratio was ~12 (Anders and Grevesse
1989). These early results also placed a bench-
mark for the astrophysical observations that some
interstellar regions of the Universe have 'Li/’Li
ratios far below the chondritic value, some as low
as ~2 (e.g., Knauth et al. 2003, 2000).

Further support for varying 'Li/°Li ratios
across the Galaxy, or at least across the Solar
System, has since come from in situ analyses of
presolar SiC grains thought to represent the
oldest and chemically and physically extremely
resistant material of the Solar System available
(Gyngard et al. 2009; Lyon et al. 2007). These
studies have shown that some sub-chondritic
"Li/’Li ratios (down to ~9) may be related to
contribution from GCR spallation reactions,
yielding °Li excess. Chaussidon et al. (2006),
though, presented potential evidence of the for-
mer existence of live 'Be during the formation of
chondrules in the Allende meteorite. These latter
results were disputed by Desch and Ouellette
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(2006) who postulated that corrections for cos-
mogenic contribution performed by Chaussidon
et al. (2006) were overestimated and that there is
no real isochron through the data set that would
imply the presence of former live 'Be through a
correlation between 'Li/°Li and *Be/°Li. Careful
re-examination of the data of Chaussidon et al.
(2006) by Leya (2011) partly re-assessed the
validity of such an isochron although care must
be exercised in proper handling of cosmogenic
effects as well as statistical evaluation, combined
with cautious petrography.

The non-trivial task of obtaining information
from presolar grains has been evaluated by
Fujiya et al. (2011) who, using the NanoSIMS
technique, investigated Li (and B) isotopic
compositions in 12 SiC X grains, thought to
originate in Type II supernovae. However, all of
the grains analyzed by Fujiya et al. (2011) carried
Solar System 'Li/°Li ~ 12 within analytical
errors which the authors ascribed to meteoritic or
laboratory contamination. Considering consider-
ably higher Li concentrations in SiC grains of
Fujiya et al. (2011) compared with those mea-
sured by Gyngard et al. (2009), any contribution
by GCR spallation-produced Li has been con-
strained to < 4 % but will probably be at sig-
nificantly lower levels.

Only in 2003, McDonough et al. (2003) pre-
sented the first quasi-systematic investigation of
Li isotopic compositions in several chondritic
meteorites of different petrologic types. These
results implied a shift in 8’Li depending on the
degree of alteration and/or thermal metamor-
phism such that aqueous alteration introduced
higher 8’Li whereas low 8'Li values were asso-
ciated with higher degrees of thermal metamor-
phism. Moreover, the preliminary data of
McDonough et al. (2003) invoked 8'Li ~0 %o
for the Solar System with profound implications
for the inner Solar System planets. However,
more recent studies (McDonough et al. 2006;
Seitz et al. 2007) did not lend support to these
preliminary conclusions and have inferred a
Solar System 8'Li of ~+3—4 %o, consistent with
a large body of other evidence from terrestrial,
lunar, martian and asteroidal rocks (see the fol-
lowing sections in this chapter).
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One of major obstacles in analyzing meteorites
is their petrologic diversity, record of
post-solidification processes that could have dis-
turbed the original Li distribution, and
intra-sample variability. The latter has clearly been
identified in somewhat contrasting results for dark
inclusions in the Allende chondritic meteorite
(Seitz et al. 2012; Sephton et al. 2006). Further-
more, the remobilization of Li isotopes during
thermal metamorphism or aqueous processes
could potentially mask the original Li isotopic
signature of meteorites. However, in such cases it
may provide important information on time scales
and temperatures of these secondary events.

