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In order to fully utilize Li isotopes as a geochemical tracer, it is necessary to
characterize the Li isotopic compositions of different geological reservoirs, and quantify
the magnitude of isotopic fractionations for various conditions and compositions.
However, our knowledge of Li isotope geochemistry is mostly limited to the hydrosphere
and mantle. Little is known about either the Li isotopic composition of the continental
crust or the mechanisms by which Li isotopes are fractionated.

The primary objective of this thesis is to characterize the Li isotopic composition
of the continental crust. Over 50 upper crustal rocks including loess, shale, granite, and
upper crustal composites, have been measured and show a limited range of Li isotopic
composition (-5 to +5), with an average (0 + 2%o at 1) that is lighter than the average
upper mantle (+4 £ 2%o). More than 70 high-grade metamorphic rocks, including
granulite xenoliths and composite samples from high-grade metamorphosed terranes have
been analyzed to constrain the Li isotopic composition of the deep crust. Thirty

composite samples from eight Archean terranes show mantle-like Li isotopic composition



(+4 £ 1.4%o (at 10)) while 44 granulite xenoliths display a much larger Li isotopic range
from —17.9%o to +15.7 with an average of -1+ 7%o (10), isotopically lighter than the
mantle.

These data indicate that the continental crust on average has a lighter Li isotopic
composition than the upper mantle from which it was derived. Given that Li isotopes do
not fractionate during high-T magmatism, juvenile crust and the mantle should have
identical Li isotopic compositions. Therefore, the isotopically light continental crust is
likely the result of secondary processes, e.g., weathering, metamorphism and low-T
intracrustal melting. Previous studies have shown that weathering can strongly fractionate
Li isotopes, with heavy Li leaching into the hydrosphere, leaving the rock residue
isotopically light. Studies carried out in this thesis indicate that Li isotopes can be
fractionated by diffusion, metamorphic dehydration and granite differentiation.
Collectively, these processes shift the continental crust to isotopically lighter and the

hydrosphere heavier than the mantle with respect to 8'Li.
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Chapter 1: Introduction

Lithium, the lightest lithophile element, has an ion radius similar to Mg®",
allowing Li to readily substitute for Mg®" in many rock-forming minerals coupled with
charge compensation. Lithium is also moderately incompatible during mantle melting,
which results in its enrichment in the crust relative to the mantle (Brenan et al., 1998a;
Ryan and Langmuir, 1987). Lithium is fluid-mobile (Berger et al., 1988; Brenan et al.,
1998b; Chan and Kastner, 2000; Edmond et al., 1979; Kogiso et al., 1997; Seyfried Jr. et
al., 1998) and during weathering, when primary minerals break down, it, together with
other alkaline elements, is leached away. Unlike other alkaline elements, however, Li"
can substitute for Mg®" in clays in highly weathered rocks. The concentrations of Li in
various geological reservoirs differ by up to a factor of > 100 (Teng et al., 2004a).

Lithium has two stable isotopes, °Li and 'Li, with an average relative abundances
of approximately 7.6% and 92.4%, respectively. These two isotopes have many unique
chemical characteristics including low cosmic abundance, an extremely high nuclear
cross section of °Li, and ~17% mass difference (Olive and Schramm, 1992). The
relatively large mass difference, which results in a large mass-dependent isotopic
fractionation, makes Li isotopic studies a potentially powerful tool in studying many
geological problems. Lithium isotope ratios have been measured in geological materials
to variable degrees of accuracy and precision by a number of mass spectrometric
techniques: thermal ionization (TIMS) (Chan, 1987; Datta et al., 1992; Flesch et al., 1973;
Green et al., 1988; Hoefs and Sywall, 1997; Hogan and Blum, 2003; James and Palmer,
2000; Klossa et al., 1981; Krankowsky and Muller, 1967; Michiels and Debievre, 1983;

Moriguti and Nakamura, 1993; Oi et al., 1997; Qi et al., 1997; Sahoo and Masuda, 1998;



Svec and Anderson, 1965; Tera et al., 1970; Xiao and Beary, 1989; You and Chan, 1996),
Secondary Ion Mass Spectrometry (SIMS) or lon Probe (Chaussidon and Robert, 1998;
Decitre et al., 2002; Gurenko et al., 2005; Hervig et al., 2004; Kobayashi et al., 2004;
Richter et al., 2003; Williams and Hervig, 2005), quadrupole ICP-MS (Gregoire et al.,
1996; Koirtyohann, 1994; Kosler et al., 2001; Sun et al., 1987), and Multi-Collector (MC)
ICP-MS (Bryant et al., 2003b; Jeffcoate et al., 2004a; Kasemann et al., 2005; Magna et
al., 2004; Nishio and Nakai, 2002; Pistiner and Henderson, 2003; Seitz et al., 2004; Teng
et al., 2004a; Tomascak et al., 1999a). Of these techniques, only measurements from the
last 15 years demonstrate adequate reproducibility to yield useful results on geological
and cosmochemical samples. The MC-ICP-MS techniques have advantages over TIMS
techniques with small sample size (40 ug versus 250 ug), fast analysis (10 minutes versus
2.5 hours), for similar accuracy and precision. SIMS analyses allow for in-situ
determination of Li isotopes, but suffer from greater uncertainties and significant matrix
effects.

Due to analytical advances, our knowledge of Li isotope geochemistry has
increased significantly over the last decade. To date, Li isotopic geochemistry has been
used to understand a wide range of geological and environmental processes, e.g., river
and lake water geochemistry, hydrothermal activity and alteration of the oceanic crust,
surface weathering and cycling of material between the mantle and the oceanic crust.
Seawater has a homogeneous heavy Li isotopic composition with 8'Li value (8'Li =
[("Li/°Li)sample/('Li/°Li)Lsvec-1] x1000) at 30%o (Bryant et al., 2003b; Chan and Edmond,
1988; Hall, 2005; James and Palmer, 2000; Moriguti and Nakamura, 1998b; Tomascak et

al., 1999b; You and Chan, 1996), river water and hydrothermal fluid have 8’Li values



from 6 to 44%o0 (Huh et al., 1998; 2001; Tomascak et al., 2003; Zhang et al., 1998) while
basalts from both mid-oceanic ridges (MORB) and oceanic islands (OIB) have a
homogeneous light Li isotopic composition with 8'Li value at 4%.. Arc lava displays a
similar range of 8’Li values as oceanic basalts (Bouman et al., 2004; Chan et al., 1992;
2002b; Chan and Frey, 2003; Leeman et al., 2004; Moriguti and Nakamura, 1998a; 2004;
Ryan and Kyle, 2004; Tomascak and Langmuir, 1999; Tomascak et al., 1999b; 2000;
2002). While it is well established that the oceanic crust is well known with 8’Li values,
on average, heavier than the mantle and lighter than the hydrosphere (Bouman et al.,
2004; Chan et al., 1992; 1993; 1994; James et al., 2003; You et al., 1996), little has been
known about the Li isotopic composition of the continental crust and the Li isotopic
fractionation that occurs in the crust, both of which are fundamental for using Li as a
tracer of processes and of provenance. One objective of this thesis is to characterize the
Li isotopic compositions of the upper and lower continental crust, which can be used to
better constrain the Li isotopic budget of the silicate Earth. Another objective is to study
Li isotopic fractionation that occurs during granite differentiation and metamorphism,
which happens widely in the deeper parts of the continents and in subduction zones.

The following five chapters of this thesis are presented as five independent papers.
The first two chapters discuss the Li concentration and isotopic composition of the
continental crust while the next three late chapters concentrate on Li isotopic
fractionation during different geological processes. A summary of this dissertation is
given in the last chapter.

Chapter two examines Li in the upper continental crust. In order to characterize

the Li concentration and isotopic composition of the upper continental crust, over 50



upper crustal rocks including loess, shale, granite, and upper crustal composites have
been measured. These lithologies possess a limited range of Li isotopic compositions (-
5%o to +5%o0), with an average (0 + 2%o at 1o) that is representative of the average upper
continental crust. Thus, the Li isotopic composition of the upper continental crust is
lighter than the average upper mantle (+4 + 2%o), reflecting the influence of weathering
on the upper crustal composition. This work was published in an article entitled “Lithium
isotopic composition and concentration of the upper continental crust” in Geochimica et
Cosmochimica Acta.

Chapter three examines Li concentration and isotopic composition of the deep
continental crust by analyses of high-grade metamorphic rocks, including granulite
xenoliths and composite samples from high-grade metamorphic terranes. Thirty
composite samples from eight Archean terranes in East China, including TTG gneiss,
amphibolites and felsic to mafic granulites, have a narrow range of Li isotopic
composition from +1.7 to +7.5%o, with an average of +4 + 1.4%o (1), which is
indistinguishable from the upper mantle. In contrast, 44 granulite xenoliths sampled from
three different suites in Australia and China display a much larger range of Li isotopic
composition from —17.9%o to +15.7 with an average of -1+ 7%o (15). The difference
between granulite xenoliths and composite samples may reflect the homogenization of Li
isotopes in high-grade terranes by retrograde fluids and large Li isotopic fractionation
during metamorphic dehydration for granulite xenoliths. Parts of this work will be
submitted to Geochimica et Cosmochimica Acta.

Chapter four examines Li isotopic fractionation during granite differentiation.

Lithium concentration and isotopic composition have been measured for Harney Peak



granites, the spatially associated Tin Mountain pegmatite and possible metasedimentary
source rocks. Lack of correlations between Li isotopic composition and granite
differentiation indicates insignificant isotopic fractionation during granite differentiation.
The highly differentiated Tin Mountain pegmatite, however, is isotopically heavier than
the surrounding metasedimentary rocks and Harney Peak granites, consistent with 'Li
enrichment accompanying extensive crystal-liquid fractionation. This work has been
submitted as an article entitled “Lithium isotopic systematics of granites and pegmatites
from the Black Hills, South Dakota” to American Mineralogist.

Chapter five examines Li isotopic fractionation during diffusion. Samples from
country rocks of the Tin Mountain pegmatite have been measured for Li concentrations
and isotopic compositions. Both Li and §'Li vary greatly within both amphibolites (~10
m traverse) and schist country rocks (~300 m traverse). This large variation (~30%o) can
be modeled by Li isotopic fractionation accompanying Li diffusion from the pegmatite
into country rocks. Simple two end-member mixing or Li isotopic fractionation during
fluid infiltration cannot produce this large range of 8'Li. This work has been submitted as
an article entitled “Diffusion-driven extreme lithium isotopic fractionation in country
rocks of the Tin Mt. pegmatite” to Earth and Planetary Science Letters.

Chapter six examines Li isotopic fractionation during metamorphic dehydration
by studying the Onawa contact aureole, Maine. Major and trace element concentrations in
all metapelites vary little except for loss on ignition (LOI), which decreases with the
increasing metamorphic grade. Both Li concentration and isotopic composition within
these metapelites fall within the range observed in schists and typical post Archean shales.

Lithium concentrations decrease with progressive metamorphism towards the igneous



pluton, while samples from the retrograde andalusite-cordierite (a-c (r)) and melting (I-v)
zones have higher Li concentrations than their prograde count parts, falling off the trend.
Compared with the large variation in Li concentration, 8'Li shows very small variation
and slightly decrease with increasing metamorphic grade towards the pluton. These
observations show that Li isotopic fractionation at this range of temperature is very small
and metamorphic temperature, protolith and mineralogy of metamorphic rocks are three
factors controlling Li concentration and isotopic compositions of metamorphic rocks.
This work has been submitted as an article entitled “Lack of lithium isotopic fractionation
during progressive metamorphic dehydration in metapelite: A case study from the Onawa
contact aureole, Maine” to Chemical Geology.

Conclusions and perspectives for future research are the subject of Chapter 7.



Chapter 2: Lithium concentration and isotopic composition of the

upper continental crust

Abstract

The Li isotopic composition of the upper continental crust is estimated from the
analyses of well-characterized shales, loess, granites and upper crustal composites (51
samples in total) from North America, China, Europe, Australia and New Zealand.
Correlations between Li, 8'Li, and chemical weathering (as measured by the Chemical
Index of Alteration (CIA), and 8’Li and the clay content of shales (as measured by
Al,03/S10,), reflect uptake of heavy lithium from the hydrosphere into clays. S-type
granites from the Lachlan fold belt (-1.1 to —1.4%o) have 8'Li indistinguishable from their
associated sedimentary rocks (-0.7 to 1.2%o), and show no variation in 8'Li throughout
the differentiation sequence, suggesting that isotopic fractionation during crustal anatexis
and subsequent differentiation is less than analytical uncertainty (+1%o, 26). The
isotopically light compositions for both I- and S-type granites from the Lachlan fold belt
(-2.5 to +2.7 %o) and loess from around the world (-3.1 to +4.5%o) reflect the influence of
weathering in their source regions. Collectively, these lithologies possess a limited range
of Li isotopic compositions (8'Li of -5%o to +5%o), with an average (8'Li of 0 + 2% at
o) that is representative of the average upper continental crust. Thus, the Li isotopic
composition of the upper continental crust is lighter than the average upper mantle (8'Li
of +4 + 2%o), reflecting the influence of weathering on the upper crustal composition.
The concentration of Li in the upper continental crust is estimated to be 35 = 11 ppm

(20), based on the average loess composition and correlations between insoluble



elements (Ti, Nb, Ta, Ga and Al,Os, Th and HREE ) and Li in shales. This value is
somewhat higher than previous estimates (~20 ppm), but is probably indistinguishable

when uncertainties in the latter are accounted for.
1. Introduction

Assessing the Li isotopic compositions of crustal rocks and minerals is important
for tracing weathering processes in the crust and documenting interaction between the
crust and mantle. Our knowledge of Li isotopic geochemistry, however, is mostly limited
to the hydrosphere and mantle. Little is known about its general characteristics in the
continental crust, which is of fundamental importance for using Li as a geochemical
tracer of crustal recycling. The published data that existed prior to this study suggest the
continental crust is isotopically lighter than seawater (~30%o), but heavier than mantle-
derived magma (~4 £ 1 %o for MORB) and the mantle itself (Chan et al., 1994; Huh et al.,
1998; Huh et al., 2001; James et al., 1999; James and Palmer, 2000; You et al., 1995). If
s0, it raises the dilemma that all major reservoirs in the silicate Earth appear to have
heavier Li isotopic compositions than the upper mantle, which is generally considered to
reflect the isotopic composition of the bulk Earth.

In order to better constrain the Li isotopic composition of the upper continental
crust, we have undertaken a systematic study of granite, upper crustal composites and
sedimentary rocks. These data place constraints on the average Li concentration and Li
isotopic composition of the continental crust, particularly the upper continental crust, and

thus yield further insights into the Li budget of the silicate Earth.



2. Samples

Two approaches have generally been used to determine the composition of the
upper continental crust (for details, see Rudnick and Gao, 2003 ). One is to establish
weighted averages of the compositions of rocks exposed at the surface. This is the
method used to derive estimates of the concentrations of major element and a number of
soluble trace element in the upper continental crust. The other approach is to determine
the average concentrations of insoluble elements in fine-grained clastic sedimentary rocks
or glacial deposits and use these to infer the average composition of their source regions.

Here we use both methods to evaluate the Li concentration and isotopic
composition of the upper continental crust. Samples investigated here include all major
upper crustal silicate rock types i.e., both I (igneous)- and S (sedimentary)-type granites
from the southeastern Australia type localities (Chappell and White, 1974), upper crustal
composites from China that include graywackes, shales and granites (Gao et al., 1991;
1992; 1998), loess from around the world (Taylor et al., 1983) and the suite of Post
Archaean Australian Shales (PAAS), ranging in age from Proterozoic to Triassic, which
S.R. Taylor and co-workers used to constrain the rare earth element (REE) content of the
upper crust (Nance and Taylor, 1976). All of the samples we measured have been
extensively characterized in previous investigations and previously published chemical
data are supplied as an electronic annex.

2.1. Granites

Granite is a significant component of the upper continental crust, so the Li
isotopic composition of granite can be used to place constraints on the 8'Li value of the

upper crust. Moreover, given their origin as infracrustal melts, and assuming that Li does



not fractionate significantly at magmatic temperatures (Tomascak et al., 1999b), granites
may provide insight into the isotopic composition of their source regions in the middle
and lower crust. To date, only a few 8'Li data have been published for felsic igneous
rocks (2 granite and 1 diorite standards), and these vary from —1.2 to +2.3 (James and
Palmer, 2000).

We have analyzed eight I-type granites from the Bega Batholith and two S-type
granites from the Wagga Batholith, Southeastern Australia, which is the type locality for
defining I- and S-type granites (Chappell and White, 1974). The Bega Batholith is
subdivided into eight supersuites, within which the rocks share similar compositional
features (Chappell, 1984; Chappell and White, 1992; Chappell et al., 2000). I-type
granites from seven of these supersuites were chosen for this study. The two S-type
granites represent the two end members of the S-type granite spectrum from the Koetong
suite: (1) the most mafic rock (VB30), a mafic biotite-cordierite granodiorite, and (2) the
most felsic rock (VB98), a strongly fractionated two-mica granite. The temperature of
formation of this suite is estimated to range from ~ 800 to 720°C, using the zircon
saturation thermometrer of Watson and Harrison (1983). We have also analyzed two
sedimentary rocks that are interpreted to be similar to the source for the S-type granites,
although less feldspathic (Chappell et al., 2000). They cover most of the observed
compositional range for Ordovician sedimentary rocks from the Lachlan Fold Belt,
ranging from clay-rich (OS35) to quartz-rich (OS37) bulk compositions (for
mineralogical description of these samples, see Wyborn and Chappell, 1983). All

samples are fresh, having been sampled far from weathering surfaces, and, in the case of
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the sedimentary rocks, deep underground during construction of water tunnels through

the Snowy Mountains.
2.2. Loess and shales

Loess is wind-blown sediment derived from glacial outwash and desert regions.
It has been used to study the average composition of the upper continental crust (e.g.,
Barth et al., 2000 ; Gallet et al., 1998; Peucker-Ehrenbrink and Jahn, 2001; Taylor et al.,
1983) because it samples large geographical areas and is produced by the mechanical
abrasion of glaciers, thus limiting the chemical effects of weathering (Flint, 1947;
Smalley and Cabrera, 1970). Quartz, feldspar and muscovite (or illite) are the most
important minerals in the loess investigated here, along with small amount of clay
minerals (generally < 10%) (Taylor et al., 1983) . In addition, some samples (e.g., those
from Kaiserstuhl) contain calcite and dolomite. The major element compositions of loess
deposits demonstrate that their source lithologies have experienced at least one cycle of
aqueous sedimentary processing (Gallet et al., 1998). To date, there are no published Li
isotopic compositions for loess, although a 8’Li value of ~ +15%o is plotted for one loess
sample from Mississippi in a diagram in Huh et al. (1998).

Loess from a number of different geological provinces have been investigated
here (e.g., New Zealand, China, North America, Europe). Most of these samples were
previously studied by Taylor et al. (1983) and Barth et al. (2000) in order to define the
composition of the upper continental crust. The provenance of these samples is diverse.
Loess from Banks Peninsula, New Zealand, derive from Mesozoic graywackes in the
Southern Alps. Loess from the Kaiserstuhl, Germany, derive from glacial erosion of the

Alps. Chinese loess derives from non-glacial alluvium in the Gobi desert, and the loess
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from the Midwestern USA are probably derived from river outwash from the Rocky
Mountains (Taylor et al., 1983). The loess studied here typically show a restricted range
of weathering, as reflected by their relatively low chemical index of alteration (CIA)
values between 50 and 75, with an average of 60 (CIA = molar
ALO3/(Al,05+Ca0*+Na,0+K,0), where CaO* refers only to Ca that is not in carbonate
and phosphate, Nesbitt and Young, 1982; McLennan, 1993). Unweathered igneous rocks
typically have CIA around 50+5 (Nesbitt and Young, 1982). The relatively restricted
range and low values of CIA in loess suggests a similar degree of moderate weathering
for loess source regions (Gallet et al., 1998).

Shales are fine-grained sedimentary rocks, composed primarily of clays and silt-
sized quartz that provide another means of accessing the insoluble element composition
of the upper continental crust. In contrast with loess, shales form by more complex
processes (e.g., chemical and physical erosion, transportation, deposition and lithification,
including diagenesis and metamorphism) and generally reflect higher degrees of
weathering. Nevertheless, insoluble element ratios vary little in shales (e.g., La/Yb,
La/Th, McLennan, 2001; Taylor and McLennan, 1985), thus allowing one to use the
composition of shales to derive an estimate of the average composition of their upper
crustal source regions. Previously, only three Li isotopic values have been reported for
shales: two from an accretionary prism in Japan at -1.5%o and —2.7%o (Moriguti and
Nakamura, 1998a) and one international shale standard SCO-1, with a 8’Li value of
5.2%o0 (James and Palmer, 2000).

The shales measured here were originally studied by Nance and Taylor (1976) to

determine the average REE composition of the upper continental crust (the PAAS
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samples, which are further described in Taylor and McLennan, 1985). They were
deposited in four separate basins in Australia (Perth Basin, Canning Basin (both in
western Australia), Amadeus Basin, Central Australia and State Circle, Australian
Capitol Territory). The age of deposition of these samples ranges from upper Proterozoic
(850 Ma) to Triassic. All samples were obtained as well cores in order to avoid problems
of surface weathering and leaching. CIA values of the samples measured here range

from 58 to 80, with an average value of 70 (cf. 60 in loess).
2.3. Crustal composites

The composite samples were previously used to study the chemical composition
of the upper continental crust in eastern China (Gao et al., 1991; 1992; 1998) and
comprise all major upper continental crust rock types including graywackes, pelites,
granites, granodiorites and one diorite. Each composite was produced from between 10
to 100 individual rock samples of the same age and lithology. The samples range in age
from Precambrian to Phanerozoic and derive from three tectonic units in China: the
North Qinling Belt, the South Qinling Belt and the Yangtze craton, each of which is
further divided into different sub-units. Samples from the North Qinling Belt and the
South Qinling Belt are slightly metamorphosed (up to greenschist-facies and one
graywacke (D059) that is amphibolite-facies), while those from the Yangtze craton are
unmetamorphosed. Care was taken during sampling to avoid any weathered material by

sampling road cuts and fresh stream cuts.
3. Analytical methods

Samples used in this study were dissolved in a 3:1 mixture of concentrated HF-

HNO; in Savillex® screw-top beakers on the hotplate (T<120°C), followed by
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replenishment of the dried residua with HCI until solutions were clear. After drying, the
samples were re-dissolved in 5 ml 1M HNO3 and mixed with 3 ml of 100% methanol
(CH30H); these solutions were added to the cation exchange column (12 ml columns of
BioRad AG50W-x8). Lithium is eluted completely with 100 ml 1.0 M HNOj3 in 80%
methanol elution solution (Tomascak et al., 1999a; 1999b). The total Li procedural blank
during this study was ~200 pg, having a 8'Li value of ~ -20%o. Compared with samples
used in this study (> 100 ng Li with 8’Li values within 0 + 5%o), the Li procedural blank
is negligible at present levels of precision (e.g., = 1%o, 2 ©).

Prior to analyses, the Na/Li voltage ratio of each solution is evaluated semi-
quantitatively on the mass spectrometer. Solutions with a high Na/Li voltage ratio (> 5)
are reprocessed through a 2™ clean-up column (similar to the 3™ column procedure of
Moriguti and Nakamura 1998b), with 11 ml of 0.5 M HCl in 30% ethanol (CH;CH,OH)
solution eluted through 1 ml of cation exchange resin (BioRad AG50W-x12). The
procedural blank for this step is <10 pg. Samples with Na/Li voltage ratios <5
consistently give accurate and precise 8'Li values.

Purified Li solutions (~100 ppb Li in 2% (v/v) HNOj solutions) are introduced to
the Ar plasma using an auto-sampler (ASX-100" Cetac Technologies) through a
desolvating nebulizer (Aridus® Cetac Technologies) fitted with a PFA spray chamber and
micro-nebulizer (Elemental Scientific Inc.). Samples are analyzed using a Multi-
Collector-Inductively Coupled Plasma-Mass Spectrometer (MC-ICP-MS) from Nu-
Plasma (Belshaw et al., 1998), with "Li and °Li measured simultaneously in two opposing
Faraday cups ('Li in the high mass Faraday cup (H6) and °Li in the low mass faraday cup

(L5)). Each sample analysis is bracketed before and after by measurement of the L-
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SVEC standard (Flesch et al., 1973) having similar solution concentration (within ~50%).
At least two other Li standards (e.g., the in-house Li-UMD-1 [a purified Li solution from
Alfa Aesar®] and IRMM-016 (Qi et al., 1997)) were routinely analyzed during the course
of an analytical session. For a solution with ~100 ppb Li and solution uptake rate of 30
pL/min, we typically measure a 'Li" ion current of 50 pA (10" ohm resistor) or 5 V, thus
the ion yield for Li is ~ 0.007%. In comparison, the procedural blank is ~10 mV on mass
7. The in-run precision on 'Li/°Li measurements is < =+ 0.2%o for two blocks of 20 ratios
each, with no apparent instrumental fractionation. The external precision, based on 2 ¢ of
repeat runs of pure Li standard solutions, is <+ 1.0%0. For example, IRMM-016 gives
8'Li=-0.1 £ 0.2%o (2 5, n > 100 runs); and in-house standard Li-UMD-1 gives 8'Li =
54.7 + 1%o0 (2 o, n > 100 runs).

The Li concentrations of shales and loess samples were determined by isotope
dilution using a °Li-enriched spike (‘"°Li), following the same preparation procedure for
isotopic analysis. We have also measured the Li concentration in unspiked samples by
voltage comparisons ('Li) with that obtained for L-SVEC standard of known
concentration and then adjusting for sample weight. Both methods yield results to within
5% of one another (Table 2). The precision obtained by isotope dilution is better than +
2%.

4. Results

Lithium concentrations and isotopic compositions are reported in Table 1 for
granite samples, Table 2 for loess and shale samples, and Table 3 for Chinese composite

samples. All samples show a limited spread in 8'Li values (Fig. 1), with a distinct mode

in 8'Li values at about 0%o and a comparable dispersion = 3%o (1o). This figure also
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shows the data for suspended load from the Orinoco River, which is mainly supplied by
the three largest tributaries of the Andes and less so from the Guayana shield (Huh et al.,
2001). The similar and relatively restricted range of Li isotopic compositions observed
for all of the crustal samples provide a coherent picture of the 8'Li value of the upper
continental crust.

4.1. Granites

The southeastern Australian I- and S-type granites and the associated Ordovician
sedimentary rocks show a relatively restricted range in Li isotopic compositions (-2.5 to
+2.7) regardless of their diverse lithologic origins, bulk compositions and markedly
different Li concentrations. The mafic S-type granite end member has a lithium
concentration within the range observed for the Ordovician sedimentary source rocks,
and is on the high side of concentrations observed for the I-type granites. In contrast, the
most evolved S-type granite has the highest Li concentration observed in the suite (187
ppm). Both S-type granites have lithium isotopic compositions within uncertainty of
those of the Ordovician sedimentary rocks. Li concentration in the I-type granites ranges
from 16 to 62 ppm and 8'Li ranges between —2.5 to +2.7 %o.

4.2. Loess and shales

Shales have 8'Li values that range from —3.2 to +3.9 and show a factor of 3
spread in Li concentrations (28 to 109 ppm). Loess have a comparable spread of 5'Li
values (-3.1 to +4.8). However, in contrast to shales, loess have a relatively constant Li
content at 29 = 16 ppm (2 o), matching their restricted range of CIA values (57-64). A

comparison of these features for shales and loess are shown in Figure 2.
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Table 2-1. Lithium concentration and isotopic composition of granites (I- and S- types)
and sedimentary rocks from Southeastern Australia and previously published felsic
international rock standards.

Sample Unit Rock type 8'Li u 5 CIA’®
(ppm)
Ordovician Sedimentary Rocks
0835 Shale 1.2 49 72
0OS38 Graywacke -0.7 31 65
Lachlan Fold Belt Granites
VB30 Ganmain S-type, mafic -1.4 44 57
VB98 Mt Flakney S-type, felsic -1.1 187 58
MG14 Moruya I-type 0.3 22 50
MG20 Bodalla I-type 0.8 30 52
AB40 Kameruka I-type -2.5 21 51
ABI105 Bemboka I-type -2.1 34 50
AB128 Cobargo I-type 0.1 26 48
AB249 Yalgatta I-type 2.7 18 49
AB289 Cann Mtn I-type 1.8 62 51
AB293 Braidwood I-type -0.1 16 48
Felsic Rock Standards

G-2 Inter. Rock Std.* Granite -1.2 34

JG-2 Inter. Rock Std.* Granite 0.3 43

DR-N Inter. Rock Std.* Diorite 2.3 40

1. The Li isotopic compositions are average values from at least 2 repeat measurements that

agree within 1%o for the same solution. 8'Li = [("Li/°Li)sampie/('Li/°Li)svec-1]x1000.
Analytical uncertainty is + 1 %o(20), based on analyses of pure lithium solutions (see text).

See text for details.
3. CIA refers to the chemical index of alteration and is the molar ratio of
AlLO3/(AL,05+Ca0 +Na,0+K,0) as defined by Nesbitt and Young (1982), where CaO”
represents Ca in the silicate fraction only. Higher CIA values are characteristic of more
altered samples. McLennan’s (1993) correction to the measured CaO content for the presence
of Ca in carbonates and phosphates is used here. Major element data for CIA calculations are
from Chappell (1984), Chappell and White (1992) and Chappell et al., (2000).

Data from James and Palmer (2000).
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Table 2-2. Lithium concentration and isotopic composition of loess and shales

Location Sample ID §'Li' ™Li(ppm)' Li* (ppm) CIA’
Loess
Banks Penn., BP-1 2.6 37 40 59
New Zealand BP-2 1.7 37 38 59
BP-3 -3.1 30 28 61
BP-4 1.4 40 39 57
BP-5 -0.7 41 41 57
Kaiserstuhl, 1 -0.9 26 26 65
Germany 2 -0.7 23 25 65
Hungary H -0.6 29
H replicate' -1.1
Kansas CY-4a-A 4.5 17 18 59
Kansas CY-4a-B 4.8 18 18 59
Kansas CY-4a-C 4.2 17 16 58
Iowa I -0.3 26 37 64
Long Island LI -1.0 34 32
China CH 0.7 34
Shales
Perth Basin PW-5 2.0 109 104 80
Canning Basin ~ PL-1 -0.3 96 92 78
PL-1 replicate’' -1.4
State Circle SC-7 -0.7 30 30 77
State Circle SC-8 -0.2 28 29 75
Amadeus Basin  AO-6 -2.9 67 65 58
AO-6 replicate’  -3.2
Amadeus Basin  AO-7 2.3 51 46 64
Amadeus Basin  AO-9 2.6 71 77 70
Amadeus Basin  AO-10 -0.7 61 59 72
Amadeus Basin  AO-12 2.9 80 71 66
AO-12 replicate’ 3.9
AO-12 replicate’ 3.4
Japan® S-605 2.7 57 7
Japan® S-606 -1.5 40 65
North America® SCO-1 5.2 45
ID = Isotope dilution; replicate = repeat dissolution and chemical separation of individual
samples.

VLi = lithium measured by voltage comparison with standard of known concentration.
See text for details.

The major element data for CIA calculations are from Nance and Taylor (1976) for
PAAS and Taylor et al., (1983) for loess (see electronic data annex). The three loess samples
(LI, H, CH) are from Diane McDaniel for which major elements are not available. The major
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element compositions of the Japanese shales are from E. Nakamura (pers. comm., 2002) (see
data annex for full chemical analyses).

4. Japanese shales are from Shimanto accretionary prism. Li isotopic data and
concentrations reported in Moriguti & Nakamura (1998a). The international Rock Standard
data (SCO-1) is from James and Palmer (2000).

Analytical uncertainty is = 1 %o (25), based on analyses of pure lithium solutions (see text).
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Table 2-3. Lithium concentration and isotopic composition of composites from China

Sample Unit' n’ Age Rock type &’Li 'Li° CIA®

(ppm)
D059 1II 82  Paleoproterozoic Graywacke -1.1 49 54

D060 II 36  Mesoproterozoic Graywacke 0.4 31 62
D062 11 5 Paleoproterozoic Graywacke 0.6 65 55
D075 IV 16  Neoproterozoic Graywacke -0.1 21 54

D100 III 16 Devonian Pelite 0.9 51 57
D104 1II 2 Carboniferous Pelite 52 77 80
D111 III 24 Silurian Pelite -0.1 46 68
DI19 IV 15  Neoproterozoic Pelite 1.2 41 66
D122 IV 25 Silurian Pelite -2.1 48 71
D124 IV 7 Jurassic Pelite 0.1 49 76
D355 III 172 Devonian Pelite 2.6 42 67

D276 11 23 Cretaceous Granodiorite 1.3 18 51
D284 III 21  Neoproterozoic Diorite  -3.4 22 50
D308 IV 12  Neoproterozoic Granodiorite 0.2 18 48
D312 IV 12 Neoproterozoic Granite  -0.5 22 52
D314 IV 15  Neoproterozoic Granite 3.0 8 51

1. Unit. II = The North Qinling Belt; III = The South Qinling Belt; IV = The Yangtze
craton. For details, see: Gao et al., (1998)

2. n = Number of individual samples comprising the composite.

3. '"Li = lithium measured by voltage comparison with standard of known concentration. See
text for details.

4. The major element data for CIA calculations are from Gao et al., (1998) and are provided
in the data annex.

Analytical uncertainty is = 1 %o(20), based on analyses of pure lithium solutions (see text).
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The relatively low CIA values in loess are consistent with these sediments having
experienced limited weathering. In contrast, shales, which show a greater spread in Li
concentrations and CIA values, are more strongly weathered (i.e., higher clay
component). Shales show a positive, albeit weak, correlation of CIA values with Li
concentrations and 8’Li values, whereas loess show no trend (Figure 2). It has been
recognized that Li and Al,O; contents correlate positively for most sediments (Holland,
1984) and the Australian shales follow the global correlation, although PAAS cover a
narrower range of Al,O3 contents (Figure 3f). In addition, these shales also define weak
positive correlations between Li and insoluble elements (e.g., Ti, Ga, Nb, Ta, HREE and
Th concentrations; Figure 3).

4.3. Crustal composites

The Chinese composites have similar Li isotopic compositions to one another,
comparable to those seen in the other upper crustal samples. Four composite graywackes
have very uniform 8'Li values from —1.1 to +0.6, whereas the seven composite pelites
show a larger spread in 8'Li values from —5.2 to +1.2 (average = -1.1%o0). The —3.4 to
+3.0 range of 8'Li values in Chinese granite composites is only slightly greater than that
observed for the southeastern Australian granites. The Li concentrations of the
composite samples vary considerably (from 8 to 77 ppm Li); the pelites have the highest
concentrations and the granites the lowest.

5. Discussion

The similar average 8'Li composition for each group of upper crustal samples we

investigated here is surprising considering the diversity of processes that gave rise to
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Figure 2-1. Lithium isotopic compositions of different crustal rocks.
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these samples (e.g., weathering, sedimentation, mechanical erosion, partial melting,
crystal fractionation, vapor-melt equilibrium), and the fact that Li is a fluid-mobile
(soluble) element that experiences large fractionation between minerals and fluids at low
temperatures. In this section we evaluate how these processes may have affected the Li
content and isotopic composition of the samples and then use our data to derive estimates
for the Li abundance and isotopic composition of the upper continental crust. We finally

use our upper crustal estimate to model Li mass balance in the silicate Earth.
5.1. Behavior of Li during weathering and mineral-fluid exchange

Shales arise through chemical and physical weathering of pre-exiting rocks
(igneous, metamorphic and sedimentary), which produces clays and detrital minerals that
are transported through water, deposited and lithified. There are thus multiple
opportunities for fluid-mineral interaction and element exchange during the formation of
shales, and this might be expected to be reflected in their lithium isotopic compositions.
On the other hand, loess, with its lower clay content, is primarily a mechanically-
generated sediment that experienced limited fluid-rock interaction during its formation.
The Li isotopic composition of loess should therefore reliably reflect its source
lithologies, which may also include pre-existing sedimentary rocks (e.g., Peucker-
Ehrenbrink and Jahn, 2001).

During shale formation, there are two main opportunities for Li isotope
fractionation: during weathering of the protolith and fluid-rock exchange during
transport and deposition. During weathering, 'Li is preferentially leached into ground
waters, as witnessed by the very light isotopic composition of saprolites compared to

their protoliths (Njo et al., 2003) and the slightly lighter Li compositions in a weathering
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profile on an Icelandic basalt compared to that of unweathered basalt (Pistiner and
Henderson, 2003). Water-mineral exchange experiments also document preferential
sorption of °Li onto some weathering products (e.g., gibbsite and ferrihydrite), although
sorption onto smectite did not result in isotopic fractionation (Pistiner and Henderson,
2003).

From the above discussion, one can conclude that both weathering and mineral-
fluid exchange should result in isotopically light weathered products and heavy waters.
However, our results reveal that shales, which represent the most weathered of the upper
crustal samples we investigated, have, on average, 5'Li values that are within uncertainty
of those of the less weathered samples (loess, greywacke composites, granites). The
reasons for this unexpected result may lie in the uptake of heavy lithium from the
hydrosphere into the clays of shales and the presence of weathered materials in the source
regions of the granites and loess.

Lithium is concentrated in the clay fraction of shales and this Li is isotopically
heavy. Support for this idea comes from the correlations observed in shales between Li
concentration and 8’Li, CIA (Fig. 2), and Al,Os (Fig. 3), and 8'Li and Al,05/SiO, (Fig.
4). The trend on the latter diagram reflects mixing between clays (illite and smectite with
AL 03/Si0; between 0.3 to 0.9) and quartz (Al,03/Si0; = 0), and shows that the clay-rich
shales have heavier Li isotopic compositions. This mixing is similar to that observed in
low-T alteration of mid-ocean ridge basalts, which results in the uptake of heavy seawater
lithium by clays (Chan et al., 1992). Such reactions have also been documented

experimentally (James et al., 2003; Seyfried Jr. et al., 1998).

25



120

Avg! upper cont. crust

120

80

Li

(ppm}
40

14

=113x-96
r'=0.41

0.70 0.85
Ti0, (wit%o)

80

Li
(ppm)
40

80
Li

120

80

Li
(ppm)
40

(ppm) ¢
40

L | rs

I ! L4

BN

- L J

i |

) \ * y=4.3x-1

_’ =048

I @@

4 12 20 28
Th (ppm)

¥v=5.2x-112

r'=0.44

20
ALO; (wt%)

24

Figure 2-3. Li ppm verses concentrations of insoluble elements in shales

Data are from Table 2-2 and Barth et al. (2000) (all data are available in the electronic data annex). Nb and

Al,O; data for the two Japanese shales are from E. Nakamura (pers. comm., 2002). Ta (not shown)

produces a similar correlation to Nb, and yields a lithium concentration of 27 £ 17. The dot-dashed line
represents the element concentration in the upper continental crust from Rudnick and Gao (2003). The
global average correlation for Li versus ALO; (f) is from Holland (1984). The lithium concentration of the
upper continental crust and associated uncertainty (1 o) is shown in each panel, as well as the linear
regression (calculated in Isoplot (Ludwig, 1999), using analytical uncertainties as errors for individual data
points). The least squares method of Isoplot minimizes distance from the regression line (as opposed to
minimizing y-axis deviations from the line, as in other software such as Excel). The weighted mean Li
content from these regressions is 39 + 14 ppm (2 o), derived from the following expression (Bevington and

Robinson, 2003):

X

2 -
weighted mean =—2- variation on mean =

1
27

where X = mean from linear regression, G is one standard deviation from regression.
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If this explanation is correct, sorption of Li onto clays results in increased lithium
concentrations, with the isotopic composition of the added lithium being a function of the
composition of the waters from which it is derived and the amount of isotopic
fractionation that occurs during sorption. Assuming Pistiner and Henderson’s (2003)
results for smectite are generally applicable to clays (i.e., no isotopic fractionation during
sorption), the added lithium reflects the isotopic composition of the water. We expect
lithium in continental waters to be relatively heavy, as heavy lithium is preferentially
leached during weathering (Njo et al., 2003; Pistiner and Henderson, 2003). Indeed,
heavy lithium is observed in groundwaters (7 to 31 %o, with 3-14 ppb Li, see: Hogan and
Blum, 2003; Tomascak et al., 2003) and the dissolved loads of rivers (7 to 36%o, with 0.2
to 5 ppm Li; Huh et al., 2001). Moreover, seawater, in which shales are deposited, has
very heavy lithium (~30%o, 0.2 ppm Li; see Figure 6 for references). Thus, the final Li
isotopic composition of shales reflects the balance between light lithium generated during
weathering and heavy lithium added by sorption during transport and deposition of the
clays.

5.2. Behavior of Li during granite genesis

Granites are derived from melting of the middle and lower crust followed by
crystal fractionation and/or restite unmixing during magma ascent, assimilation of upper
crustal rocks and finally, fluid exsolution at relatively shallow levels. It has previously
been demonstrated that lithium isotopes do not fractionate during differentiation of
basaltic magmas at temperatures >1050°C (Tomascak et al., 1999), however, the
temperature dependence of the fractionation factor (o) for lithium isotopes is not well

constrained. In principle, lithium isotopes could fractionate during any of the above
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granite-forming steps. The data reported here allow us to evaluate the influence of some
of these processes.