The fact that Li isotopic compositions of
different meteorite classes do not simply
reflect  their individual and  Li-specific
post-crystallization histories, often involving ther-
mal processing, reheating and/or fluid percolation,
is mirrored in roughly consistent results for several
classes of chondritic meteorites (Pogge von
Strandmann et al. 2011; Seitz et al. 2007). In fact,
all classes of chondrites, (i.e., carbonaceous, ordi-
nary and enstatite) show a similar extent of 8'Li
variation, paralleled by only slightly different mean
values (Fig. 3.7). The carbonaceous chondrites
include Allende, Murchison, Orgueil, Karoonda,
Ornans, Efremovka, Vigarano, Tagish Lake and
several other specimens and have
8"Li = +3.2 £ 1.7 %o (26, n = 35); among ordinary
chondrites, Bruderheim, Bjurbdle, Semarkona,
Tuxtuac, Parnallee, Chainpur, Saint-Séverin, For-
est Vale and Kernouvé were also analyzed, with the
mean 8'Li=+2.4+ 1.6 %o (20, n =34); Quingzhen,
Indarch, Abee, Hvittis or Neuschwanstein are
among the analyzed enstitate chondrites and the
group’s 8'Li = +1.9 + 1.5 %o (26, n = 10).

A comparison of larger data sets collected for
individual samples seems to indicate a
sample-scale heterogeneity. For example, avail-
able data for carbonaceous chondrite Orgueil
yield a mean 8’Li = +3.6 + 1.4 %o (26, n = 5)
and a similar extent of variability has been
found for the ordinary chondrite Parnallee
(8'Li = +2.9 + 1.7 %o, 20; n = 3). Slightly
less heterogeneous results were found for
other  carbonaceous chondrites, Allende
(57Li =2.6 = 1.0 %o, 2SD; n = 5) and Murchison
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8’Li = 3.9 + 0.8 %o, 2SD; n = 5). Collectively,
most chondritic meteorites span 8’Li range lar-
gely between +1 and +5 %o, and only carbona-
ceous chondrites of the Renazzo (CR) type (Fehr
et al. 2009), some enstatite chondrites, and a
single aubrite (enstatite achondrite) show con-
sistently light Li isotopic signatures (Pogge von
Strandmann et al. 2011) that may provide further
insights into the distribution of chondrite parent
bodies within the early Solar System. From the Li
perspective it is difficult to assign enstatite
chondrites a major role as building material for
the Earth and other large planetary bodies in the
Solar System (see also Magna et al. 2015)
because their major element composition is in
stark contrast with that of the Earth (see discus-
sion in Palme and O’Neill 2014). On the contrary,
many other geochemical aspects (in particular
isotopic compositions of many refractory ele-
ments such as Ti, Cr, Ni, Ba, etc.) are not at odds
with a view of enstatite chondrites as major
building blocks of terrestrial planets (see also
opposing views of Fitoussi and Bourdon 2012 vs.
Javoy et al. 2010, and discussion therein).
Although it seems that the Earth and Mars were
formed from a complex mixture of primitive
materials (e.g., Warren 2011), a significant effort
should be made toward a better understanding of
planetary-forming processes; if the behavior of Li
is better understood it could aid in this effort.
Lithium data for other meteorite classes are
scant. Olivine from the Admire pallasite showed
a rather Li-poor nature (0.8 ppm) and a &’Li
value (+3.4 %o) fully in the range of chondritic
meteorites (Seitz et al. 2007). Further analyses,
conducted using SIMS instrumentation, have
confirmed this value although with some scatter
and with a few pallasites showing lighter Li
isotopic compositions (8'Li < + 0.6 %o; Bell et al.
2008). Preliminary data for olivine and pigeonite
extracted from ureilites show somewhat higher
(and similar) 8'Li values for both co-existing
minerals (+6.3 and +6.7 %o, respectively),
although pigeonite displayed significantly larger
scatter of the Li isotopic compositions (Single-
tary et al. 2008). Whether or not these signatures
reflect kinetic processes on the respective parent
bodies remains to be tested. However, only a
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Fig. 3.7 Lithium isotopic composition of different
groups of chondritic meteorites. Several features are
apparent. First, within rather large uncertainty, all major
chondrite groups (carbonaceous, ordinary, enstatite) have
broadly similar mean &’Li, although the latter group has
on average slightly lighter lower mean 8’Li. Second,
some samples show particular variation in 8'Li (e.g.,
Orgueil, Murchison, Karoonda, Allende, Parnallee)
whereas published data for some others are nearly
identical (e.g., Ornans, Dhurmsala, Bremervorde,

more detailed survey of a larger population of
chondrites (and primitive achondrites, such as
aubrites, angrites, brachinites, and ureilites),

Indarch). This indicates sample-scale heterogeneity; con-
sequently, care should be exercised when analyzing
chondritic materials. It also appears that the data of
McDonough et al. (2003) may suffer from yet unac-
counted analytical artifacts because other analyses of
Karoonda, Felix, Efremovka, and Chainpur are consistent
with the chondrite group means. Data sources: James and
Palmer 2000; Seitz et al. 2007, 2012; Pogge von
Strandmann et al. 2011; Magna et al. 2006; Sephton
et al. 2004, 2006, 2013; McDonough et al. 2003

paralleled by considerations of intra-sample
heterogeneities, could provide further clues to
the history of Li in the early Solar System.
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3.2.2 Lithium Distribution
and Isotopic Systematics
in Constituents

of Chondritic Meteorites

The early work of Dews (1966) showed that
chondrules are depleted in Li (< 0.27 ppm) rel-
ative to bulk chondrites and that there are some
variations in Li abundance in chondrules from
individual samples. These findings were later
reproduced for other meteorites, though with less
pronounced Li depletion in chondrules relative to
matrix (Nichiporuk and Moore 1970). On the
contrary, Krankowsky and Miiller (1967), Bal-
siger et al. (1968) and Murty et al. (1983)
reported analyses of chondrules and bulk speci-
mens with somewhat contrasting results, even
with up to two-fold Li enrichments in chondrules
relative to bulk specimens. More recently, Hanon
et al. (1999) used SIMS to determine Li (and Be—
B) elemental distribution in several meteorites,
including Allende and Semarkona. Their results
indicated a rather narrow range of Li concentra-
tions in chondrites (~0.2-2.6 ppm), paralleled
by a lesser elemental variability of Li within
individual chondrules compared with B. In con-
trast to preferential incorporation of Be and B
into mesostasis, Li partitioning into crystals
versus mesostasis between different chondrites is
not uniform. The coupled Li-Be-B elemental
systematics also indicated immobile character of
Li and Be during metamorphism of the parent
body of ordinary chondrites (Hanon et al. 1999).
The Li-Be-B systematics in Semarkona chon-
drules were independently also investigated by
Chaussidon and Robert (1998) who found much
larger variations in Be—B contents relative to Li
(from ~0.5 to ~3.7 ppm Li vs. two and three
orders of magnitude variations for Be and B,
respectively). Moreover, no uniform partitioning
between mesostasis and pyroxene was observed
(similar to findings of Hanon et al. 1999),
implying the lack of magmatic equilibrium due
to rapid cooling of chondrules.

Chaussidon and Robert (1998) also reported
8’Li values for multiple measurements of three
chondrules from Semarkona with a mean value
for the majority of data points at +10 + 10 %o.
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They suggested that this variation reflected
mixing of three different nucleosynthetic sources
(BBN, ISM, and dense molecular clouds); at
least two different sources (high-energy spalla-
tion reactions and a common silicate reservoir)
were also invoked for chondrules from the
Mokoia meteorite with 8'Li values as low as
=54 %o (Robert and Chaussidon 2003). Different
distribution of Li and 8’Li was reported for
Allende by Bell et al. (2008) who found gener-
ally low Li concentrations (< 1 ppm) for Mg-rich
olivine (with forsterite contents > 90 mol%) and
between ~0.5 and ~4.5 ppm Li was found in
olivine with a larger fayalite component
(>10 mol%). The Li isotopic variability in for-
steritic olivine (~0 to ~30 %o) is contrasted by
rather uniform 8’Li = +3 + 2 %o in Fe-rich oli-
vine. Bell et al. (2008) discussed these findings
as reflecting preferential loss of °Li by evapora-
tion at high temperatures.