The two S-type granites have 8’Li values similar to the Ordovician sedimentary
rocks, suggesting that lithium is not significantly fractionated at the temperatures of their
formation (~ 800°C). Moreover, although the lithium concentration increased four-fold
during differentiation within the S-type suite, 8'Li value remains unchanged, again
suggesting no fractionation at temperatures as low as 720°C. Finally, it is possible that
exsolution of a vapor phase may cause lithium isotope fractionation. Although we cannot
evaluate this possibility with the data we have here, the remarkable similarity of 8'Li in
the granites we measured suggests either that these granites did not exsolve a magmatic
vapor phase, or if they did, this exsolution did not significantly fractionate lithium
isotopes within the granites. We thus conclude the 8’Li values of the granites faithfully
record the isotopic composition of their middle- to lower-crustal sources and these
sources are isotopically lighter than the mantle, as sampled by MORB.

Previous work (O'Neil and Chappell, 1977) showed that I- and S-type granite
plutons of the Berridale Batholith (Southeastern Australia) are distinct in §'*0, with I-
types having 8'*0 values between +7.9%o to +10%o (well above mantle values) and S-
types having 8'*0 values > +10%o. More significantly, unpublished data (J. O’Neil, pers.
comm.) for the I-type Bega Batholith (samples from this study) also show that the most
isotopically primitive suites on the eastern side of the batholith (average *’Sr/**Sr ~ 0.704
and exg ~ +2.2) have an average 8'°O value of +8.2%o. In at least these cases, I-type
granites with Sr and Nd isotopic compositions closest to mantle values have oxygen

isotopic compositions significantly higher than values typical of the mantle ~ +5.4%o
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(Eiler, 2001). Elevated values of 8'°0 require that at least some of the source materials
for these I-type granites experienced a low temperature weathering cycle. The
significance for this study is that such weathering is expected to fractionate Li isotopes to
lower 8'Li values, which may account for the observed displacement of Li isotopic
compositions of the granites relative to mantle values. In this context it is noteworthy
that I-type granites from the New England Batholith (NEB), Australia, which are
believed to represent an accreted intraoceanic arc that formed far from the continent,
range to heavier lithium isotopic compositions (8'Li = 2 to 8%o), whereas NEB S-type
granites are light (-0.1 to +2.1%o), with compositions that overlap those observed here
(Bryant et al., 2003a).

Since the lithium concentration in shales is significantly greater than that of
unaltered mafic igneous rocks (e.g., ~60 vs. 4 ppm, average of data in Table 2 and value
from Tomascak, 2004), relatively small amounts of shales in the I-type source region
will have a dominating influence on lithium, but little influence on oxygen. For example,
a mixture of 20% shale (having 8’Li = 0%o and 60 ppm Li and 5'*0 = 20%o) and 80%
mantle-derived gabbro (having 8'Li = 4%, and 4 ppm Li and 8'30 = 5%o), would have
8'Li = 0.8%o and 5'0 = 8.0%o (assuming oxygen contents of shale and gabbro are equal).
This explains why the oxygen signature of I- and S-type granites are distinct, whereas the
lithium signatures are similar.

5.3.  Lithium in the upper continental crust
Collectively, our data suggest that the isotopically light lithium observed in all of

the upper crustal samples investigated here results from weathering of the continents and
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release of heavy lithium to the oceans. In this section we use our data to derive the
lithium concentration and isotopic composition of the upper continental crust.
5.3.1 Lithium concentration in the upper continental crust

Estimates of the Li content of the upper continental crust date back to the
pioneering work of F. W. Clarke (Clarke, 1889; Clarke and Washington, 1924), who
suggested that there is ~50 ppm Li in the crust, based on an average of hundreds of
analyses of exposed rocks. More recent studies have converged on a lower Li content, ca.
20 ppm, for the upper continental crust (Table 4).

The loess samples investigated here show a relatively restricted range of Li
concentrations, from 17 ppm to 41 ppm, which is the result of physical mixing of
glacially eroded sediments derived from a large variety of upper crustal rock types
(igneous, metamorphic and sedimentary). The population shows a distribution with an
average value of 29 & 16 ppm (2 o); this number provides a first-order estimate of the Li
concentration of the upper continental crust.

Due to the weathering and sorption processes discussed above, the Li contents of
shales vary considerably from 28 to 109 ppm, depending on their proportion of clays to
quartz. To compensate for these effects, we examined the positive correlation between Li
and elements considered to be immobile during weathering (see Fig. 4 of Rudnick and
Gao, 2003). Lithium correlates positively (R*> 0.4) with the following elements: Ti,
Nb, Ta, Ga, Al,O3, Th and HREE (Fig. 3). Using these correlations and average upper
crustal concentrations of these insoluble elements (Rudnick and Gao, 2003), we
determined a Li concentration of the upper crust from each correlation (Fig. 3). The

weighted mean of these results is 39 + 14 ppm (2 o) (see figure caption for details of
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Table 2-4. Estimates of the Li concentration in the upper continental crust

Li (ppm) References

50° Clarke (1889)*, Clarke and Washington (1924)

20° Taylor (1964)*, Wedepohl (1969), Taylor and
McLennan (1985; 1995), McLennan (2001)

22° Shaw et al. (1967; 1976; 1986); Wedepohl (1995)

21¢ Gao S. et al. (1998)

35+11° This study

*Qriginal estimate; later papers shown used this same estimate.

a: Based on an average of hundreds of analyses of exposed rocks.

b: Assuming the upper crust consists of a 1:1 mixture of granites (30 ppm) and basalts (10 ppm),
and using Li data compiled by Heier and Adams (1964).

c: Based on averages of surface samples from Canadian Precambrian shield.

d: Based on composite samples from China.

e: Based on Li-immobile element trends in shales and average concentration of loess (see text and
Fig. 3 for derivation). Uncertainty is 2 sigma.
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calculations). Combining these estimates from loess and shales, we obtain a weighted
mean upper crustal Li concentration of 35 + 11 ppm (2 ). This value is somewhat
higher than the more recent estimates of the lithium concentration of the upper
continental crust (Table 4), however, no uncertainties are provided for these previous
estimates and it is likely that they would agree, within uncertainty, of the value obtained
here.
5.3.2 Lithium isotopic composition in the upper continental crust

The average 8'Li of the samples studied here is —0.2 £ 2.1%o (1 ©). This result is
in agreement with the scant published data for other rocks from the upper continental
crust (i.e. granites, diorite, shales and suspended load sediments from the Orinoco River;
Fig. 2 and Tables 1-3 and references therein). Based on all of these data, the Li isotopic
composition of the upper continental crust is estimated at 8'Li = 0 + 2%o (Figure 5). This
light isotopic value relative to the mantle (i.e., MORB-source region) reflects the
influence of weathering on the composition of the upper crust, a conclusion supported by
the higher CIA of the average upper continental crust (53) compared to that of the middle
and lower crust (49 for both, data from Rudnick and Gao, 2003).
5.4. Lithium budget of the silicate Earth

The continental crust comprises ~0.6% of the mass of the silicate Earth, and
contains <10% of its Li budget (Taylor and McLennan, 1985). Various studies of Li
show that it is incompatible during mantle melting, with a bulk partition coefficient
comparable to Dy, a HREE (Ryan and Langmuir, 1987). The upper crust has 1 to 3 times

as much Li as the deeper crust (Rudnick and Gao, 2003) and both the upper and deeper
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Table 2-5. Mass balance model for Li in the silicate Earth and its reservoirs

) Mass Mass Li Li ;
Reservoirs - Li
(10" kg) (%) (ppm) (%)
Hydrosphere 0.2 0.049 0.2 0.006 30
Upper Cont. Crust 1.0 0.25 30 4.8 0
Lower Cont. 0+
1.0 0.25 13 1.9
Crust 50
Oceanic crust 0.6 0.15 10 0.92 5
Mantle 404.3 99.3 1.5 92.4 4
Silicate Earth 407.1 100 1.6 100 4

Mass of reservoirs from Yoder (1995); Li data in hydrosphere is based on seawater values; Li
data of upper continental crust (this study); Li concentration of the lower continental crust
(Rudnick and Gao, 2003) and its 8’Li value is calculated assuming all the other reservoirs known;
Li data in oceanic crust is average value of altered and fresh basalts (Chan et al., 1992; 2002a); Li
concentration in the mantle (Jagoutz et al., 1979) and its 8'Li value from Figure 2-6. Li
concentration in the silicate Earth is from McDonough and Sun (McDonough and Sun, 1995); its
8'Li value is taken as that for fresh basalts.
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Figure 2-5. Lithium isotopic composition of the upper continental crust
Literature data are from Tables 2-1, 2-2 and Figure 2-2. All these data form a gaussian
distribution with an average 8'Li value at 0 and standard deviation at 2. Solid line is the

fitted gaussian curve.
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crust are important for understanding Li isotopic composition of the whole crust, and
consequently the Li isotopic balance of the silicate Earth.

The range of Li isotopic compositions in various terrestrial rocks and seawater is
illustrated in Figure 6. The mantle, as represented by fresh basalts (i.e., MORB, and
Hawaiian basalts, the later being representative of the ocean island basalts), appears to
have an average 8'Li value of about +4%o. Likewise, modern seawater has a
homogeneous 8'Li value of ~+30%o. Altered basalts and most marine sediments have
8'Li values that are generally intermediate between that of the mantle and seawater, due
to the uptake of heavier seawater Li. The upper continental crust, in contrast, is
isotopically lighter (~ 0%o) than all of these other reservoirs. Only orogenic eclogites
have 8Li values substantially lighter than the upper crust, and reflect loss of heavy
lithium during metamorphic dehydration in the upper portions of a subducting slab (Zack
et al., 2003). Thus, it is yet unclear how recycling of altered oceanic basalts into the
mantle at subduction zones influences the 8'Li of various mantle reservoirs.

A first-order model for the distribution of Li in the silicate Earth is presented in
Table 5. Most of the Earth’s Li is in the mantle (>90%), with the remainder concentrated
mostly in the continental crust and lesser amounts in the oceanic crust and hydrosphere.
The composition of the lower continental crust is the independent variable and was
calculated in this model from mass balance.

While offering a perspective on various reservoirs in the silicate Earth, this Table
highlights where there are still significant uncertainties in our understanding of lithium

(i.e., mantle reservoirs and the lower continental crust). A minor change in the 8'Li value
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Figure 2-6. Histograms of 8'Li values for a variety of terrestrial rock types

The vertical dashed line is drawn at O for reference. Eclogite data (Zack et al., 2003); Arc
lava data (Chan et al., 2002b; Moriguti and Nakamura, 1998a; Tomascak et al., 2000;
Tomascak et al., 2002). Fresh basalt data (Chan et al., 1992; Chan et al., 2002b; Moriguti
and Nakamura, 1998a; Tomascak and Langmuir, 1999). Altered basalt data (Chan et al.,
1992; 2002a). Oceanic island basalt (OIB) data (Chan and Frey, 2003; Tomascak et al.,
1999b). Marine sediment data (Chan et al., 1994; Chan and Kastner, 2000; James et al.,
1999; Zhang et al., 1998). Seawater (Bryant et al., 2003b; Chan and Edmond, 1988;
James and Palmer, 2000; Moriguti and Nakamura, 1998b; Tomascak et al., 1999b; You
and Chan, 1996).



for the mantle (e.g., measurement uncertainty, +1%o) will shift the calculated Li isotopic
composition of the lower continental crust reservoir greatly (>+50%o). Therefore, to
make more precise models for the Li isotopic budget of the Earth we need to gain insights
into the size and composition of the mantle reservoir that supplies ocean island basalts, as
well as insights into the lithium composition of the lower continental crust.

The only region in the Earth where Li isotopes are significantly fractionated is in
the outermost layer (hydrosphere, continental and oceanic crust). Considering that
continental growth occurs mainly either at convergent margins or intra-plate settings,
both of which produced lavas with 8'Li values greater than that of the upper continental
crust, there must be processes that shift the Li isotopic compositions of these new
continental additions towards lighter values. Two major processes involving fluid-rock
interactions might accomplish this Li isotopic fractionation: weathering (on or near the
Earth surface, see Njo et al., 2003; Pistiner and Henderson 2003) and metamorphic
dehydration (in the deep crust, see Williams and Hervig, 2003; Zack et al., 2003). During
both processes, light lithium is preferentially partitioned into minerals relative to fluids,
which ultimately drives Li in the continental crust to lighter compositions and Li in the
hydrosphere to heavier compositions relative to the mantle.

6. Conclusions

The main conclusions to be drawn from our data are:
1. Loess from North America, China, Europe and New Zealand have a narrow range

of Li isotopic compositions (8'Li = 0 + 3%o) and Li concentrations (29 + 16 ppm,
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2 o) offering important insights into the average composition of Li in the upper
continental crust.

Shales, which are more weathered than loess, provide less robust estimates for the
upper crust, but offer insight into the processes that lead to Li isotope
fractionation at the Earth’s surface. Correlations between Li and 8'Li with CIA or
Al,03/Si0; in shales reflect uptake by clays of isotopically heavy Li from the
hydrosphere.

The similar Li isotopic composition of shales and loess (5'Li = 0 = 3 %o), reflect
the competing influences of loss of heavy lithium during weathering and its re-
introduction during transport and deposition in shales, and the presence of
weathered materials in the source regions of loess.

The similarity between S-type granite 8'Li values and that of associated
sedimentary rocks interpreted to be similar to their source, coupled with the
similar and restricted range of 8'Li in I-type granites, suggests little lithium
isotopic fractionation has occurred during granite genesis (temperatures of 720-
800°C). The isotopically light 8’Li of both types of granites reflects the presence
of weathered material in their source regions.

Southeastern Australian granites, crustal composites from China, and previously
published data for suspended river load sediments all have relatively similar 8'Li
values (0 + 3 %o), comparable to those found in loess and shales. Collectively
these observations show that the upper continental crust has a relatively

homogeneous 8'Li value (0 + 2 %o), which is significantly lighter than that of the
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mantle and probably reflects the influence of weathering on upper crustal
composition.

Based on the average Li concentration of loess and Li-immobile element
correlations in shales, we propose that the average upper crustal Li content is 35 +

11 ppm (2 o).
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Chapter 3: Lithium concentration and isotopic composition of the

deep continental crust

Abstract

The Li isotopic composition of the deep continental crust has been studied by
analyzing composite samples from Archean high-grade metamorphic terranes in East
China and granulite-facies xenoliths from East China (Hannuoba suite) and Queensland,
Australia (Chudleigh and McBride suites). The 30 composite samples, including TTG
gneiss, amphibolites and felsic to mafic granulites, have a narrow range of 8'Li values
from +1.7 to +7.5%o, with an average of +4 + 1.4%o (1), which is indistinguishable from
the upper mantle (+4.3 = 0.9%o (105)). In contrast, three granulite xenolith suites display a
much larger range in 8'Li, from —17.9%o to +15.7 with average values decreasing in the
order: Hannuoba (—0.7 £ 4.9%o (1o, 18 samples)), Chudleigh (-2.5 = 5.5%0 (10, 14
samples)) and McBride (3.8 = 7.6%o (1o, 12 samples)). The xenoliths are, on average,
lighter than the composites. Lithium concentrations are also variable, with xenoliths
having lower Li concentration than composites (5 =4 ppm vs. 13 = 6 ppm, 10).

8'Li correlates positively with H,O for 12 granulite composites; mafic samples
have the highest H,O contents and 8’Li values while felsic ones have the lowest. This,
together with an excellent positive correlation between Li concentration and Mg# for 13
TTG gneiss composites, suggests that both metamorphic dehydration and protolith
lithology play important roles in controlling Li concentration and isotopic composition of
metamorphic rocks. This is further corroborated by the positive correlation of 3'Li with

Al,03/Ca0 and negative correlations with Li, FeO, MgO, CaO and Co in the Hannuoba
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granulite xenoliths. The extreme isotopic variation in granulite xenoliths results from
large Li isotopic fractionation during metamorphic dehydration while the small range of
8'Li in high-grade terranes reflects the homogenization of Li isotopes by retrograde
fluids. Overall, the deep continental crust is very heterogeneous, with an average 8'Li =
+1 £ 6%0(10) after averaging all data collected here. This value is similar to the upper
continental crust and slightly lighter than the mantle, consistent with °Li enrichment
accompanying surface weathering and metamorphic dehydration. After combining
granulite xenolith data from this study and literature, the Li concentration of the lower

continental crust is estimated to be ~8 ppm, which is similar to previous estimates.
1. Introduction

The composition of the continental crust is important for understanding its
formation and evolution as well as the Earth as a whole. Based on studies of shale, loess,
granite and upper crustal composites, Teng et al. (2004a) show that the upper continental
crust appears to have a lighter Li isotopic composition (0 + 2%o (15)) than the upper
mantle (+4 + 0.8%o (105)), from which it was derived. This is likely a result of secondary
processes, e.g., surface weathering and metamorphic dehydration, which fractionate Li
isotopes, with "Li preferring the hydrosphere to rocks causing a shift in the present upper
continental crust towards lighter Li isotopic composition. Compared with the knowledge
about Li in the upper continental crust, very little is known about Li in the deep
continental crust (middle and lower crust).

In order to better characterize the Li concentration and isotopic composition of the
deep continental crust, we have undertaken a systematic study of high-grade terranes and

granulite xenoliths including felsic to mafic lithologies of both igneous and sedimentary
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origins. This study, following the previous study (Teng et al., 2004a), will further
characterize the Li concentration and isotopic composition of the continental crust, help
to understand Li isotopic fractionation during regional metamorphism and place
constraints on the Li budget of the silicate Earth.

2. Samples and their geological background

Seismological studies indicate that the deep continental crust (below ~10-15 km
depth) can be divided into two heterogeneous layers: the middle crust and lower crust.
The middle crust is between ~10-15 and 20-25 km depth and is dominated by
amphibolite facies to lower granulite facies metamorphic rocks with more evolved
compositions. The lower crust is below ~20-25 km depth and mainly consists of granulite
facies rocks with more mafic compositions. Two types of samples have been used to
characterize the composition of the deep crust: high-grade metamorphic terranes and
lower crust xenoliths carried in volcanic pipes. The former is considered representative of
the middle to upper lower crust and the latter representative of the deep lower crust (for
details, see: Rudnick and Gao, 2003).

In this study, samples from both types of deep crustal samples, including whole
rocks and mineral separates, have been studied: composites of high-grade metamorphic
rocks from eight different metamorphosed terranes in East China including TTG gneiss,
amphibolite and felsic to mafic granulites (Gao et al., 1998); three suites of granulite
xenoliths from Damaping, Hannuoba, East China (Liu et al., 2001), McBride and
Chudleigh, North Queensland, Australia (Rudnick et al., 1986; Rudnick and Taylor,
1987). All samples are well characterized and have been used to study the composition of

the deep continental crust in previous investigations.
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2.1. Composites of high-grade metamorphic rocks from East China

The composite samples are from eight different high-grade metamorphic terranes
in the two largest Archean cratons in East China. Seven are from the North China craton
including the Wutai, Jinning, Wulashan, Fuping, Hengshan, Taihua and Zhongtiao
amphibolite and granulite-facies terranes. The other one is the Kongling high-grade
terrain, which forms the oldest basement of the Yangtze craton. Most composites were
produced with >2 individual rock samples of the same age and lithology. 13 TTG gneiss,
five amphibolites, four felsic, four intermediate and four mafic granulite composites are
analyzed. The freshness of samples is guaranteed by petrographic examinations.

All these high-grade terranes have been extensively studied and previously used
to estimate the composition of the deep crust in East China. More details about these

Archean terranes can be found in Gao et al. (1992; 1996; 1998) and Zhao et al. (2001).
2.2. Granulite xenoliths from Damaping, Hannuoba, China

The Cenozoic Hannuoba basalts occur in the north margin of theNorth China
craton and are surrounded by the Huai’an granulite terrane (part of Qianxi granulite
terrane), which is considered to be an exposed lower crustal section (Zhai, 1996). In
Damaping, lower crustal granulite xenoliths are dominated by maficcompositions.
Previous studies suggest that these granulites are crystallization products of underplated
basaltic magmas, which were contaminated by late-Archean to Proterozoic lower crust
(Liu et al., 2001). All granulite xenoliths equilibrated at high temperatures (700-1000 °C)
at depths of 25-40 km (Liu et al., 2001).