In situ measurements of Li abundance and
isotopic composition in several chondrules from
the Allende meteorite by Maruyama et al. (2009)
revealed Li-poor character of olivine in three
chondrules (generally below 0.3 ppm) whereas
olivine in three other chondrules had mean Li
abundance from 0.6 to 0.8 ppm. Elevated Li
contents were found in low-Ca pyroxene of two
chondrules (>3.6 ppm), matrix (~2 ppm), and in
Na-rich mesostasis (>1 ppm). Parallel measure-
ments of 8'Li in selected olivines revealed a
significant variation between —32 and +21 %o
without any clear systematics. Because most
mesostasis in Allende is rather low in Li, Mar-
uyama et al. (2009) invoked leaching of Li by
aqueous fluids. The Na-rich phases located at
chondrule rims appear to have captured some Li
although the process of Li mobilization and
re-incorporation may have operated at different
times. Recently, Seitz et al. (2012) investigated
Li elemental and isotopic systematics in ~90
chondrules by means of MC-ICPMS technique.
Again, three observations are apparent: (i) no
systematic relationship of Li contents and pet-
rogenetic parameters (e.g., magnesium number
[Mg#], defined as (molar MgO/(molar
MgO + molar FeO™)), (ii) overall low Li con-
tents in chondrules relative to bulk chondrites,
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and (iii) a large range in 8’Li values among the
chondrules without any peculiar systematics and
relation to the degree of alteration/
metamorphism, degree of melting or major ele-
ment chemistry. From these observations, Seitz
et al. (2012) implied compositional hetero-
geneities in chondrule forming regions in the
Solar nebula. Collectively, the data for individual
components of chondrites show a large scatter in
both Li contents and isotopic compositions,
indicating non-uniform behavior of Li during
chondrule formation and subsequent processes
after the chondrules were embedded into bulk
chondritic matter. There is, somewhat surpris-
ingly, limited evidence for post-magmatic
re-distribution of Li in chondrites through aque-
ous alteration or thermal metamorphism whereby
the former process could be efficiently tracked
with Li (see Chap. 6). This can be linked to the
assumption of Seitz et al. (2012) and Sephton
et al. (2013) that the whole-rock Li systematics
appear to be a mixture of several distinct com-
ponents with largely different Li characteristics.

Important information on post-magmatic his-
tories of chondrites may also be gathered by
applying sequential leaching procedures which
seek to selectively dissolve individual compo-
nents. For example, acetic acid usually removes a
non-silicate fraction out of the bulk material. By
this technique, Sephton et al. (2004) isolated
carbonates, and Fe oxides and oxyhydroxides
from the Murchison meteorite. They found sub-
stantial 8’Li variations between the individual
components, i.e., carbonate-rich, phyllosilicate-
rich matrix and chondrules that simply constitute
the bulk mass of the meteorite. Carbonates in their
study carried a heavy Li isotopic signature
(>+12.6 %o), which is largely consistent with
terrestrial systematics of Li in low-temperature
carbonates. A supplementary study by Sephton
et al. (2013) found that Fe mineralogy (i.e., the
type of the Fe oxide or oxyhydroxide) exerts the
major control on abundance of Li in non-silicate
(i.e., acetic acid-leachable) phases. Also, acetic
acid-leachable phases carried high 8'Li, similar to
the findings of Sephton et al. (2004). These
observations may have implications for post-
magmatic processes, such as aqueous alteration
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acting on the meteorite parent bodies at different,
albeit low, temperatures (Sephton et al. 2013).