Eighteen samples with distinct mineralogical and chemical compositions have

been chosen for this study. They are the same as those studied by Liu et al (2001; 2004).
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2.3. Granulite xenoliths from McBride, North Queensland, Australia

The late Cenozoic basalts from the McBride volcanic province, North
Queensland, erupted through and onto Proterozoic crust of the Georgetown Inlier, which
is composed of greenschist to amphibolite facies metamorphic rocks. Lower crustal
granulite and upper mantle peridotite xenoliths widely occur. These granulites exhibit
diverse compositions ranging from mafic through felsic, with mafic orthogneisses
including one possible metasediment compositions dominating. The ages of their
protoliths and the granulite facies metamorphism have been determined by U-Pb zircon
dating. Most protoliths formed at 300 Ma, a time of extensive calc-alkaline igneous
activity in this region, but several protoliths formed during the Proterozoic at about 1570
Ma (Rudnick and Williams, 1987). All xenoliths underwent granulite facies
metamorphism at 300 Ma, followed by slow cooling in the lower crust. A wide range of
whole-rock "*Nd/'**Nd and ¥’Sr/**Sr follows a mixing trend at 300 Ma, suggesting most
of these xenoliths were formed during large scale mixing between mantle-derived basalts
and preexisting crust at this time (Rudnick, 1990).

Twelve granulite xenoliths ranging from felsic to mafic compositions have been
measured. These samples were originally studied by Rudnick et al (1987) for
constraining the composition and petrogenesis of the lower crust.

2.4. Granulite xenoliths from Chudleigh, North Queensland, Australia

The Chudleigh volcanic province in North Queensland is south of McBride.
Granulite xenoliths were carried by recent alkali basalts erupted on the boundary between
the Proterozoic Georgetown Inlier and the Paleozoic Tasman fold belt of eastern

Australia (Rudnick et al., 1986). These xenoliths have exclusively mafic compositions
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(Mg# from 40 to 81) and equilibrated at depths between 20 to 40 km (Rudnick et al.,
1986; Rudnick and Taylor, 1991). The chemical and isotopic compositions of these
xenoliths (O, Os, Sr, Nd, Pb) indicate they are cogenetic crystal cumulates derived from a
mafic magma, which underwent assimilation and crystal fractionation as they intruded
and cooled in the lower crust less than 100 m.y. ago (Kempton and Harmon, 1992;
Rudnick et al., 1986; Rudnick, 1990; Rudnick and Goldstein, 1990; Saal et al., 1998).
Plagioclase-rich xenoliths are the most common variety and show little variation in major
element composition over a very wide range in mineralogy

Fourteen granulites, covering the range of Mg#, have been chosen for this study.

All these samples are the same as those used in previous studies (Rudnick et al., 1986).
3. Analytical methods

All sample powders are the same as those used in previous studies (Gao et al.,
1998; Liu et al., 2001; Rudnick et al., 1986; Rudnick and Taylor, 1987). Mineral
separation was carried out by using the Frantz® Magnetic Separator at the Geochemical
Laboratory of the University of Maryland, College Park. Plagioclase and pyroxene
mineral separates were hand-picked from grain size factions of 180-300 um or 150-180
um and cleaned with Milli-Q water for 3 x 10 minutes in the ultrasonic bath.

Samples were dissolved in a ~ 3:1 mixture of concentrated HF-HNO; in Savillex
screw-top beakers overnight on a hot plate (T< 120 °C), followed by replenishment of the
dried residua with concentrated HNO3 overnight and dried again, then picked up in
concentrated HCI until solutions are clear. The solutions were then dried down and re-
dissolved in 4 M HCI, in preparation for chromatographic separation. Around 100 ng Li

in 1 ml 4 M HCl is loaded on the first column. Lithium is eluted though three sets of
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columns, each containing 1 ml of cation exchange resin (BioRad AG50W-x12) following
the first three column procedures described by Moriguti and Nakamura (1998b).
Columns were calibrated using samples with different matrix (e.g., peridotite, basalt,
granite and pure Li solution). In order to check Li yields, before/after cuts for each
sample were collected and analyzed by single collector ICP-MS (Thermo Finnigan
Element 2). With ~100 ng sample Li loaded (corresponding to 1 to10 mg of sample), the
column procedure separates Li from other matrix elements with >98% yield.

The MC-ICP-MS analysis protocol is similar to that reported in Teng et al.
(2004a). In brief, prior to Li isotopic analyses, the Na/Li voltage ratio of each solution is
evaluated from voltage ratios using the axial Faraday cup. Solutions with a Na/Li voltage
ratio > 5 are reprocessed through the 3" column. Purified Li solutions (~100 ppb Li in
2% HNO; solutions) are introduced to the Ar plasma using an auto-sampler (ASX-100"
Cetac Technologies) through a desolvating nebulizer (Aridus® Cetac Technologies) fitted
with a PFA spray chamber and micro-nebulizer (Elemental Scientific Inc.). Samples are
analyzed using a Nu-Plasma MC-ICP-MS (Belshaw et al., 1998), with 'Li and °Li
measured simultaneously in separate Faraday cups. Each sample analysis is bracketed by
measurements of the L-SVEC standard (Flesch et al., 1973) having a similar solution
concentration and acid strength (although tests reveal that standard/sample concentration
ratios can vary by up to an order of magnitude without detriment to the measurement).
Two other Li standards (e.g., the in-house Li-UMDI, a purified Li solution from Alfa
Aesar”, and IRMM-016 (Qi et al., 1997)) are routinely analyzed during the course of
each analytical session. A rock standard (AO-12, a Post Archean Australian shale

(PAAS), Teng et al., 2004a), is also routinely analyzed for quality control purposes.
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International rock standard BCR-1 was also measured during the course of this study.
The in-run precision on 'Li/°Li measurements is < = 0.2%o for two blocks of 20 ratios
each, with no apparent instrumental fractionation. The external precision, based on 2 ¢ of
repeat runs of both pure Li standard solutions and natural rocks, is <=+ 1.0%0. For
example, pure Li standard solutions (IRMM-016 and UMD-1) always have values falling
within previous established ranges (-0.1 £ 0.2%o and +54.7 £+ 1%o, Teng et al., 2004a);
AO-12 gives 8'Li =+3.5 £ 0.6 %o (2 o, n = 36 runs with 4 replicate sample preparations);
and BCR-1 gives 8'Li=+2.0 £ 0.7 %o (2 5, n = 10 runs).

Lithium concentrations were determined by voltage comparison with that
measured for the L-SVEC standard of known concentration and then adjusting for sample
weight. The precision of this measurement is better than + 10%.

4. Results

Lithium concentrations and isotopic compositions are reported in Table 1 for
composites of high-grade metamorphic rocks from East China, Table 2 for granulite
xenoliths from Hannuoba, Table 3 for granulite xenoliths from McBride and Table 4 for

granulite xenoliths from Chudleigh.

4.1. Composites of high-grade metamorphic rocks from East China

All samples show similar 8'Li values with an average of +4 + 1.4%o (10) (Fig. 1),
indistinguishable from oceanic basalts (Chan and Edmond, 1988; Chan et al., 1992; Chan
and Frey, 2003; Moriguti and Nakamura, 1998a; Ryan and Kyle, 2004; Tomascak and
Langmuir, 1999; Tomascak et al., 1999b). Lithium concentrations in these samples vary
from 5 to 33 ppm, with one intermediate granulite having the highest Li concentration

and one granite gneiss having the lowest value.
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Table 3-1. Lithium concentration and isotopic composition of composites from high-

grade metamorphic terranes in East China

Sample Rock type2 Terrane n' §Li (p;;;)g (p[I)Jril)“ Mg#’ (312)4
D138 Dio gneiss Dengfeng 1 +2.8 213 202 548 1.35
14R110 TTG gneiss Wautai 10 +2.6 194 20.0 614 0.59
D141 Ton gneiss Taihua 4 +32 169 156 51.2 1.57
14R118 Ton gneiss Wutai 15 +5.6 142 482 1.02
14R117 Ton gneiss Wutai 15 +52 11.5 120 418 1.64
14R116 Tro gneiss Wautai 15 +7.5 153 40.0 0.50
D142 Tro gneiss Tathua I +39 938 10.7 319 0.87
D139 Tro gneiss Dengfeng 3 +3.7 122 126 39.0 124
D147 Tro gneiss Kongling 7 +29 162 152 515 1.53
14R109 Grd gneiss Wautai 10 +5.2 222 193 562 098
D143 Gra gneiss Taihua +4.0 6.6 52 193 1.51
D140 Gra gneiss Dengfeng +3.8 6.5 6.5 29.1 1.08
D148 Gra gneiss Kongling +2.7 175 160 419 124
D149 Amphibolite  Dengfeng 10 +3.4 109 499 274
D153 Amphibolite  Taihua 12 +6.8 5.8 52 454 210
14R162 Amphibolite  Fuping 2 +39 87 105 584 236
14R167 Amphibolite =~ Hengshan 8 +3.7 11.0 46.8 2.09
D171 Amphibolite ~ Kongling 8 +6.2 8.2 81 495 276
D154 Mafic granulite Taihua 2 +44 83 83 43.1 1.62
14R161 Mafic granulite Fuping 8 +4.7 8.9 6.7 403 1.88
14R168 Mafic granulite Hengshan 1 +5.7 81 320 1.83
D368 Mafic granulite Jinning 10 +3.4 73 465 1.09
15R281 Inter granulite Wulashan 10 +2.3 32.6 30.8 45.1 0.59
15R267 Inter granulite Wulashan 10 +5.1 12,5 103 54.6 1.05
15R278 Inter granulite Wulashan 10 +3.2 159 41.6 0.93
15R266 Inter granulite Wulashan 10 +2.4 209 359 0.55
D366 Felsic granulite Jinning 3 +2.8 84 462 0.89
15R277 Felsic granulite Wulashan 10 +1.7 20.8 44.1 0.74
15R268 Felsic granulite Wulashan 10 +3.1 8.7 86 42,6 092
15R263 Felsic granulite Wulashan 10 +2.8 12.8 11.3 33.7 0.62
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[98)

n = Number of individual samples comprising the composite.

. Dio = diorite; Ton = tonalite; Tro = trondhjemite; Grd = granodiorite; Gra =

granite.
Lithium measured by voltage comparison with 50 or 100 ppb LSVEC.
Data from Gao et al. (1998).
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Table 3-2. Lithium concentration and isotopic composition of granulite xenoliths from
Hannuoba, East China

Sample Rock type 8'Li (p}?r;)l Li (ppm)* Mg”?  ALO;/Ca0’
DMP-10 Pyroxenite -4.2 4.1 76.1 0.453
DMP-11 Two-pyroxene -1.9 2.4 2.2 77 0.409
DMP-03 Two-pyroxene +0.5 4.5 5.8 78.9 1.259
DMP-09 Two-pyroxene -1.9 5.2 49 779 1.181
DMP-28 Two-pyroxene -8.0 6.9 7.7 70.2 0.838
DMP-45 Two-pyroxene -9.6 74 743 1.347
DMP-66 Two-pyroxene -2.9 3.7 3.5 77.7 0.997
DMP-68 Two-pyroxene -3.3 5.4 56 776 0.833
DMP-08 Garnet bearing +0.2 2.3 1.9 716 1.423
DMP-15 Garnet bearing  +4.3 4.4 41 70.2 1.175
DMP-06 Plagioclase-rich +13.8 2.1 2.7 64.4 3.338
DMP-07 Plagioclase-rich +2.2 4.2 46 61 2.022
DMP-62 Plagioclase-rich +6.7 2.0 1.9 729 3.955
DMP-75 Plagioclase-rich +1.3 3.3 34 356 2.13
DMP-01 Intermediate +12.1 0.6 05 715 3.948
DMP-27 Intermediate -5.1 4.6 57 473 2.373
DMP-61 Intermediate +3.8 0.9 09 495 3.101
DMP-70 Intermediate +7.1 1.4 1.2 654 298

1. Lithium measured by voltage comparison with 50 or 100 ppb LSVEC.
2. Data from Liu et al. (2001).
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Table 3-3. Lithium concentration and isotopic composition of granulite xenoliths from
McBride, North Queensland, Australia

Sample Rock type 8'Li Li (ppm)> Mg#
85-100 Two-pyroxene -2.4 10.2  66.0
85-100 replicate’ -1.9 10.2

85-106 g?g;ty'mxene 58 167 628
85-106 replicate +5.0 16.8

85-114 g?g;;mxene 104 43 489
85-114 replicate -10.6 4.7

83-159 g?gg;mxene 135 35 467
83-159 replicate -13.1 4.2

85-108 gvrg:t’ymxene 0 53 549
85-108 replicate -0.3 5.7

85-108 plagioclase 180-300 um -5.6 1.6

83-157 Intermediate 0 6.6 53.0
83-157 replicate -1.8 7.2

83-160 Felsic +2.7 6.8 475
83-162 Felsic -3.1 7.5 412
83-162 replicate -3.8 6.9

85-101 Intermediate -3.3 7.5 44.8
83-158 gﬁggymxene 2.8 211 613
83-158 plagioclase 180-300 um +6.0 3.8

85-107 g?ﬁg;;mxene +157 23 212
85-107 pyroxene 180-300 pm +7.5

85-120 Two-pyroxene -4.6 9.5 63.4

1. Replicate = two times of column chemistry from the same stock solution.
2. Lithium measured by voltage comparison with 50 or 100 ppb LSVEC.
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Table 3-4. Lithium concentration and isotopic composition of granulite xenoliths from
Chudleigh, North Queensland, Australia

Sample Rock type 8'Li  Li(ppm) Mg#
83-112 Plagioclase-rich  +1.2 46 41.1
83-117 Plagioclase-rich  -12 46 764
83-125 Plagioclase-rich -17.9 23 71.9
83-125 plagioclase 180-300 pm -13.6 2.8

83-133 Plagioclase-rich -16.3 26 693
83-133 plagioclase 180-300 um -15.2 0.5

83-138 Plagioclase-rich  -5.5 44 727
83-126 Plagioclase-rich -2.4 0.2 72.0
BC Plagioclase-rich  -1.3 33  80.6
BC replicate’ -1.1

BC pyroxene 180-300 pm +0.4 3

BC pyroxene 150-180 pum -0.3 2.6

83-107 Plagioclase-rich  +1.1 3.6 669
83-107 pyroxene  180-300 um 0

83-114 Plagioclase-rich  +4.7 2.1 69.0
83-114 replicate +3.3 2

83-114 plagioclase 180-300 pum +2.0 1.8

83-131 Plagioclase-rich  -2.7 1.8 716
83-131 replicate -1.3 1.7

83-131 plagioclase 180-300 um -0.7 0.9

83-127 Plagioclase-rich  +5.1 1.3 72.2
83-127 replicate +5.9 1.7

83-140 Plagioclase-rich  -8.7 39 626
83-140 replicate 9.1 3.6

83-110 Pyroxene-rich +6.1 6.2 73.4
83-110 replicate +5.7 7.0

83-115 Pyroxene-rich -3.9 32 778
83-115 replicate -4.4

83-115 pyroxene  180-300 um -6.7 22.9

83-115 pyroxene  150-180 um -7.4 20.3

83-115 others’ 180-300 pm -4.6

53



1. Replicate = two times of column chemistry from the same stock solution.

2. Other minerals except pyroxene and plagioclase.
Lithium measured by voltage comparison with 50 or 100 ppb LSVEC.
Analytical uncertainty is < % 1%o for 8’Li and <10% for Li concentration
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4.2. Granulite xenoliths

There is good correspondence between the 3'Li of mineral separates and whole
rocks for the Chudleigh suite (Fig. 2). Two whole rock samples from the McBride suite
are isotopically heavier than their mineral separates, which may reflect interactions with
isotopically heavy retrograde fluids. Compared with granulites from Archean terranes,
both mineral separates and whole rock granulite xenoliths define a much larger range in
8'Li (-17.9 to +15.7%o, Fig. 3), with whole rock granulites having lower Li
concentrations (5 + 4 ppm, 1c). Since most of the mineral separates (8 out of 10) are
similar to whole rocks over a large range in 8'Li, 8’Li of whole rock is representative of
that of the granulite xenoliths. Therefore, whole rock data, for those granulite xenoliths
that have no mineral data available, are considered representative of 8'Li of the deep
crust.

The 8'Li of 14 granulites from Hannuoba varies from —9.6 to +13.8%o with an
average of —0.7 = 4.9%o (105). Seven two-pyroxene mafic granulites and one pyroxenite
show negative 8'Li values down to, —9.6%o while plagioclase-rich and garnet bearing
mafic granulites have positive 8’Li values, up to +13.8%o. 8'Li values of four
intermediate granulites vary from —5.1 to 12.1%o and fall within the range observed in
mafic granulites. Lithium concentrations of mafic granulites have a narrow range
compared with intermediate granulites (1.9 to 7.7 ppm vs. 0.5 to 5.7 ppm).

The McBride suite also displays a large range in 8'Li from —13.3 to +15.7%o with
a lighter average of —3.8 = 7.6%o (15). The four garnet-clinopyroxene mafic granulites

define the 8'Li range. The other eight samples including two-pyroxene, two-pyroxene

55



15

O Granulite

S'Li=4+1.4

I B Amphibolite
B TTG gneiss

10

Figure 3-1. Lithium isotopic composition of composites from Archean high-grade
metamorphic terranes in East China.

Data are from Table 3-1.
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Figure 3-2. Comparison between 8'Li of whole rock and mineral separates.
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Figure 3-3. Lithium isotopic composition of granulite xenoliths.

Data are from Tables 3-2, 3-3, and 3-4.

58



garnet, intermediate and felsic granulites show a relatively small range from —4.6 to
+5.4%o. Lithium concentrations of these granulites show one order of magnitude change
from 2 to 21 ppm.

The 14 mafic granulite xenoliths from Chudleigh have 8'Li values ranging from —
17.9 to +5.9%0 with an average of —2.5 + 5.5%o (15). The seven mineral separates also
show large variations with 8’Li from —15.2 to 2%o. Two plagioclase-rich granulites define
the lowest 8'Li values known for metamorphic rocks. One pyroxene-rich granulite has
the highest 8'Li values in this suite. Lithium concentrations of these granulites vary from
0.2 to 7.0 ppm.
5. Discussion

Samples studied here are high-grade metamorphic rocks and their Li isotopic
compositions may reflect their protolith 8’Li, processes fractionating Li isotopes during
metamorphic processes, or both. The large differences in Li and 8'Li between composites
and granulite xenoliths provide us with a chance to study how protolith and metamorphic
processes affect Li concentration and isotopic compositions of metamorphic rocks.
Below, we first evaluate Li geochemical behavior during metamorphism, and then use
our data to derive estimates for the Li concentration and isotopic composition of the deep
continental crust.
5.1. Lithium geochemistry of metamorphic rocks

Lithium is mobile during high temperature hydrothermal processes (Berger et al.,
1988; Brenan et al., 1998b; Chan et al., 1993; 1994, Seyfried Jr. et al., 1984; 1998) and

metamorphic dehydration (Teng et al., 2005¢; Zack et al., 2003). Data from regional
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Figure 3-4. Variation of Li concentration verses increasing metamorphic grades.

Data from Gao et al. (1998).
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metamorphic rocks also show Li depletion with increasing metamorphic grade, regardless
of lithology (Fig. 4). This depletion is mainly due to Li loss during metamorphic
dehydration. An excellent positive correlation between Li concentration and Mg# has
been observed for 13 TTG gneiss composites (Fig. 5). This may reflect the control of
lithology on Li concentration in metamorphic rocks.

Lithium isotope fractionation at relatively high temperature has also been
documented by studying hydrothermal alteration (Chan et al., 1993; Chan et al., 1994;
Seyfried Jr. et al., 1998), contact metamorphism (Teng et al., 2005¢) and granite
differentiation (Teng et al., 2005a). During all these processes, isotopically heavy Li
preferentially fractionates into fluids compared to rocks. Metamorphic rocks are,
therefore, expected to evolve towards lower Li and 8'Li values with increasing
metamorphic grade. However, retrograde samples usually have higher Li concentrations
and slightly heavier isotopic composition than their prograde counterparts, due to
interactions with isotopically heavy fluids (Teng et al., 2005¢)

All three suites of granulite xenoliths studied here show extremely large
variations in 8’Li values. Although these granulites have heterogeneous origins (Liu et
al., 2001; 2004; Rudnick et al., 1986; Rudnick and Taylor, 1987; Rudnick and Williams,
1987; Rudnick, 1990; Rudnick and Goldstein, 1990), this large range is far beyond that
observed in typical upper crustal rocks (granites, shale and loess) and basalts, and
therefore it must result from other processes. Previous studies indicate that granulite

xenoliths from Chudleigh are cumulates crystallized from underplated basalt, which
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Figure 3-5. Correlation between Li and Mg# for TTG gneiss composites from Archean
high-grade metamorphic terranes in East China.

Data are from Table 3-1.

62



10

B O H
O O
0 B D E
To
o'Li . O
.10 =
O
_20 | | |
6 6.4 6.8 7.2
s%0

Figure 3-6. Correlation between 8'Li and §'*0 for Chudleigh granulite xenoliths.
Data are from Table 3-4.
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assimilated pre-existing lower crust (Rudnick et al., 1986; Rudnick, 1990; Rudnick and
Goldstein, 1990; Saal et al., 1998). This process can be modeled by assimilation
fractionation crystallization (AFC). Plots of 8’Li with Li, Sr, Nd, and Pb show no
correlations. 8’Li vs. 8'%0, however, shows a rough negative correlation (Fig. 6). This
can be explained by contamination of underplated basalts with pre-existing isotopically
light lower crust. The extremely light 8’Li values of the lower crustal end member may
be produced by large isotopic fractionation during metamorphic dehydration, as indicated
by a study of eclogites (Zack et al., 2003) and modeling (Teng et al., 2005¢). No
systematic variations between 8'Li and other isotopic systems (Sr, Nd, Pb, and O) are
found in the granulite xenoliths from the other two suites. This may be due to their
diversity of origins, involving different amounts and types of surface materials with
different lithologies. For the Hannuoba xenoliths, 8'Li correlates positively with

Al O3/CaO (Fig. 7) and negatively with Li, FeO, MgO, CaO and Co, indicating that the
protolith composition may play some role in controlling the Li isotopic composition of
these rocks.

Compared with the granulite xenoliths, composites from Archean high-grade
terranes display a narrow range in 8'Li (+1.7 to +7.5%o) and higher Li concentrations (13
+ 6 ppm vs. 5 £4 ppm). This difference indicates that different factors control Li
concentration and isotopic compositions in xenoliths compared with high-grade terranes.
The 12 granulite composites show a positive correlation between 8’Li and H,0, with
mafic samples having the highest H,O contents and heaviest Li isotopic composition
(Fig. 8). This agrees with the expectation that metamorphic dehydration shifts

metamorphic rocks to isotopically light compositions. The fact that mafic granulites are
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Figure 3-7. Variation of 8’Li verses Li content and Al,O3/CaO ratio for Hannuoba
granulite xenoliths.
Data from Table 3-1 and Liu et al. (2001)
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Figure 3-8. Correlation between 8'Li and H,O content in granulite composites from
Archean high-grade metamorphic terranes in East China.

Data are from Table 3-1.
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more enriched in H,O than felsic ones may result from their different protoliths and
mineralogies. However, the overall variation of 8'Li in terrane granulites is very small
compared with that in granulite xenoliths. The granulite xenoliths carried by basaltic lava
reach the Earth’s surface very quickly, on the order of hours to thousands of years (Spera,
1980). This quick ascent enables minor interactions between xenoliths and basaltic lava,
with decompression-induced melting likely. The deep crustal terranes now exposed at the
surface, however, often have complex thermal histories and slow exhumation rates on the
order of > million years. During the process of exhumation, retrograde reactions occurred
widely and may buffer and homogenize any Li heterogeneity produced during granulite-
facies metamorphism. Granulite xenoliths, which have not experienced retrograde
metamorphism, can preserve the isotopic heterogeneity. This may indicate that during
granulite-facies metamorphism in the deep crust, pervasive fluid migration and
interaction have not happened or happened at only a small scale, which prevents the
homogenization of Li isotopes. This interpretation is consistent with B elemental and O

isotopic studies (Kempton and Harmon, 1992; Leeman et al., 1992).
5.2. Lithium concentration of the deep continental crust

Estimates of the Li content of the upper continental crust date back to 1889
(Clarke, 1889; Clarke and Washington, 1924), while the first estimate of Li concentration
in the deep crust was made by Heier 1964, who estimated 10 ppm Li in deep crust by
studying rocks from middle to high-pressure granulite-facies terranes (Heier and Adams,
1964). Later studies followed the same methods by studying different high-grade
metamorphic terranes worldwide, except for Taylor & McLennan (1985), who estimated

Li abundance in the deep continental crust based on a theoretical model. All these
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estimates give similar low values from 6 ppm to 15 ppm and show that the deep crust is
depleted in Li relative to the upper crust (Gao et al., 1998; Rudnick and Fountain, 1995;
Shaw et al., 1994; Taylor and McLennan, 1985; Wedepohl, 1995). Due to the lack of Li
data FOR granulite xenoliths, all these estimates heavily rely on samples from high-grade
metamorphic terranes.

Here we use Li data collected in this study and combine them with data in the
literature (after Rudnick, 1992) to place constraints on the average Li concentration of the
lower crust. Average Li concentrations of granulite xenoliths from Australia, China,
France and Germany vary from 4 ppm to 14 ppm with an average of 8 ppm (Table 5).
This value represents the average Li concentration in the lower crust derived from lower
crustal granulite xenoliths and is slighter lower than estimates obtained by using samples
from granulite terranes. As illustrated in previous sections, this is mainly due to the
different roles played by metamorphic fluids.

The Li concentration of the bulk continental crust is estimated at 18 ppm by
assuming 35 ppm Li in the upper crust (Teng et al., 2004a), 12 ppm Li in the middle crust
(Rudnick and Gao, 2003) and 8 ppm Li in the lower crust (this study) with the weight
proportion of the various crustal sections being 0.317:0.295: 0.388 (Rudnick and Gao,
2003). Thus, Li concentrations decrease with depth from upper, middle, lower continental
crust to the mantle, with insignificant amounts of Li in the hydrosphere and none in the
Earth’s core. This reflects the incompatibility of Li during mantle melting and crustal

differentiation (Brenan et al., 1998a; Ryan and Langmuir, 1987).
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Table 3-5. Lithium concentration in granulite xenoliths and lower crust

Ave. Li
Location N.O. Reference
(ppm)

Northern Hessian Depression, 1 " Mengel (1990), Mengel and
Germany Hoefs (1990)

Leyreloup et al. (1977), Dostal et
Massif Central, France 95 7

al. (1980), Downes et al. (1989)
Hannuoba, China 27 4 Liu et al. (2001)
North Queensland, Australia 26 6 This study
Lithium in the lower crust 180 8 Average

N.O. = total sample numbers
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5.3. Lithium isotopic composition of the deep continental crust

Compared with the upper continental crust, which can be averaged by clastic
sedimentary rocks (shale and loess), estimating the average composition of the deep
continental crust is more difficult. The average composition of the deep continental crust
can only be estimated by analyzing a large number of representative deep crustal
samples. The average 8'Li values for high-grade metamorphic composites and xenoliths
are 4.0%o0 and —1.1%o separately. The average for both types is +1 £ 6%o(1c), which is
representative of the average deep continental crust.

Previous studies indicate that the Li isotopic composition of granite can reflect the
8'Li of their source rocks due to the small Li isotopic fractionation during granite
petrogenesis (Bryant et al., 2004b; Teng et al., 2004a; 2005a). Since granites crystallized
from magmas derived from the deep crust, their Li isotopic composition may provide
some constraints on the 8’Li of the deep continental crust. Moreover, compared with
xenoliths, which represent small-scale samples, granite is derived from large-scale
melting of deep crustal rocks and can, therefore, be used to constrain the average Li
isotopic composition of the deep crust. Granites, including I-, S- and A-types worldwide,
yield an average 8'Li of 1.7 + 2.2 (1o) (Fig. 10), which is within uncertainty of the value
estimated by using high-grade metamorphic rocks.

Therefore, the deep continental crust, like the upper continental crust (Teng et al.,
2004a), is isotopically lighter than the upper mantle, as sampled by oceanic basalts (Chan
and Edmond, 1988; Chan et al., 1992; Chan and Frey, 2003; Moriguti and Nakamura,

1998a; Ryan and Kyle, 2004; Tomascak and Langmuir, 1999; Tomascak et al., 1999b).
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Figure 3-9. Lithium isotopic composition of the deep continental crust.

Data are from Tables 3-1, 3-2, 3-3 and 3-4.
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Figure 3-10. Lithium isotopic composition of granites.
Data are from Teng et al. (2004a; 2005a), Rudnick et al. (2004), Bryant et al. (2004a),
James and Palmer (2000) and Table A2-1.
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Compared with the silicate Earth, the hydrosphere is isotopically the heaviest Li reservoir
(Chan et al., 1992; Huh et al., 1998). This heterogeneous Li isotopic distribution in Earth
reservoirs mainly results from surface weathering (Huh et al., 2004; Kisakurek et al.,
2004; Pistiner and Henderson, 2003; Rudnick et al., 2004), seafloor and hydrothermal
alteration (Bouman et al., 2004; Chan et al., 1992; 2002a; Foustoukos et al., 2004; James
et al., 2003; Seyfried Jr. et al., 1998) and metamorphic dehydration (Benton et al., 2004;
Teng et al., 2004b; Williams and Hervig, 2005; Zack et al., 2003); during all these
processes, isotopically heavy Li prefers fluids to rocks, and the shifts the continental crust
towards lighter 8'Li while hydrosphere moves towards heavier 8’Li values.
6. Conclusions

The main conclusions to be drawn from our data are

1. The 30 composite deep crustal samples, including TTG gneiss, amphibolites and
felsic to mafic granulites from Archean high-grade metamorphic terranes in East
China, have a narrow range of 8'Li values from +1.7 to +7.5%o, with an average
of +4 + 1.4%o (10), which is indistinguishable from the upper mantle.

2. The 44 granulite-facies xenoliths from East China (Hannuoba suite) and
Queensland, Australia (Chudleigh and McBride suites) display a much larger
range in 8'Li, from —17.9%o to +15.7 with average values decreasing in the order:
Hannuoba (—0.7 + 4.9%o), Chudleigh (-2.5 = 5.5%0) and McBride (—3.8 + 7.6%o).

3. The difference in 8'Li between xenoliths and terranes reflect the processes
affecting Li in metamorphic rocks: retrograde fluid homogenization in the terrane

vs. metamorphic dehydration in the xenoliths.
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4. Overall, the deep continental crust is heterogeneous, with an average Li isotopic
composition of +1 £ 6%o (1s). This value is similar to that of the upper continental
crust and is slightly lighter than the mantle, and reflects Li isotopic fractionation
during secondary processes.

5. Based on the average Li concentration in granulite xenoliths, the average lower
continental crust Li content is revised to 8 ppm, which is similar to previous

estimates.
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Chapter 4: Lithium isotopic fractionation during granite

differentiation

Abstract

Lithium isotopic compositions and concentrations have been measured for the S-
type Harney Peak Granite, the spatially associated Tin Mountain pegmatite and possible
metasedimentary source rocks. The Harney Peak Granite is isotopically heterogeneous
with 8’Li varying from -3.1 to +6.6%o.. The 8'Li values of Proterozoic metasedimentary
rocks that are possible sources of the Harney Peak Granite range from -3.1 to +2.5%o and
overlap with post-Archean shales and the Harney Peak Granite. For the granite suite,
there is no correlation between 8'Li and elements indicative of degrees of granite
differentiation (SiO,, Li, Rb, etc.). The Li isotopic composition of the Harney Peak
Granite, therefore, appears to be a function of source composition.

Minerals from the zoned Tin Mountain pegmatite have extremely high Li contents
and heavier Li isotopic compositions than the granite or surrounding Black Hills
metasedimentary rocks. The heavier compositions may reflect Li isotopic fractionation
resulting from extensive crystal-melt fractionation and fluid exsolution. Lithium
concentrations decrease in the order: spodumene (~3.7 wt %), muscovite (0.2 to 2.0
wt.%), plagioclase (100-1100 ppm), quartz (30-140 ppm). Plagioclase, muscovite, and
spodumene in all zones display a relatively narrow range in 8'Li of +7.9 to +11.4%o. In
contrast, quartz is isotopically heavier and more variable (+14.7 to +21.3%o), with &'Li
showing an inverse correlation with Li concentration. This correlation may reflect mixing
between heavy Li in quartz and lighter Li in fluid inclusions. Extrapolation of this trend

to an estimated intrinsic Li concentration in quartz of <30 ppm, yields an inferred 8'Li for
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fluid inclusion-free quartz of >+21%o. The large difference in 8'Li between quartz and
other minerals may reflect 'Li preference for less highly coordinated sites, which have
higher bond-energies (i.e., the two- or four-fold site in quartz vs. higher coordination
number sites in other minerals).

1. Introduction

Recent studies have significantly increased our knowledge of Li isotope
geochemistry by documenting the Li isotopic variations in different geological reservoirs,
and understanding the processes that may produce these variations (see recent reviews by
Chan, 2004; Elliott et al., 2004; Tomascak, 2004). These studies have shown that Li
isotopes in the outer layers of the Earth (hydrosphere, crust and lithospheric mantle) can
be strongly fractionated, with the observed extent of Li isotope fractionation in the near—
surface environment of > 60%o (Tomascak, 2004).

Lithium isotopic fractionation has been documented in a variety of geological
processes, such as weathering (Huh et al., 2004; Kisakurek et al., 2004; Pistiner and
Henderson, 2003; Rudnick et al., 2004), seafloor alteration (Bouman et al., 2004; Chan et
al., 1992; 2002a; Foustoukos et al., 2004; James et al., 2003; Seyfried Jr. et al., 1998),
metamorphic dehydration (Benton et al., 2004; Teng et al., 2004b; Williams and Hervig,
2005; Zack et al., 2003) and high temperature diffusive exchange during magma-rock
interaction (Lundstrom et al., 2005). In contrast, little isotopic fractionation is inferred to
occur during high temperature igneous differentiation, be it in basaltic (Tomascak et al.,
1999b) or granitic (Bryant et al., 2004b; Teng et al., 2004a; Tomascak et al., 1995)

systems. However, large Li isotopic fractionations between minerals and hydrothermal
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fluids may occur in aqueous fluid-rich granitic pegmatite systems at relatively low
temperatures (Lynton et al., 2005).

In order to further examine Li isotope fractionation in evolved granitic systems,
including relatively wet, low temperature pegmatite, we examined well-characterized
samples of the Harney Peak Granite, the spatially associated, Li-rich Tin Mountain
pegmatite, and metasedimentary country rocks all from the Black Hills, South Dakota.
The goals of this study are to (1) study Li isotopic fractionation during granite
differentiation and late stage pegmatite evolution; (2) use Li isotopes to provide
additional insight into the origin and evolution of Harney Peak Granite and Tin Mountain
pegmatite.

2. Geological background and samples

The Black Hills Precambrian terrane consists of two Late Archean granites (Little
Elk and Bear Mountain), early Proterozoic metasedimentary and metavolcanic rocks, and
the Proterozoic (ca. 1700 Ma) Harney Peak Granite, which is surrounded by thousands of
simple and zoned pegmatites (Duke et al., 1990; Norton and Redden, 1990; Redden et al.,

1985; Shearer et al., 1987a; Walker et al., 1986b). We discuss each of these units in turn.
2.1. Country rocks

The dominant rock types in this region are early Proterozoic micaceous and
quartzose schists, derived from shales and graywackes, with the highest metamorphic
grade reaching sillimanite zone. The schist is composed of quartz, biotite, plagioclase and
occasional minor muscovite, and has considerable variation in modal mineralogy. In
order to characterize the compositional variations within the metamorphic terrane, four

quartz mica schists sampled from throughout the southern Black Hills were measured for
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Figure 4-1. Map of the Black Hills, South Dakota.
Locations of Proterozoic Harney Peak Granite, Tin Mountain pegmatite, two Archean
granites (Little Elk granite and Bear Mountain granite), four simple pegmatite and

Proterozoic metasediments are shown (modified from Walker et al., 1986a).
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both Li concentration and isotopic composition (Fig.1). Samples 23-2 and 40-1A were
collected near the first sillimanite isograd. Samples WC-4 and 26-2 were collected near
the second sillimanite isograd. These samples were taken from regions well away from
most granitic outcrops and are not believed to have been affected by interactions with
pegmatites, granites or fluids derived therefrom, and are therefore presumed to be
representative of their original compositions.

Two late Archean granites, the Little Elk granite and the Bear Mountain granite,
crop out in the region. The little Elk granite, with a U-Pb zircon age of ~2560 Ma
(Zartman and Stern, 1967), is medium-grained, gneissic, and comprised primarily of
plagioclase, microcline, quartz, biotite and muscovite (Walker et al., 1986a). The Bear
Mountain granite, with a Rb-Sr whole-rock age of ~2450 Ma (Ratte and Zartman, 1975),
is medium-grained to pegmatitic, consisting predominantly of plagioclase, quartz,
microcline, muscovite, biotite and trace apatite (Walker et al., 1986a). Samples from
these two Archean granites have been measured to characterize the 8'Li of the late

Archean crust (Fig. 1). No other Archean rock types are known to crop out in this region.
2.2. Harney Peak Granite

The Proterozoic Harney Peak Granite is the dominant exposed granitic rock. It
does not form a single plutonic body but instead consists of hundreds of individual dikes
and sills. The Harney Peak Granite is both texturally and compositionally diverse. It has a
peraluminous composition, with low Ca and high water content, and with 880 > 10%o,
consistent with derivation from partial melting of metasedimentary rocks (Nabelek and
Bartlett, 1998; Walker et al., 1986a). Nabelek et al (1992b) divided the Harney Peak

Granite into two groups with different sources: biotite granite in the core of the complex,
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with low 8'%0 (+11.5 £0.6 %o), and tourmaline granite in the periphery of the complex,
with high 8"0 (+13.2 +0.8 %o). Lead isotopes indicate that the biotite granite was derived
from melting of late Archean crust, while the tourmaline granite was derived from
melting of Proterozoic crust (Krogstad et al., 1993). Two potential sources for the Harney
Peak Granite are sediments derived from Archean granites and the surrounding
Proterozoic country rocks (Nabelek and Bartlett, 1998; Walker et al., 1989).

Twenty five samples, covering the compositional spectrum of the Harney Peak
Granite, were measured in order to obtain a clear picture of 3’Li variations in this
heterogeneous granite. In addition, four samples of simple pegmatites from the
surrounding region were also measured (Fig. 1). One of these, a pegmatitic vein (WC-9),
was likely produced in situ from partial melting of the enclosing metasedimentary rock
(WC-4), probably due to heating resulting from the intrusion of the Harney Peak Granite
(Shearer et al., 1987b). This sample pair thus allows evaluation of the amount of Li
isotopic fractionation attending partial melting. All samples are fresh, with H and O

isotope data showing no evidence for interaction with meteoric water (Nabelek et al.,

1992b).
2.3. Tin Mountain pegmatite

The Li-rich Tin Mountain pegmatite is a zoned pegmatite that discordantly
intrudes both metasedimentary rocks and amphibolites, and crops out ~12 km to the
southwest of the main body of the Harney Peak Granite. Walker et al (1986b) showed
that this pegmatite consists of five major zones, with the wall zone forming a shell that
encloses four inner zones (Fig. 2). Quartz, plagioclase and muscovite occur in all five

zones; potassium feldspar dominates the 1% and 2™ intermediate zones while spodumene
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mainly occurs in the 3" intermediate zone and core. Crystallization of the wall zone
occurred first, followed then by the first intermediate zone. The remaining intermediate
zones and the core then crystallized simultaneously. The fracture fillings crystallized last
(Walker et al., 1986b). The estimated crystallization temperature varies from >600 °C in
the wall zone to 500 °C in the core, based on oxygen isotopic thermometry (Walker et al.,
1986b). More recent temperature estimates based on fluid and melt inclusions yield even
lower crystallization temperatures, down to 340°C (Sirbescu and Nabelek, 2003a; 2003b).

Walker et al. (1989) utilized trace element and isotope (O, Nd, Sr) data to suggest
two possible origins for the parental melts of this pegmatite: (1) Low degree partial melts
of metasedimentary rocks that experienced moderate extents of fractional or equilibrium
crystallization or (2) derivation from the Harney Peak Granite via a complex, multi-stage
crystal-liquid fractional crystallization process, such as progressive equilibrium
crystallization. The different zones of the Tin Mountain pegmatite resulted from crystal-
melt-fluid fractionation and fluid-assisted compositional stratification (Walker et al.,
1986b).

Quartz, plagioclase, muscovite, and spodumene from all major zones and fracture
fillings of the Tin Mountain Pegmatite were studied. In addition, in order to characterize
the Li isotopic composition of the bulk pegmatite, three whole rock composites from the
wall zone were also measured. Two (9-2 and 10-3) were powdered from 5kg of rock and
one (43-1) was produced from 100 kg of rock.

3. Analytical methods

All sample powders are the same as those used in previous studies (Krogstad and

Walker, 1996; Nabelek et al., 1992a; 1992b; Walker et al., 1986a; 1986b; 1989) except
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three of the pegmatite minerals, which were drilled directly from rock slabs, since
previous powders were exhausted (see Table 2 for details).