3.2.3 Lithium in Other Meteorites

Beside chondrites and  achondrites, a
well-populated clan of other meteorite types,
pallasites, mesosiderites and iron meteorites,
exists (Krot et al. 2014). A significant proportion
of these meteorites is formed by Fe—Ni metal in
which Li will likely be highly incompatible. This
was proven by comparing Li contents in silicate
and troilite from Odessa IA iron meteorite
with ~1-2 ppm Li in silicate fraction ver-
sus ~40 ppb in the metal fraction (Krankowsky
and Miiller 1967). Murty et al. (1982) investigated
iron meteorites from several classes and found
that Li is distributed heterogeneously in these
meteorites. Moreover, most Li appeared to be
concentrated in a non-magnetic fraction whereas
the magnetic fraction retains a subordinate pro-
portion of Li. Despite very low Li contents (low
tens of ppb Li, as determined from the measured
°Li contents by neutron activation analysis), a
resolved difference in Li contents between IA
(e.g., Canyon Diablo, Odessa, Toluca) and IIAB
(e.g., Coahuila, Sikhote Alin) versus IIIA (e.g.,
Cape York, Henbury) iron meteorites was found
(>~20 ppb in IA-IIAB vs. ~5 ppb in IIIA).
However, no further investigations were made
that considered these meteorite classes. Given the
low abundances of Li in metal, consistent with its
lithophile character, the possible implications for
histories of the respective parent bodies of iron
meteorites may be rather limited.

3.3 Cosmochemistry of Lithium
in Planetary Bodies

Comparatively little has so far been done in order
to improve our understanding of the behavior of
Li and its isotopes in non-terrestrial materials
despite at least three decades of successful mea-
surements of Li isotopic compositions and despite
the importance of Li in stellar processes.
Only with more recent developments and
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advancements in analytical techniques and
instrumentation (see Chap. 2), several studies
have presented precise and accurate measure-
ments of Li isotopic compositions in lunar rocks
as well as in martian, Vestan (howardite—eucrite—
diogenite [HED] clan) and other meteorites, with
some implications for the histories and evolution
of their respective parent bodies. Whereas
numerous samples of these bodies exist for direct
laboratory investigations, recent efforts have also
been made to detect Li abundance in Mercury, the
innermost planet of the Solar System, for which
no physical samples are at present available.

The preliminary report by Irving et al. (2013)
on a recent find of North West Africa
(NWA) 7325 requires further investigations but
Li-depleted character of this meteorite (0.53 ppm)
is unique in the context of its provenance from a
differentiated planet. Whereas there may be little
direct link between the surface Li and atmo-
spheric Li abundance, Sprague et al. (1996) were
not able to detect Li in the atmosphere of Mer-
cury. This would be consistent with the extremely
depleted nature of NWA 7325, but further
investigations are required to answer ticklish
questions concerning this meteorite.

3.3.1 Lithium in Earth’s Moon

Since the return of Apollo samples, a number of
contributions to the annual Lunar and Planetary
Science Conference contained Li concentrations
for many lunar samples. Some significant obser-
vations arise from these studies. For example,
Dreibus et al. (1976) estimated 1.6 ppm Li for
bulk Moon and implied from Li—Zr elemental
correlations that the Moon inherited ~40 % of its
mass from high-temperature condensates and the
rest of its matter came from Mg-silicates. How-
ever, there were some discrepancies between
Li/Zr, which scattered significantly, and Li/Be
(considered constant at ~4.6 for the Moon, as
evidenced from maria basalts and KREEP-rich
and KREEP-poor samples; KREEP = potassium—
rare earth elements—phosphorus-enriched), which
may point to dissimilar behavior of these ele-
ments despite their refractory behavior.

3 Cosmochemistry of Lithium

Early lunar Li isotopic research was focused
on the detection in regolith of a solar wind
component (Eugster and Bernas 1971) although
measurements were compromised by large ana-
lytical errors. Solar wind was theoretically
modeled with high 7Li/’Li ratios resulting from
preferential destruction of °Li at the bottom of
the convective zone in the Sun (Bernas et al.
1967). This overall depletion of Li as well as
high "Li/°Li in the Sun was later confirmed the-
oretically (Delbourgo-Salvador et al. 1985), by
direct astrophysical observations (e.g., Ritzenhoff
et al. 1997). The early measurements of Eugster
and Bernas (1971), however, were unsuccessful
in determining "Li excess in two lunar breccias
(10046 and 10074) and a coarse-grained soil
(10084), potentially due to long exposure of
surface. Empirical support for heavy Li enrich-
ment in solar wind arrived more recently,
through high-resolution spatial analysis of indi-
vidual lunar soil particles (Chaussidon and
Robert 1999). Estimates from the analysis by
Chaussidon and Robert (1999) of Apollo soils
10060, 79035, 79221 and 79261 suggested that
solar wind had very high 'Li/°Li of ~3l,
whereas the bulk Earth value is ~12.