Sample powders were dissolved in a ~ 3:1 mixture of concentrated HF-HNO; in
Savillex screw-top beakers overnight on a hot plate (T< 120 °C), followed by
replenishment of the dried residua with concentrated HNO3 overnight and dried again,
then picked up in concentrated HCI until solutions are clear. The solutions were then
dried down and re-dissolved in 4 M HCI, in preparation for chromatographic separation.
Around 100 ng Li in 1 ml 4 M HCl is loaded on the first column. Lithium is eluted
though three sets of columns, each containing 1 ml of cation exchange resin (BioRad
AG50W-x12) following the first three column procedures described by Moriguti and
Nakamura (1998b). Columns were calibrated using samples with different matrix (e.g.,
peridotite, basalt, granite and pure Li solution). In order to check Li yields, before/after
cuts for each sample were collected and analyzed by single collector ICP-MS (Thermo
Finnigan Element 2). With ~100 ng sample Li loaded (corresponding to 1 to10 mg of
sample), the column procedure separates Li from other matrix elements with >98% yield.

The MC-ICP-MS analysis protocol is similar to that reported in Teng et al.
(2004a). In brief, prior to Li isotopic analyses, the Na/Li voltage ratio of each solution is
evaluated semi-quantitatively with the mass spectrometer. Solutions with a Na/Li voltage
ratio > 5 are reprocessed through the 3" column. Purified Li solutions (~100 ppb Li in
2% HNO; solutions) are introduced to the Ar plasma using an auto-sampler (ASX-100"
Cetac Technologies) through a desolvating nebulizer (Aridus” Cetac Technologies) fitted
with a PFA spray chamber and micro-nebulizer (Elemental Scientific Inc.). Samples are

analyzed using a Nu-Plasma MC-ICP-MS (Belshaw et al., 1998), with 'Li and °Li
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measured simultaneously in separate Faraday cups. Each sample analysis is bracketed by
measurements of the L-SVEC standard (Flesch et al., 1973) having a similar solution
concentration and acid strength (although tests reveal that standard/sample concentration
ratios can vary by up to an order of magnitude without detriment to the measurement).
Two other Li standards (e.g., the in-house Li-UMDI, a purified Li solution from Alfa
Aesar”®, and IRMM-016 (Qi et al., 1997)) are routinely analyzed during the course of
each analytical session. A rock standard (AO-12, a Post Archean Australian shale
(PAAS), Teng et al., 2004a), is also routinely analyzed for quality control purposes.
International rock standard BCR-1 was also measured during the course of this study.
The in-run precision on 'Li/°Li measurements is < = 0.2%o for two blocks of 20 ratios
each, with no apparent instrumental fractionation. The external precision, based on 2 ¢ of
repeat runs of both pure Li standard solutions and natural rocks, is <=+ 1.0%0. For
example, pure Li standard solutions (IRMM-016 and UMD-1) always have values falling
within previous established ranges (-0.1 £+ 0.2%o and +54.7 £+ 1%o, Teng et al., 2004a);
AO-12 gives 8'Li =+3.5 £ 0.6 %o (2 o, n = 36 runs with 4 replicate sample preparations);
and BCR-1 gives 8'Li=+2.0 £ 0.7 %o (2 5, n = 10 runs).

Lithium concentrations were determined by voltage comparison with that
measured for the L-SVEC standard of known concentration and then adjusting for sample
weight. The precision is better than + 10% except for spodumene. Lithium concentration
in spodumene is too high, which makes it difficult to precisely constrain the sample
weight loaded onto the column. The Li concentration in spodumene reported here is

calculated from its standard molecular formula.
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4. Results

The Li concentrations and isotopic compositions for all samples are plotted in Fig.
3. Table 1 reports data for simple pegmatites and the Harney Peak Granite, Table 2 for
mineral separates and whole rock samples from Tin Mountain pegmatite and Table 3 for
the quartz-mica schists and Archean granites. Major, trace element and isotopic data (Sr,
Nd, Pb and O) of these samples were reported in Walker et al. (1986a; 1986b; 1989),

Krogstad et al (1993) and Nabelek et al. (1992a; 1992b).

4.1. Lithium concentration and isotopic composition of granites and

schists

The 8’Li values for 25 Harney Peak Granite range from —3.1 to +6.6%o, with Li
concentration ranging from 10 to 205 ppm. These concentrations are similar to values
previously reported (8 to 171 ppm, Shearer et al, 1987a). In contrast to the distinct
oxygen isotopic difference observed between biotite granites and tourmaline granites
(Nabelek et al., 1992b), Li isotopic compositions are indistinguishable between these two
types of granites (Fig. 4a) and show no correlation with Nd. Archean granite samples

(Little Elk granite and Bear Mountain granite) have 8'Li values within the range of the
Harney Peak Granite, but with lower Li concentrations (4.9 and 7.7 ppm). Four simple
pegmatites have the lowest Li concentrations of the granitic rocks (3 to 7.5 ppm), with
8'Li ranging from +1.4 to +7.3%o. Four quartz mica schists have 8'Li values that range
from —3.1 to +2.5%o, overlapping with the values of Harney Peak Granite. The Li

contents in these schists are ~ 70 ppm except for one that is a factor of two higher (150

ppm).
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Figure 4-3. Plots of 8'Li versus Li for all samples.
Data from Tables 4-1, 4-2, 4-3.
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Table 4-1. Lithium isotopic composition and concentration of Harney Peak Granite and

simple pegmatites from Black Hills, South Dakota

Location'  Sample ID 8'Li’ Li’ (ppm) ON

HP 3-1B +4.0 38 13.41
3-1B replicate®  +3.9
HP 4-1 +6.6 38 13.84
4-1 replicate +6.2

HP 1-1 +2.1 86 12.88
HP 2-1 +0.2 16 13.23
HP HP-3B +1.6 205 13.69
HP HP-8 4L +1.1 69 11.92
HP HP-8 8L +0.0 30 11.78
HP HP-20 +2.9 43 10.94
HP HP-1 -3.1 26 14.08
HP HP-2 -2.1 9.7 13.34
HP HP-6 -1.5 12 12.41
HP HP-14 -1.4 31 12.76
HP HP2A +2.2 14 13
HP HP10B +0.3 178 12.9
HP HP13A +2.2 103 11.9
HP HP13C +2.3 103 12
HP HP14A +2.0 86 10.8
HP HP17 -1.1 48 13
HP HP22 -0.1 23 11.9
HP HP24B +3.9 37 12.7
HP HP30A +5.5 60 12.3
HP HP39A +6.6 20 13
HP HP43A 0 41 13
HP HP44A +1.1 41 11.3
HP HP45B +1.0 27 12.5
SP WC-9 +1.4 7.5 13.83
SP 5-1 +3.9 5.1 13.36
SP 6-3 +6.1 5.7 12.68
SP 6-4 +7.3 3.0 11.59

1. HP- Harney Peak Granite, SP-simple pegmatite.
2. Analytical uncertainty is <=+ 1%o (25), based on both pure Li solutions and

natural rock standard (see text for details).
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. Lithium concentration measured by voltage comparison with standard of known

concentration (see text for details).

. Data from Walker et al (1986a; 1989) and (Nabelek et al., 1992a).

. Replicate: repeat column chemistry from the same sample solution.
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Table 4-2. Lithium isotopic composition and concentration of mineral and whole rock
samples from Tin Mountain pegmatite, Black Hills, South Dakota

Sample ID' Zone 8'Li’ Li (ppm)3 5'%0*
Quartz
11-3A Wall zone +18.3 61 12.4
17-1C 2" zone +16.9 97 12.5
16-2C 3" z0ne +17.0 141 12.9
16-2C replicate’ +16.3 129
16-10A 3" zone +14.7 92 12.5
16-10A replicate +14.7 98
18-2A Core zone +18.4 87 12.7
18-2A replicate +17.7 79
19-1A Core zone +19.3 47 12.5
19-1A replicate +19.2 46
15-1A Fracture filling +19.9 52 12.6
15-3A Fracture filling +21.3 33 12.8
Plagioclase
11-3C Wall zone +8.8 104 11
16-2D 3" zone +9.7 578 11.4
16-2D replicate +8.9 587
16-10B 3" zone +9.2 564 11.2
16-10Breplicate +8.3 543
19-1C Core zone +9.9 1098 11.3
19-1C replicate +9.3 940
Muscovite
11-3B Wall zone +9.8 2399 10
16-8 2" zone +11.0 4305 10.5
16-2B 3" zone +11.4 7072 9.8
16-10C 3" zone +11.1 20119 9.9
16-10C replicate +10.4 15808
18-2D Core zone +11.0 4194 9.9
18-2D replicate +10.6 4138
19-1B Core zone +9.8 2625 10
19-1B replicate +8.5
Spodumene
18-1C Core zone +8.3 37300 10.4
16-6 Core zone +7.9 37300 10.5
15-1C Fracture filling +8.0 37300 11.8
15-3B Fracture filling +8.1 37300 10.4
Wall zone whole rock
\\V4 10-3 +11.1 453.2 114
Wz 9-2 +7.5 504.3 12.1
\\'V4 43-1 +11.1 735.4 11.7
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. All mineral separates are the same as those used in Walker et al.(1986b) except
16-2B, 11-3A and 11-3C, which were drilled from rock sample during this study.
The amount of drilled sample is <I mg and dissolved in HF+HNO; without any
cleaning.

. Analytical uncertainty is <+ 1%o (20), based on both pure Li solutions and natural
rocks (see text for details).

. Lithium concentration measured by voltage comparison with standard of known
concentration, except for spodumene, which is calculated from its standard
molecular formula (see text for details).

§8'%0 from Walker et al (1986b).

. Replicate: repeat column chemistry from the same sample solution.
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Table 4-3. Lithium isotopic composition and concentration of quartz mica schists and
Archean granites

Sample ID 8'Li' Li (ppm)* 80’
Proterozoic schists
23-2 +2.5 68 11.8
40-1A -3.1 62 12.5
WC-4 +1.6 79 13.7
26-2 +2.3 150 12.3
Archean granites

39-1 (Bear Mountain) +0.1 7.7 11
41-1 (Little Elk) -2.6 4.9 7.3

1. Analytical uncertainty is < 1%o (25), based on both pure Li solutions and natural

rocks (see text for details).

2. Lithium concentration measured by voltage comparison with standard of known

concentration. See text for details.

3. Data from Walker et al (1986a).
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4.2. Lithium concentration and isotopic composition of Tin Mountain
pegmatite

Three wall-zone whole-rock samples of the Tin Mountain pegmatite have Li
concentrations ranging from 450 ppm to 735 ppm, two to 100 times higher than Harney
Peak Granite (4.9 to 205 ppm). Compared with same minerals from granites (Bea et al.,
1994; Neves, 1997; Pereira and Shaw, 1996), Li concentrations in minerals from all
zones of Tin Mountain pegmatite are also extremely high. Quartz has Li concentration
ranging from 33 ppm to 135 ppm, while spodumene, muscovite and plagioclase have
higher Li concentrations, decreasing in the order: spodumene (~3.7 wt%), muscovite (0.2
to 2.0 wt.%), plagioclase (100-1100 ppm) (Fig. 5a). The Li isotopic composition of these
pegmatite samples is quite heavy. The three composite “whole-rock” samples from the
wall zone have 8'Li values ranging from +7.5 to +11.1%o, consistently heavier than
Harney Peak Granite (Fig. 3). From the wall zone to the core, plagioclase, muscovite and
spodumene display a narrow range in 8’Li from +7.9 to +11.4%o, with resolvable
systematic differences between minerals, whereas quartz displays a much larger range,
from +14.7 to +21.3%o (Fig. 5b), has systematically heavier 5’Li values than coexisting

minerals, and Li concentration inversely correlates with 8'Li (Fig. 3).
5. Discussion

Granites and granitic pegmatites are commonly found in spatial association and
may be genetically related to each other, with pegmatites potentially representing the
final differentiation products of an evolving granite magmatic system. Study of the

Harney Peak Granite, Tin Mountain pegmatite and associated potential source rocks thus
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provide a means with which to determine how Li isotopes fractionate during crustal

melting and granite differentiation.
5.1. Lithium isotopic fractionation during granite petrogenesis

The amount by which Li isotopes fractionate during igneous differentiation is not
fully understood. Tomascak et al. (1999b) measured the Li isotopic composition of the
crystallizing Kilauea Iki lava lake, for which crystallization temperatures of 1050 °C to
1216°C are well established. These investigators found no detectable Li isotopic
fractionation within uncertainties of the measurement (+1.1%o). More recent studies of
the Li isotopic composition of olivine and coexisting basalt corroborate these initial
findings (Chan and Frey, 2003; Jeffcoate et al., 2004b). Collectively, these studies
suggest the amount of Li isotope fractionation attending basalt differentiation at
temperatures between 1050 °C and 1216°C is below analytical uncertainties.

In contrast to the high temperatures and rapid crystallization and cooling
experienced in dry, basaltic melts, granite is typically generated at lower temperatures
(750-850 °C) by fluid-absent melting of crustal materials (Chappell et al., 2000), which is
often followed by fractional crystallization, exsolution of a vapor phase and slow cooling.
Each of these processes (partial melting, fractional crystallization, fluid exsolution,
cooling) could, in principal, produce isotopic fractionation. Below we explore the
general factors that influence Li concentration and isotopic composition in granitic
systems, and then explore what new insights the data from the Harney Peak Granite and
Tin Mountain pegmatite provide.

5.1.1. Lithium isotopic fractionation during crystal-melt equilibria

5.1.1.1. Theoretical considerations
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Figure 4-4. Plots of 8'Li verses 6180, Si0,, Li, and Rb for Harney Peak Granite
Data from Table 4-1, Walker et al (1986a; 1989) and Nabelek et al (1992a).
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Lithium concentrations in granites are controlled by bulk partition coefficients
between melt and solid, which vary with the compositions of both minerals and melts.
Lithium in S-type granites is mainly contained within micas (biotite and muscovite), with
lesser amounts in cordierite (Bea et al., 1994; Neves, 1997; Pereira and Shaw, 1996).
Experimental studies of Li partitioning between biotite, muscovite, cordierite and
coexisting peraluminous silicic melt show that Li is slightly compatible in biotite
(DLiBt/melt ranges from 1.0-1.7, and decreases with increasing temperature) and is

Msmelt _ 0.8) and cordierite (Dy; ™" ranges from 0.44 to

incompatible in muscovite (Dy;
0.12, decreasing with increasing temperature) (Evensen and London, 2003; Icenhower
and London, 1995). Collectively, these studies suggest that Li behaves as a moderately
incompatible element during granite differentiation, and Li concentrations are thus
expected to decrease with degree of melting and increase with progressive crystal-melt
fractionation.

Lithium isotope fractionation between minerals and melt is governed by the
general rules of stable isotope fractionation. As discussed in Chacko et al. (2001),
equilibrium isotope fractionation is due to differences in zero point energy (AZPE)
between molecules with different isotopes. Substances with larger AZPE during isotope
substitution favor the heavier isotope. Since substances with stronger bonds will have
larger AZPE during isotope substitution, heavy isotopes, therefore, will favor substances
with stronger bonds or higher energy sites. Lithium is monovalent (17) and, hence, not
redox sensitive. In addition, Li, like B and other light cations, is bonded to oxygen in

most silicates (Wenger and Armbruster, 1991), and isotopic fractionation in silicates is

controlled strictly by the relative site energies at the same temperature. In most solids, Li
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Figure 4-5. 8'Li and Li concentration for minerals in different zones of the Tin Mountain
pegmatite
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occupies either tetrahedrally- or octahedrally coordinated sites and potential energies in
the polyhedra generally decrease with increasing coordination numbers (Wenger and
Armbruster, 1991). Therefore, substances with tetrahedrally coordinated Li are expected
to prefer heavy Li isotopes to those where Li is octahedrally coordinated. This can only
be considered as a rather general guide since Li coordination polyhedra are more or less
distorted in most minerals due to its small ionic radii and lower charge and hence the
potential energies can be largely changed and overlapping.

Lithium enters two- and four-fold coordinated interstitial sites in quartz
(Sartbaeva et al., 2004), but the concentration in quartz is typically low, so quartz is not
expected to exert a major control on isotopic fractionation. In the most Li-rich minerals,
Li is octahedrally coordinated (e.g., spodumene (Clarke and Spink, 1969; Li and Peacor,
1968), micas (Brigatti et al., 2000; 2003; Robert et al., 1983), and cordierite (Bertoldi et
al., 2004)). In contrast, Li is tetrahedrally coordinated in granitic melts (Soltay and
Henderson, 2005a; 2005b; Zhao et al., 1998). At low temperatures, these different
coordination numbers for Li between melts and crystals may produce measurable Li
isotopic fractionation. Based on the above considerations, the most important Li-bearing
minerals (e.g., micas, spodumene) are expected to be isotopically lighter than coexisting
melts. If the fractionation or differentiation is large enough, granites should evolve to
isotopically heavier 8'Li values with differentiation (Fig. 6a).
5.1.1.2. Observations from the Harney Peak Granite

The data for the Harney Peak Granite indicate that Li isotopic fractionation at the
temperature of anatexis is small, granite crystallization does not significantly affect the Li

isotopic composition of Harney Peak Granite, and that the 3'Li value of the Harney Peak
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Figure 4-6. Lithium isotopic fractionation modeled by Rayleigh distillation

during: a) crystal-melt fractionation; b) fluid exsolution. Numbers on lines represent Li
partition coefficient (D) between crystals (a) or fluids (b) and melts. Shaded areas
represent measurement uncertainty (+ 1%o, 2c). Equations and variables used: 8 Lin, =
(8"Lij +1000)f*-1000; Cy, =Ci(1-F)™'; a: Li isotopic fractionation factor defined as Li
isotopic ratio between crystals or fluids and melts; D: Li partition coefficient defined as
Li concentration ratio between crystals or fluids and melts; f: the fraction of Li remaining
in the melts; F: fraction of crystal or fluid removed. m: remaining melt; i: initial melt.
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Granite mainly represents that of its source rock. The primary observations that lead to
these conclusions are:

1) Identical Li isotopic compositions are observed for the metasedimentary rock
WC-4 and its inferred in situ melt (pegmatitic vein WC-9).

2) &'Li shows no correlation with degree of differentiation, as inferred from various
compositional parameters (e.g., SiO,, Li, Rb contents) (Fig. 4).

3) &'Li values of most Harney Peak Granite (-3.1 to +4.0%o) lie within the range
observed in their potential source rocks (-3.1 to +2.5%o) with the exception of
three samples with heavier values (+5.5 to +6.6%o).

The origin of the three isotopically heavier granite samples is uncertain. Sample
HP30A has elevated 0D, which may reflect interactions with isotopically heavy H,O
from metamorphic dehydration of country rocks (Nabelek et al., 1992b). Another granite
sample, 4-1, has the highest Sr and Ba, high Rb and low Li content and may derive from
isotopically heavy source rock that was not sampled.

The conclusion that source rocks mainly control Li isotopic composition of the
Harney Peak Granite is consistent with other granite studies. Thirteen S-type granites
from Australia display a very limited range of Li isotopic compositions (-1.4 to +2.8%o)
over a large range of granite compositions. The 3'Li range is similar to that observed in
their presumed protoliths (Bryant et al., 2004b; Teng et al., 2004a). In contrast, I-type
granites from Australia show large Li isotopic variations (+1.9 to +8.1%o), which
correlate with inferred differences in source rocks (Bryant et al., 2004b). The 8'Li values
in these I-type granites does not correlate with the degree of differentiation (Bryant et al.,

2004b; Teng et al., 2004a). Collectively, these studies indicate that Li isotopic
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compositions of source rocks are the most important factor controlling the Li isotope
compositions of the granites and that the extent of partial melting and crystal-melt
fractionation does not significantly affect Li isotopic composition in the system.
5.1.2. Lithium isotopic fractionation during fluid-melt equilibria
5.1.2.1. Theoretical considerations

Compared with Li partitioning between mineral and melt, there is a considerable
range in Li partition coefficients between supercritical fluids and melts (Candela and
Piccoli, 1995). The most important factors controlling Li partitioning between fluid and
melt are fluid composition and temperature. For example, in peraluminous granite-

Dy, MMdmelt i~ 0.4 and does not change within a temperature interval

pegmatite systems,
of 650-775 °C at 200 MPa (London et al., 1988). In a metaluminous system at similar
temperatures and pressures (i.e., 800 °C and 200 MPa), but with a much higher CI content,
Webster et al (1989) found higher Dy;™ ™" which increases from 1.1 to 2.5 as the Cl
content of the vapor doubles. In addition, Webster et al (1989) reported that partition
coefficients between fluid and melt also increase with temperature and the mole fraction
of water present in the fluids.

Lithium in supercritical fluids bonds with Cl to form LiCl (Candela and Piccoli,
1995). In granitic melts, Li bonds with O (Soltay and Henderson, 2005a; 2005b; Zhao et
al., 1998). These different types of bonds (ionic vs. covalent) make it impossible to use
the difference of Li coordination to predict the isotopic fractionation between these two
phases. To date, no experiment has measured the Li isotopic fractionation factor between

supercritical fluids and melts. A recent experimental study of Li isotopic fractionation

between minerals and hydrothermal fluids found that fluids are isotopically lighter than
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minerals (Lynton et al., 2005), while a few empirical studies on Li isotopic compositions
of hydrothermal fluids and altered basalts suggest that fluids are isotopically heavier than
basalts (Chan et al., 1993; 1994; Foustoukos et al., 2004). The cause of the difference
between the experimental and empirical studies remains unknown. If there is Li isotopic
fractionation during the process of supercritical fluid separation from granitic melts, the
minerals crystallized from the fluids would have different Li isotopic compositions than

those from the melts, with the difference depending on the Li isotopic fractionation factor

fluid/melt <

between fluid and melt (o). For conditions where a is between 0.996-1.004, Dy;
2.5 (the maximum value at 8000C, 200Mpa with 6.13m Cl in fluid, Webster et al., 1989)
and the fraction of fluids exsolved (F) < 14% (the maximum concentration of H,O at
saturation in peraluminous melt, London et al., 1988), the isotopic compositions of both
residual melts and exsolved fluids change little with progressive fluid exsolution (Fig. 6b).

This calculation suggests that fluid exsolution should have minimal effect on Li
isotopic composition of granites that exsolve modest quantities of water. However, if a
large amount of fluids exsolve (i.e., F is large), at relatively low temperature (i.e., a is
large), then fluid exsolution may influence the Li isotopic compositions of granitic
systems. For example, granitic pegmatites may form during the later stages of granite
evolution in the presence of a fluid phase or from H,O undersaturated granitic melts by
undercooling (for more details, see recent review of London, 2005). For those that
crystallize in the presence of substantial fluids present, the Li isotopic compositions are
expected to be quite different from that of their precursors.

5.1.2.2. Observations from the Tin Mountain pegmatite
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Previous studies have shown that the Tin Mountain pegmatite crystallized from a
coexisting fluid-melt system through all internal zones. Apatites from all zones have
kinked chondrite-normalized REE patterns (Walker et al., 1986b) (the tetrad effect,
Peppard et al., 1969), which normally occurs during late stage granite evolution
accompanied by strong hydrothermal interactions. It is produced by REE partitioning
between melt and coexisting compositionally complicated fluids (see review of Jahn et al.,
2001). Melt and fluid inclusions occurs in both wall and core zones of the Tin Mountain
pegmatite, which further confirms this conclusion. Therefore, the Tin Mountain
pegmatite is expected to be isotopically different from its presumed Harney Peak Granite
precursor.

The Tin Mountain pegmatite is isotopically heavier than its precursor Harney
Peak Granite, suggesting that exsolved fluids are isotopically heavier than the granitic
melts. Three whole rock samples from the wall zone have 8'Li values ranging from +7.5
to +11.1%o, with an average 8'Li =+9.9 £ 2.1%o. The wall zone has relatively low
incompatible element concentrations (Rb, Cs, and Li) and high compatible element
concentrations (Ba and Sr), relative to the rest of the zones, suggesting that the wall zone
was the first material to crystallize from the pegmatite melt (Walker et al., 1986b). In
addition, two of the three whole rocks from the wall zone (samples 10-3 and 43-1) show
the tetrad effect and these are isotopically heavier than the one without tetrad effect
(sample 9-2). This may indicate that crystallization of the wall zone resulted in the
creation of an isotopically heavier fluid phase, with all later zones, including part of the
wall zone, crystallizing from coexisting fluid and melt. Thus, the whole rock average

from the wall zone may best represent that of the melt-fluid-system.
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Figure 4-7. Plot of 8’Li versus Rb for the wall zone whole rocks from the Tin Mountain
pegmatite, simple pegmatites and Harney Peak Granite

Data from Tables 4-1, 4-2 and Walker et al (1986b; 1989).
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Compared with the Harney Peak Granite, the Tin Mountain pegmatite
experienced extensive crystal-melt fractionation, during which Li isotopes could have
been significantly fractionated. As discussed previously, when the degree of crystal
fractionation is low and temperatures are high, crystal-melt fractionation will not
significantly affect the Li isotopic composition of granitic melts, as observed for the
Harney Peak Granite. In contrast, for highly evolved granitic systems at lower
temperatures, the effect of crystal-melt fractionation on Li isotopic composition of
granitic melt could be large and shift the granitic melt to isotopically heavier
compositions e.g., the Tin Mountain pegmatite (Fig. 6a). A plot of 8’Li vs. Rb for Harney
Peak Granite, simple pegmatites and Tin Mountain pegmatite shows that highly
fractionated samples (e.g., pegmatites with Rb >200 ppm) have heavier Li isotopic
compositions than the moderately fractioned granites (e.g., granites and pegmatites with
Rb <200 ppm) (Fig. 7).

5.2. Lithium isotopic fractionation within the Tin Mountain pegmatite

Inter-mineral isotopic fractionation is important for understanding both Li
isotopic systematics and potentially using Li isotopes for thermometry. The Li-enriched
Tin Mountain pegmatite crystallized at relatively low temperatures (Sirbescu and
Nabelek, 2003a; 2003b; Walker et al., 1986b), so Li isotope fractionation may be
dramatic.

The Li isotope composition of quartz is distinct from that of all other minerals
examined from the Tin Mountain pegmatite (Fig. 8). Quartz shows a relatively large
range in 8’Li from +14.7 to +21.3%o, and 8'Li correlates negatively with Li concentration

(Fig. 8). This quartz contains both primary and secondary fluid inclusions (Sirbescu and
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Nabelek, 2003a; 2003b). The negative correlation between Li concentration and 8'Li in
quartz may reflect the mass balance of Li in quartz vs. the fluid inclusions. Based on the
Li- 8'Li correlation, the quartz is expected to have a relatively low Li concentration (< 30
ppm) and heavy Li isotopic composition (> +21%eo); this agrees with the only available Li
isotopic data for fluid-inclusion-free quartz (from a Li-rich granitic pegmatite), which has
8'Li = +2742.1%o0 and 17.2 ppm Li (Lynton et al., 2005). This suggests that the fluid
inclusions should be Li-rich (=140 ppm) and isotopically lighter (<+15 %o). The Li
isotopic composition of the coexisting fluid can be constrained from other minerals.
Plagioclase, muscovite and spodumene from all zones that crystallized from a coexisting
fluid-melt phase and show relatively constant Li isotopic composition (8'Li = +9.4 +
1.2%0). Their 8'Li values should partially reflect that of the fluids, assuming no, or small,
isotopic fractionation during crystallization. Therefore, the 5'Li of the fluids should be
similar to or slightly heavier than these minerals.

The &'Li difference between quartz and other minerals may result from
equilibrium isotopic fractionation during crystallization and reflect the preference of
quartz for heavy Li, where Li is in two- or four-fold sites, whereas for other minerals Li
is octahedrally coordinated. The data collected here are, however, different from those
recently reported by Lynton et al (2005) in several important ways. They found that at
500 °C, muscovite is 9%o heavier than quartz, which, in turn, is 10%o heavier than fluids.
Moreover, they observed that Li isotopic fractionation between minerals
(muscovite/quartz) and fluids depends on the Li concentration in the fluids and reduces to
~10%o0 when Li concentration in fluids increases. Finally, they found that Li isotopic

fractionation between quartz and fluids decreases from 10%o to 5%o when the temperature
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of the experiment decreases from 500 to 400 °C. These observations contradict the
general theory of isotope fractionation, e.g., isotopic fractionation factor should decrease
with increasing temperature and be independent of element concentration in phases (i.e.,
Li in solutions here) (Chacko et al., 2001). Clearly more studies are needed to fully

understand the cause of these differences.
6. Conclusions

1. The Harney Peak Granite has 3'Li ranging from -3.1 to +6.6%o, with most falling
within the range defined by their potential metasedimentary sources (-3.1 to
+2.5%o0), from both Archean and Proterozoic crust. There is no correlation
between 8'Li and geochemical indicators of granitic differentiation, suggesting
that the Li isotopic compositions of the granite mainly reflect those of their
sources.

2. Three bulk rocks from the wall zone provide the best estimate of the bulk
composition of the Tin Mountain pegmatite. Their average of +9.9%o is much
heavier than that of the Harney Peak Granite. This isotopically heavy signature
results from extensive crystal-melt fractionation and fluid exsolution. The
pegmatite data, compared with the data from the Harney Peak Granite, suggest
that both crystal-melt and fluid-melt fractionation during granite differentiation
can affect the Li isotopic compositions of highly fractionated granites, but does

not play an important role in low to moderately fractionated granites.

3. All minerals from the Tin Mountain pegmatite have high Li concentrations and
similar 8'Li values of ~+9.4%o, except quartz. Quartz is less enriched in Li, is ~ 6-

11%o heavier than all other minerals, and displays a negative correlation between
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8'Li and Li concentration. This correlation reflects a mass balance between heavy
Li bounded in quartz (> +21%o) and lighter, Li-rich fluid inclusions (+9%o). The
large difference in isotopic composition between quartz and other minerals
reflects equilibrium Li isotopic fractionation, with heavy Li preferring low-

coordination sites (quartz) to more highly coordinated ones.
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Chapter 5: Lithium isotopic fractionation during diffusion

Abstract

Lithium concentrations and isotopic compositions in the country rocks
(amphibolites and schists) of the Tin Mountain pegmatite show systematic changes with
distance to the contact. Both Li and 8’Li decrease dramatically along a ~10 m traverse
from the pegmatite into amphibolite, with Li concentration decreasing from 471 to 68
ppm and 8’Li decreasing from +7.6 to —19.9%o. Rubidium and Cs also decrease from the
pegmatite contact into the country rock, but only within the first two meters of the contact,
after which their concentrations remain constant. Neither mixing between pegmatite
fluids and amphibolite, nor Li isotope fractionation by Rayleigh distillation during fluid
infiltration are likely explanations of these observations due to the extremely light
isotopic composition required for the amphibolite end-member in the mixing model
(—20%o) and the similarly extreme isotopic fractionation required in a Rayleigh
distillation model. Rather, these variations are likely due to isotopic fractionation
accompanying Li diffusion from the Li-rich pegmatite (Li = 450 to 730 ppm) into
amphibolites (Li = 20 ppm). The fact that other alkali element concentrations vary only
within two meters of the contact reflects the orders of magnitude faster diffusion of Li
relative to heavier elements.

Quartz mica schists in contact with the pegmatite also show large variations in
both Li and 8'Li as a function of distance from contact (~1 wt.% to ~70 ppm and +10.8 to
—18.6 %o respectively), but over a longer distance of ~300 m. Lithium concentrations of
the schist decrease from ~1 wt.% adjacent to the contact to ~70 ppm 300 m from the

contact; the latter is a typical concentration in metapelites. The nature of the 8'Li
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variations in the schists is different than in the amphibolites. Schists within the first two
meters of the contact have nearly identical 8'Li of +10%o, which mimics that of the
estimated bulk pegmatite (+8 to +11%o). At a distance of 30 m the 8’Li reaches the
lowest value in the schists of —18.6%o (similar to the lowest amphibolite measured). At a
distance of 300 m the 8’Li climbs back to +2.5%o, which is within the range of 3'Li of
other schists in the region and metapelites worldwide. The behavior of Li in the schists
can also be modeled by Li diffusion, with the effective diffusion coefficient in the schist
being ~ 10 times greater than that in the amphibolite. The effective diffusion coefficients
of Li in the amphibolite and schist are >2 orders of greater that those in minerals, which
implicates the importance of fluid-assisted grain-boundary diffusion over solid-state
diffusion in transporting Li through these rocks.

1. Introduction

Lithium is a fluid-mobile, moderately incompatible element having two stable
isotopes with ~17% relative mass difference. This large mass difference gives rise to
significant isotopic fractionations in different geological environments, especially those
involving fluid-rock interactions (see review of Tomascak, 2004). Lithium isotope
fractionation, like other stable isotope systems (Chacko et al., 2001), is due to differences
in bond energies between different phases for the two isotopes (e.g., mineral and fluid),
with heavy Li ("Li) preferring the higher-energy bond. Bond energy is, in turn, related to
coordination number, with lower coordination number sites having higher bond energy
(Wenger and Armbruster, 1991). Thus Li substituting for Mg in octahedral mineral sites
(e.g., pyroxenes) will be isotopically lighter than Li found in fluids, which is believed to

be in tetrahedral coordination (Wenger and Armbruster, 1991; Yamaji et al., 2001).
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These characteristics result in distinct Li concentration and isotopic composition in the
hydrosphere, continental crust and mantle. In general, the hydrosphere is isotopically
heavy (seawater = +32%o), the mantle is intermediate at +4%o, whereas the weathered,
upper continental crust is isotopically light (~0%o) (Teng et al., 2004a; Tomascak, 2004) .

Recent studies using both laboratory experiments and natural rocks have
demonstrated the existence of another type of Li isotopic fractionation, produced by the
different diffusivities of °Li and "Li in silicate melts and solids. Diffusion couple
experiments have reported ~40%o Li isotopic fractionation between juxtaposed molten
rhyolite and basalt, with an initial Li concentration ratio of ~ 15 (Richter et al., 2003).
Large Li isotopic variation (~20%o) was also observed along a ~2 m Li concentration
gradient in peridotite adjacent to discordant dunites (former melt channels), and
explained by diffusion-driven Li isotopic fractionation (Lundstrom et al., 2005).
Compared with the isotopic fractionation produced by bond-energy differences,
diffusion-driven isotopic fractionation is controlled by the concentration gradient and the
relative mobility of isotopes. Thus, it can occur at high temperatures where equilibrium
fractionation diminishes (Richter et al., 1999).

In this paper we report Li concentrations and isotopic compositions of country
rocks adjacent to the Li-rich Tin Mountain pegmatite, Black Hills, South Dakota.
Emplacement and crystallization of this pegmatite produced a large Li concentration
gradient between the pegmatite and country rocks and led to Li diffusion into the country
rocks. Our results demonstrate that up to 30%o fractionation of Li isotopes was produced

in this manner.
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2. Geological background and samples

Samples studied here are from the country rocks of the ca. 1.7 Ga Tin Mountain
pegmatite, Black Hills, South Dakota, which crops out ~ 12 km to the southwest of the
main body of the Harney Peak Granite (Redden et al., 1985). The Li-rich, Tin Mountain
pegmatite discordantly intruded both schists and a tabular amphibolite unit, which are the
focus of this paper. The pegmatite consists of five major structural/mineralogical zones,
with the wall zone forming a shell that encloses inner zones. Fracture fillings are
compositionally similar to the core and traceable from the core into the surrounding
zones (Walker et al., 1986b). The estimated formation pressure is ~0.3 GPa (Redden et
al., 1985) with crystallization temperature varying from ~ 600 °C down to 340 °C (2003a;
Sirbescu and Nabelek, 2003b; Walker et al., 1986b). Lithium isotopic compositions of
minerals and whole rocks from the different zones of the Tin Mountain pegmatite, as well
as the Harney Peak Granite, associated simple pegmatites and representative country
rocks are reported elsewhere (Teng et al., 2005a). All samples measured here have been
characterized in previous investigations (Laul et al., 1984; Walker, 1984) and previously
published chemical data are provided in the electronic supplement.

2.1. Amphibolites

The amphibolite is similar in composition to tholeiitic basalt. It overlies much of
the wall zone of the pegmatite, and reached amphibolite facies prior to the intrusion of
the pegmatite (Redden et al., 1985). The Li isotopic variation within the amphibolite was
determined for eight samples collected along a 10 m vertical traverse above the pegmatite
body, where the outcrop ends at the cliff top. An additional sample, collected from a

different amphibolite body 300 m away from the pegmatite, was also analyzed.
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The amphibolite is a medium-grained rock composed predominantly of
hornblende and plagioclase with minor amounts of quartz and biotite. Significant
amounts of calcite (2-7%) are present in two samples (samples 12-2 and 12-3). The
amphibolite is layered, with segregations of oriented hornblende alternating with layers
of crystalloblastic plagioclase (Walker, 1984). Most major and trace elements have
relatively constant concentration along the traverse (Fig. 1), which suggests that modal
variations are insignificant. Some fluid-mobile elements, however, show large variations
in amphibolites near the contact (Fig.1). Relative to the mean of the other samples, the
sample taken from the contact (sample 12-8) is significantly enriched in K,O, Rb, Cs, Sb,
8'%0 and depleted in Na,O (Laul et al., 1984; Walker, 1984). By comparison, sample 12-
7, taken 0.5 m from the contact, shows considerably less enrichment/depletion of these
elements.

Feldspars show little compositional variation along the traverse, and range from
Anj.490, except for the sample at the contact, which is more anorthite-rich (~Ansy).
Amphibole compositions vary on the scale of a thin section, but no systematic change is
observed along the traverse (Walker, 1984). FeO contents range from 12.3 to 19.9 wt%
and MgO contents range from 7.6 to 12.4 wt.%. Amphibole at the contact contains more
Na than amphiboles elsewhere along the traverse, a trend that is different from that

observed from whole rock samples (Walker, 1984).
2.2. Quartz-mica schists

Schists are the dominant country rocks in this area. Their protolith was shale that
was metamorphosed to the sillimanite zone during regional metamorphism prior to the

intrusion of Tin Mountain pegmatite (Redden et al., 1985). Compared with the
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amphibolites, fresh outcrops of the schists are limited and it thus proved difficult to
collect systematically along a traverse away from the pegmatite. Consequently, a variety
of schists were sampled in and around the pegmatite in order to determine the extent of a
metasomatic halo on a lateral scale. These samples include an inlier of schist enclosed by
the wall and third intermediate zones of the pegmatite (13-1), three samples collected
near the lower contact of the pegmatite (9-3, 9-1 and 9-4), and two samples taken from
scattered outcrops to the northwest and southwest ends of the pegmatite at distances of 30
m (23-4) and 300 m (23-2). In order to characterize any compositional variation within
the Black Hills terrane, three more schist samples were taken in this region far away (e.g.,
> 8 km) from known granitic outcrops.

The schists are composed of quartz, biotite, plagioclase and minor muscovite.
Both modal mineralogy and major element composition vary considerably. The
variations are probably due to the original sedimentary layering of the protolith (Walker,
1984). Trace element concentrations do not generally correlate with modal biotite +
muscovite abundances. Relative to regional schists, the inlier sample (13-1) is extremely
enriched in Rb, Cs, and Zn and depleted in 8'%0. Lesser amounts of alkali enrichment are
found in two samples taken within 0.5 m of the pegmatite (i.e., 9-1 and 9-3) and no
discernable enrichments are seen in samples taken from over a meter from the contact (9-
4,23-4 and 23-2) (Walker, 1984).

3. Analytical methods

Sample powders were the same as those used in previous studies (Laul et al., 1984;

Walker, 1984; Walker et al., 1986a; 1989). Procedures for sample dissolution and column
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chemistry are described in Rudnick et al (2004) and the method of instrumental analysis
is found in Teng et al (2004a).

The external precision of Li isotopic analyses, based on 2 ¢ of repeat runs of pure
Li standard solutions and rock solutions, is <+ 1.0%o. For example, pure Li standard
solutions (IRMM-016 and UMD-1) always have values falling within previous
established ranges (-0.1 = 0.2%o and +54.7 & 1%o, Teng et al., 2004a); in-house rock
standard AO-12, a shale from the Amadeus Basin, gives 8'Li =+3.5 £ 0.6 %o (2 5, n =36
runs with 4 replicate sample preparations); and BCR-1 gives 8'Li=+2.0+ 0.7 %o (2 5, n
= 10 runs). The uncertainty of Li concentration measurement, determined by the
comparison of signal intensities with that measured for the 100 or 50 ppb L-SVEC
standard and then adjusting for sample weight, is <+ 10%. The accuracy of this method
has been established in Teng et al. (2004a) to be <+ 5% as based on isotope dilution
methods.