The data of Eugster and Bernas (1971)
showed "Li/°Li ratios similar to those found
previously for terrestrial materials. Also, Garner
et al. (1975) measured "Li/’Li ratios in several
lunar soils and rocks; these data too were indis-
tinguishable from the terrestrial reference mate-
rial. These first measurements, despite the lack of
internationally recognized and accepted stan-
dardization material, and being far from the
current levels of precision and accuracy, pro-
vided the first glimpse at the Li isotopic com-
position of the Moon. The lack of distinction
between Li isotopes in lunar and terrestrial
materials was only reinforced three decades later
by Magna et al. (2006) who analyzed a suite of
lunar rocks and soils with different solar wind
exposure ages. The results for soils did not
deviate drastically from values reported for the
bulk silicate Moon and, by inference, from the
Earth. The contribution of the solar wind to bulk
Li in lunar soils was detected for different size
fractions of the lunar soil 67601, with slight "Li
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excess in the finest fractions (<42 pm), most
likely formed by degradation of surface shells of
regolith particles through long-term solar wind
abrasion. Nevertheless, translated into bulk lunar
geology, there is no detectable shift in 3’Li for
magmatic rocks (Magna et al. 2006; Seitz et al.
2006), making them suitable candidates in which
to study processes of extreme magmatic differ-
entiation in the lunar magma ocean (Snyder et al.
1992) under nominally dry conditions, although
the genuine water content of the Moon is con-
tested (e.g., Hauri et al. 2011; Saal et al. 2008;
Sharp et al. 2010). This may be important by
considering a possible role of chemistry of min-
eral phases that build Li into their structures and
that may thus reflect changes in conditions dur-
ing magmatic fractionation and/or thermal
metamorphism (Chaklader et al. 2006).

Steele et al. (1980) measured Li contents in
plagioclase from a wide spectrum of lunar rocks,
including anorthosites, troctolites, norites, brec-
cias, and mare basalts. They found surprisingly
large variation between 1.2 and 21 ppm Li, with
an extraordinary plagioclase measurement from a
KREEP basalt clast from sample 15344 having
54 ppm Li. The latter concentration reinforces
the incompatible element-enriched nature of
KREEP (Warren and Wasson 1979). Steele et al.
(1980) also found a positive correlation between
Li and Na, although mafic mineral phases host
significant amounts of Li and plagioclase is the
principal carrier for Na. This may mean that
buoyant anorthositic lunar crust was derived
from a roughly common reservoir whereas high
but variable Li contents in plagioclase from
Mg-rich lithologies either reflect several isolated
and localized sources, or were actively commu-
nicating with those regions of residual lunar
magma ocean that were not yet solidified.

Very low Li contents (Magna and Neal 2011;
Magna et al., 2006) in very ancient anorthosites
(>4.3 Ga; e.g., Borg et al. 2011; Carlson and
Lugmair 1988; Norman and Taylor 1992) appear
to be an intrinsic feature of anorthositic portion
of the lunar crust. Terrestrial upper continental
crust carries high Li abundance
(mean ~35 ppm) and a diagnostic 3’Li (0 to
+2 %o), and appears to reflect long-term secular
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evolution of the crust-mantle system. For the
Moon, chemically evolved lithologies are quite
rare in the Apollo collection, and their origin
through silicate liquid immiscibility (e.g., Neal
and Taylor 1989) is likely to be dissimilar to the
formation of igneous rocks of the terrestrial
continental crust (Taylor and McLennan 2009).
Whereas many parameters suggest a comple-
mentary relationship of mare basalts and anor-
thosites (Taylor and Jakes 1974), low Li
abundance in lunar highland rocks does not find
its equivalent on Earth. Instead, low Li contents
in pristine ferroan anorthosites, paralleled by
elevated 8'Li (up to +9 %o; Magna and Neal
2011; Magna et al. 2006), may imply kinetic
effects in a plagioclase-rich layer, although rapid
preferential diffusion of °Li into newly formed
plagioclase (Coogan 2011; Coogan et al. 2005)
would likely drive “Li/°Li instead towards low
values. Therefore, the heavy Li isotopic signature
of the lunar ferroan crust remains somewhat
enigmatic and needs to be cautiously modeled.

Shearer et al. (1994) measured the Li, Be and B
contents in picritic lunar volcanic glasses and
found that Li and other light lithophile element
contents vary greatly among different sampling
sites (Apollo 11, 12, 14, 15 and 17, respectively).
These authors suggested that effusive volcanic
glasses cooled quickly under near-vacuum con-
ditions and that they are genetically unrelated to
mare basalts; volcanic glasses appear to more
closely reflect the intrinsic Li content of the Moon,
estimated at ~0.8 ppm (Taylor 1982), although
other estimates have been made (see above). The
somewhat heterogeneous nature of these glasses,
however, is underscored by significant differences
in Li abundance and isotopic compositions yiel-
ded for different aliquots of green glass 15426 and
orange glass 74220 (Magna et al., 2006; Seitz
et al. 2006). The nature of this discrepancy
remains unresolved at present, although these
materials may represent a closer window into the
deep lunar mantle (Longhi 1992).

Only rather recently, Magna et al. (2006) and
Seitz et al. (2006) published the first
high-precision Li isotopic data for bulk lunar
samples (Fig. 3.8). Both studies showed inde-
pendently that Li isotopic composition of the
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Fig. 3.8 Lithium content versus 8’Li in lunar samples
(Day et al. 2008; Magna and Neal 2011; Magna et al.
2006; 2009; Seitz et al. 2006). An apparent difference
between low-Ti and high-Ti basalts, as well as a more
detailed assessment of Li systematics in volcanic glasses
(Shearer et al. 1994), appear to rule out a single source for
these major reservoirs. Notable depletion in Li has been

silicate lunar mantle is nearly identical to that of
the Earth, with consequences for the Earth—-Moon
formation in a giant impact (Canup 2004) and
subsequent turbulent exchange of hot ionized gas
after the collision (Pahlevan and Stevenson
2007). Importantly, both studies have also shown
that lunar rocks may be quite heterogeneous on a
specimen scale as is obvious from several sam-
ples that were measured independently (such as
KREEPy impact melt 14310, orange glass
74220, green glass 15426, quartz-normative
mare basalt 15475, and olivine-normative mare
basalt 15555) and that, therefore, the 8’Li of the
bulk silicate Moon must be interpreted with
caution. This is further stressed by the fact that
there are no direct mantle rocks in the Apollo
collection and that the chemical and isotopic
fingerprints of the deep lunar mantle may thus
only be inferred indirectly. Indeed, Magna et al.
(2006) and Day et al. (2008) have shown that
there are statistical differences between the Li
isotopic compositions of low-Ti and high-Ti
mare basalts, such that the former are in general
isotopically lighter than the latter, and that

found for ferroan anorthosites (FANSs), representative of a
significant portion of the lunar highlands. A rather limited
variability has been observed for plutonic Mg-suite rocks
(dunites, norites, troctolites). A trend toward Li-enriched
character of the KREEP reservoir is obvious and is
consistent with modelled Li abundance of 56 ppm
(Warren and Wasson 1979)

low-Ti mare basalts may better reflect the silicate
mantle of the Moon. This was also invoked from
Hf isotopic compositions (Beard et al. 1998) and
the distinctly greater proportion of low-Ti mare
basalts at the lunar surface (Giguere et al. 2000).
A note should be made that the bimo