4. Results

Lithium concentration and isotopic composition for both schists and amphibolites
are reported in Table 1 and plotted in Fig. 2 as a function of distance from the contact.
The Li concentration and isotopic composition of the Tin Mountain pegmatite and related
igneous rocks have been reported in Teng et al. (2005a). Data for three wall zone whole
rock samples that represent the average composition of the Tin Mountain pegmatite are

presented for comparison in Table 1.
4.1. Amphibolite

Both Li and 8'Li decrease with distance from the contact (Fig. 2a). The

amphibolite near the pegmatite contact is isotopically heavy (+7.6%o), similar to wall
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Table 5-1. Lithium isotopic composition and concentration of samples from the Tin
Mountain pegmatite

Sample ID 8'Li' Li (ppm) Distance (m)
Amphibolites
14-1 +0.9 20 300
12-1 -19.5 72 9.5
12-1replicate®  -19.9
12-2 -14.2 68 8
12-3 -13.7 98 6.5
12-4 -8.3 140 5
12-4 replicate  -7.5
12-5 -0.9 209 3.5
12-6 +6.5 260 2
12-7 +7.5 438 0.5
12-8 +7.6 471 0.03
12-8 replicate  +7.3
Quartz Mica Schists
13-1 +10.8 ~10000 0
9-3 +9 1179 0.1
9-1 +8.9 1607 0.3
9-4 +10 960 1.5
23-4 -18 124 30
23-4 replicate  -18.6
23-2 +2.5 68 300
40-1A -3.1 62 >8000
WwC-4 +1.6 79 >8000
26-2 +2.3 150 >8000
Wall zone whole rock of Tin Mountain pegmatite
10-3 +11.1 453
9-2 +7.5 504
43-1 +11.1 735

1. Analytical uncertainty is <+ 1%o (20), based on both pure Li solutions and natural
rocks (see text for details).

2. Limeasured by comparison of signal intensities with 50 or 100 ppb LSVEC.

3. Replicate: repeat column chemistry from the same sample solution.
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zone samples of the pegmatite (+7.5 to +11.1%eo), and it has the highest Li concentration
(471 ppm). The sample at the end of the traverse, 10 m away from the contact, has the
lowest Li concentration (70 ppm) and the lightest isotopic composition (-19.9%o). The
regional amphibolite, taken 300 m from the Tin Mountain pegmatite, has a Li
concentration (20 ppm) and isotopic composition (+0.9%o) comparable to typical upper
crustal lithologies (Teng et al., 2004a).

4.2. Quartz-mica schist

Lithium concentrations and isotopic compositions of schists are also highly
variable (Fig. 2b). The schist enclosed by the pegmatite (13-1) is extremely rich in Li (~1
wt.%) with pegmatite-like 8'Li (+10.8%o). Three samples within 1.5 m of the pegmatite
also show pegmatite-like Li isotopic compositions and high Li concentrations, with the
furthest one (9-4, 1.5 m from the contact) showing no discernable enrichments in other
fluid mobile elements. A sample collected 30 m from the pegmatite has an extremely
light Li isotopic composition (-18.6%o0) and a Li concentration of 124 ppm. Samples
collected much further from the contact show typical shale-like Li concentrations (~ 70
ppm) and isotopic compositions (—3 to +2.5%o) (Teng et al., 2004a).

5. Discussion

The Tin Mountain pegmatite is extremely enriched in isotopically heavy Li (Teng
et al., 2005a) relative to typical amphibolites and schists (Bottomley et al., 2003; Teng et
al., 2004b; 2005¢). Thus the compositional variations, observed within the country rocks
as a function of distance from the pegmatite, must have resulted from mass transfer of
elements enriched in the pegmatite into the country rocks. This transfer may have

occurred by fluid infiltration and/or solid-state diffusion.
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Figure 5-2. Plots of Li and 8’Li verses distance from the contact

for a) amphibolite samples taken along a vertical profile and b) schist samples taken at
different distances to the contact, but not along a single profile. Stars in Fig. 5-2a
represent Li (filled) and 8'Li (open) of the regional amphibolite taken from another unit,
300 m from the contact. Data from Table 5-1.

119



Crystallization of the Tin Mountain pegmatite exsolved a large amount of fluids
(Walker, 1984; 1986b). Since Li is fluid-mobile (Brenan et al., 1998b), infiltration of
these fluids into the country rocks would have carried Li, which could then equilibrate
with the country rocks. This process can be considered as simple mixing between
pegmatite fluids and country rocks if no isotopic fractionation occurred, or modeled as
Rayleigh Distillation if Li isotopic fractionation occurred during fluid infiltration.
Alternatively, the large compositional contrast between pegmatite and country rocks
could have led to diffusion of Li from the pegmatite into country rocks (Jost, 1960).
Such diffusion can lead to large Li isotopic fractionations, as demonstrated by previous
studies (Lundstrom et al., 2005; Richter et al., 2003). All of these processes could have
modified the Li concentrations and isotopic compositions of country rocks. Below we

model each process and evaluate their potentials for explaining the Tin Mountain data.
5.1. Modeling the Li profile in amphibolite country rocks

Amphibolites show a ten-fold decrease in Li concentration and a ~30%o drop in Li
isotopic composition along the 10 m traverse. Variations in both Li and 8'Li values do
not correlate with either modal amphibole and plagioclase abundances or amphibole
compositions. They therefore likely reflect interactions between the amphibolites and the

Tin Mountain pegmatite.
5.1.1. Mixing model

If no Li isotopic fractionation during fluid-rock interactions occurred, then fluid

infiltration can be modeled as two-end member mixing between isotopically heavy Li
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Figure 5-3. Plots of Li and 8’Li for amphibolites and two end-member mixing model
Mixing equation used: 8'Li=(8"Li); x f; +(8'Li)ox (1-f}), fi= faction of Li in end member
1. End members are shown as solid symbols and represent the measured values of

amphibolites at either end of the transect (Table 5-1).
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from the pegmatite and lighter Li in the original amphibolite. Using amphibolites at either
end of the transect as end-members, the mixing model fits the data well (Fig.3).

The high Li concentration and 3’Li of the amphibolite at the contact is similar to the Tin
Mountain pegmatite, and suggests that Li in this sample is dominated by the pegmatite.
The other amphibolite end member, however, is richer in Li (70 ppm) and isotopically
lighter (-19.9%o0) than regional amphibolite (sample 14-1) or amphibolites from other
regions (Bottomley et al., 2003; Teng et al., 2004b). The regional amphibolite was likely
not affected by the intrusion of this pegmatite or other plutons, and can be considered as
representative of unaltered amphibolites in this area. The large difference in Li and §'Li
between the amphibolite end member used in these mixing calculations and typical
amphibolites suggests that the end-member has been substantially affected by Li
infiltration from the pegmatite, and thus this simple mixing model cannot explain the

data.
5.1.2. Rayleigh distillation model

Previous studies have shown that Li isotopes can be strongly fractionated during
low-T fluid-rock interactions, with isotopically heavy Li partitioning into fluids relative
to rocks (e.g., Chan et al., 1992; Huh et al., 1998; Rudnick et al., 2004). Although fluid
infiltration of amphibolite country rocks occurred at relatively high temperature (T >
340°C) (2003a; Sirbescu and Nabelek, 2003b; Walker et al., 1986b), Li isotopes may still
be fractionated (the isotopic exchange between minerals and fluids has not yet been fully
quantified as a function of temperature). Therefore, we explore fluid infiltration

accompanied by isotopic fractionation using a Rayleigh fractionation law.
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Figure 5-4. Plots of Li and 8’Li for amphibolites and Rayleigh distillation model
Numbers on lines represent Li isotopic fractionation factor between fluids and
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amphibolite at the contact.
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A series of Rayleigh distillation curves can be calculated to fit most of the data (Fig. 4),
assuming that the Li isotopic fractionation factor between fluids and minerals (o) is ~
1.013 +£ 0.002, i.e., there is ~13%o difference between fluids and amphibolites. Since, in
reality, fluid infiltration may not obey perfectly a Rayleigh distillation process, which is
the most effective process at fractionating isotopes, these estimated o values are
considered to be minimum values. Although experimentally measured fractionation
factors between hydrothermal fluids and amphibolites are not currently available, data for
a determined for seafloor alteration can be used as a comparison. At ~ 2°C, the Li
isotopic fractionation factor between seawater and clays produced by alteration of basalts
(o) is inferred to be 1.019 (Chan et al., 1992); while at 350 °C, o between hydrothermal
fluids and basalts decreases to 1.003-1.007 (Chan et al., 1993; 1994). Given a minimum
crystallization temperature for this system of ~340 °C (2003a; Sirbescu and Nabelek,
2003b; Walker et al., 1986b), the fractionation factor required to fit the data (1.013) is
significantly greater than those observed at comparable temperatures in the oceanic

environments. Therefore, this process is unlikely to explain the data.
5.1.3. Diffusion model

The above discussions suggest that fluid infiltration, with or without isotopic
fractionation, is unlikely to produce the Li profile observed in the amphibolite country
rocks. Instead, we explore the likelihood that diffusion of Li played an important role in
producing the extreme isotopic fractionation observed. The importance of diffusion in
producing the Li variations is consistent with the differences in scales observed in
chemical modification of the country rocks for Li versus other elements. All other

elements that change systematically within the amphibolite transect show concentration
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variations only within 2 m of the contact (Fig.1). The much larger scale of Li variation (>
10 m) may reflect greater Li diffusivity relative to the other elements examined. Although
Li diffusivity in amphibole is unknown, studies of other silicate minerals and melts
demonstrate that Li diffusion is orders of magnitude faster than other elements (Coogan
et al., 2005; Giletti and Shanahan, 1997; Lundstrom, 2003; Richter et al., 2003). For
example, Li diffuses more than four orders of magnitude faster than other alkali elements
in plagioclase feldspar (Giletti and Shanahan, 1997) and 100 times faster than most trace
elements in a liquid basalt (Richter et al., 2003).

To model the data, the pegmatite is considered as an infinite Li reservoir relative
to the country rocks; therefore, the diffusion model used to fit the data is a one-
dimensional diffusion model (Crank, 1975):

[(C-C/(Co-C)] = erfe[x/2(DD)' ]

Where here, x = distance from the contact; C, = element concentration at distance x from
the contact; Co= element concentration at the contact at x=0; C; = element concentration
in unaffected country rocks; D = diffusion coefficient; t = duration of the diffusion
process; erfc = complementary error function.

SLi and "Li are treated as two different elements and each diffusion curve is
modeled separately. The "Li/°Li ratio or 8’Li is calculated by combining concentrations at
different distances. By using the regional amphibolite to represent the unaltered
amphibolite country rock, and the pegmatite as the concentration at the contact, the
following parameters are derived: C;=20 ppm and 8’Li = +0.9. This, with Co =471 ppm
and 8'Li =7.6, will allow C, ¢ (or C;,7) and Co (or Cy, 7) to be calculated. Since neither

"Li and °Li diffusion coefficients, nor the duration of diffusion are known, the value of
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Figure 5-5. Curves modeled by diffusion for Li and 8'Li of amphibolites vs. distance
from the contact

a) shows the model for the amphibolite profile and b) shows how varying the initial Li
isotopic composition of the unaltered amphibolite has little effect on outcome. Star in b)
represents the Li (filled) and 8'Li (open) of the regional amphibolite, which is used as the
initial Li and 8'Li values in the modeling in a); see text for details.
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Dt is calculated to best fit the Li concentration profile (Fig.5a). The best value of VDt =
3.12 (m) was determined by using the Microsoft Excel® solver function. The diffusion
coefficient derived here is the average D of both "Li and °Li, but since > 90% of Li is 'Li,
this diffusion coefficient is considered to represent D7 and thus the Li diffusion curve can
be considered to be that of "Li.

In order to model the 8’Li curve, the diffusion curve for °Li is needed. If the
relationship between D7 and D¢ can be found, then the SLi diffusion curve can be modeled,
followed by the 8'Li curve. Here the assumption of Richter et al. (1999) is used: the ratio
of the effective diffusion coefficients of the isotopes 1 (light) and 2 (heavy) of element i
are related to their mass by the following equation: D; 1/D;,= (mi,z/mi,l)ﬁ, where B is an
empirical parameter determined from the experimental data. For ideal gases,  is equal to
0.5, while in condensed matter it is < 0.5. For example, a B value of ~ 0.2 was determined
experimentally for Li diffusion in silicate melts (Richter et al., 2003).

The effective diffusion coefficients depend on temperature, pressure and matrix
(composition, mineralogy, fluid, etc., see recent review of Cole and Chakraborty, 2001).
The estimated crystallization temperature of the Tin Mountain pegmatite varied from ~
600 °C to 340 °C (2003a; Sirbescu and Nabelek, 2003b; Walker et al., 1986b) at an
intrusion depth of ~ 10 km (Redden et al., 1985). At a normal geothermal gradient of ~
35 °C/km (Brown and Mussett, 1993), the country rocks at this depth should have had a
temperature of ~ 350 °C, similar to the end stages of pegmatite crystallization. Therefore,
the temperature gradient in the country rocks produced by the intrusion should be small.
Moreover, both the major element composition and the mineralogy of the amphibolites

along the traverse change little, so the diffusion coefficients of both °Li and "Li in the
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amphibolite are assumed to have remained constant, i.e., Dg/D7= (m7/m6)B = constant,
which means f is constant. The 8 value yielding the best fit to the data is 0.118 (Fig.5a)
and the corresponding ratio of D¢/D7= 1.018. Furthermore, it is important to note that the
initial Li isotopic composition of unaltered amphibolite is not important for this modeling
(Fig.5 b). The calculated curves still fit the data well even if the 8'Li values were varied
from —4 to +6.

In summary, the Li profile observed in the amphibolite country rocks cannot be
explained by mixing between pegmatite fluids and amphibolite due to the extremely light
8'Li required for the amphibolite end-member (< -20%o). Nor can Li isotope fractionation
by Rayleigh distillation during fluid infiltration explain the trend due to the extreme
fractionation factors required (>1.013). Instead, these variations can be explained by
isotopic fractionation accompanying Li diffusion from the pegmatite into amphibolites
with employing reasonable diffusion coefficients, p values and 8’Li value for the

unaltered amphibolite.
5.2. Modeling the Li profile in schist country rocks

The Li concentrations and isotopic compositions of schists taken from the inlier
within the pegmatite and from near the contact with the pegmatite are dominated by Li
from the Tin Mountain pegmatite. Samples taken far from the pegmatite (> 300 m) have
Li similar to schists and shales worldwide (Moriguti and Nakamura, 1998a; Teng et al.,
2004a; 2005¢). These distal schists may, therefore, represent samples that have not been
affected by interactions with any pluton. The sample taken 30 m from the pegmatite,
however, has extremely light Li isotopic composition and was likely influenced by the

Interaction.
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Due to few samples, this modeling is not unique.
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This isotopically light schist, like the isotopically light amphibolite, may also
result from Li isotopic fractionation through diffusion-related process. Applying the
approach outlined above to the schist data provides a best-fit VDt = 10 (m) and = 0.151
(Fig. 6). The schist’s relatively large VDt value compared with that in amphibolite is
consistent with earlier findings that demonstrated that Li can migrate to a greater distance
in schist country rocks (the Etta pegmatite near the Harney Peak Granite) than

amphibolite country rocks of the Tin Mountain pegmatite (Laul et al., 1984).
5.3. Implications for the nature of diffusion

Data from the country rocks of the Tin Mountain pegmatite demonstrate that Li
isotopes can be strongly fractionated by diffusion at moderate temperature (down to
340 °C). This implies that isotopic heterogeneity may exist in zoned minerals or minerals
that interacted with fluids. Moreover, results of this modeling can be used to constrain the
effective diffusion coefficients in the country rocks and to constrain the type of diffusion:
grain-boundary diffusion vs. volume diffusion.

Based on the best fits to the Li concentration profiles, the value for VDt differs
between the amphibolite and schist with Dychist/Damphibolite = ~ 10. Although neither the
diffusion coefficient (D) nor the duration of the diffusion process (t) is known, the
minimum D can be calculated by assuming that the maximum time of diffusion is equal
to the age of the Tin Mountain pegmatite (1.7 Ga). As a result, the minimum Dmphibolite
for Li is calculated to be 2 x 1072 cm?/s and the Dgchist 18 ~ 10 times higher accordingly
(Fig. 7). These estimated minimum D values are >2 orders of magnitude higher than
those measured in silicate minerals (e.g., feldspar and pyroxene) (Coogan et al., 2005;

Giletti and Shanahan, 1997), which suggests that Li diffusion in both country rocks was
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not constrained to volume diffusion, but rather occurred in a fluid phase that wetted the
grain boundaries. As discussed in Ferry et al. (2001), the effective diffusion coefficient is
directly controlled by both the diffusion coefficient in fluids and effective interconnected
porosity of the rock. Assuming the diffusion coefficients of fluids are the same in
amphibolites and schists, the effective interconnected porosity in schists is ~ 10 times
larger than in amphibolite. This reflects the different permeability of country rocks.
Amphibolites are dense and impervious whereas schists are more permeable to the late-
stage pegmatite fluids.

6. Conclusions

The country rocks of the Tin Mountain pegmatite exhibit ~ 30%o Li isotopic
change over a ~10 m traverse in the amphibolites and ~300 m in the schist. These
observations are unlikely to be due to either mixing between pegmatite and country rocks
or Li isotope fractionation by Rayleigh distillation during fluid infiltration. Instead, they
reflect extreme Li isotopic fractionation accompanying Li diffusion from the Li-rich
pegmatite into country rocks. These extreme fractionations are due to the large
differences in diffusion coefficients between °Li and "Li, and in Li concentrations
between the pegmatite and country rocks.

Lithium diffusion in the schists is inferred to be ~10 times faster than in the
amphibolites. However, in both types of rocks, Li diffuses much faster than other alkali
elements, as concentrations of these elements vary only within two meters of the contact.
The effective diffusion coefficient of Li in both rocks are >2 orders of magnitude greater
than in minerals, which indicates Li diffusion in country rocks was dominated by fluid-

assisted grain-boundary diffusion over solid-state diffusion.
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Chapter 6: Lithium isotopic fractionation during metamorphic

dehydration

Abstract

The major, trace element, Li concentration and isotopic composition of metapelite
and a granodiorite from the Onawa pluton and surrounding contact aureole have been
measured in order to document the behavior of Li and Li isotopes during metamorphic
dehydration. Major and trace element concentrations in the contact aureole vary little
while loss on ignition (LOI) decreases with increasing metamorphic grade. Lithium
concentration correlates with LOI and decreases by a factor of two while Li isotopic
compositions remain relatively constant, within the range observed in schists and typical
post Archean shales. The granodiorite has 45 ppm Li and 8'Li = -0.2, within the range of
typical granites.

These observations are consistent with the removal of Li via Rayleigh distillation
during progressive metamorphism. The fractionation factors between fluids and rocks are
estimated to be ~ 1.002 with Li partition coefficients ~ 15, suggesting no isotopic
fractionation through this range of metamorphic temperatures. These results indicate that
except metamorphic temperature, protolith and mineralogy of metamorphic rocks are two
important factors controlling Li concentration and isotopic compositions of metamorphic
rocks. The comparison of this study with results from a study of another contact halo
around the Tin Mountain pegmatite suggests that intrusions can play crucial roles in

controlling the behavior of Li in contact rocks.
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1. Introduction

In order to fully utilize Li isotopes as geochemical tracers, it will be necessary to
both characterize the Li isotopic compositions of different geological reservoirs, and
quantify the magnitude of isotopic fractionations for various conditions. The continental
crust appears to have lighter Li isotopic composition than the upper mantle, from which it
was derived (Teng et al., 2004a; 2004b). Given that Li isotopes do not fractionate during
high-T magmatism (Tomascak et al., 1999b), juvenile crust and the mantle should have
identical Li isotopic compositions. The isotopically light continental crust, therefore, is
likely a result of secondary processes, e.g., weathering, low-T intracrustal melting and
metamorphism. Recent studies have demonstrated large Li isotopic fractionation during
surface weathering (Huh et al., 2004; Kisakurek et al., 2004; Pistiner and Henderson,
2003; Rudnick et al., 2004), seafloor alteration (Bouman et al., 2004; Chan et al., 1992;
2002a; Foustoukos et al., 2004; James et al., 2003; Seyfried Jr. et al., 1998) and small Li
isotopic fractionation during granite differentiation (Bryant et al., 2004b; Teng et al.,
2004a; 2005a). The nature of Li isotopic fractionation during progressive metamorphism,
however, is not well established.

Studying Li isotopic fractionation during metamorphism could help us understand
not only the Li isotopic composition and evolution of the crust, but also Li behavior
during subduction processes. Some eclogites and granulites are extremely light in Li
isotopic compositions (Teng et al., 2004b; Zack et al., 2003), while forearc serpentinites,
which are interpreted to have interacted with slab-derived fluids, have both light and
heavy Li isotopic compositions (Benton et al., 2004; Decitre et al., 2002). All these

observations have been explained by Li isotopic fractionation associated with
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dehydration, with isotopically heavy Li preferring fluids to rocks. Recent experimental
study supports this conclusion and shows that Li isotopes are largely fractionated from +6
to —13%o during the reaction of smectite to illite at 300 °C and 1kbar (Williams and
Hervig, 2005). However, to date, no comprehensive analysis on a suite of progressively
metamorphosed rocks has been carried out.

Here we present Li isotopic data for a suite of metapelite from the well-
characterized Onawa contact aureole, Maine, USA. These metapelite were
metamorphosed at 3.0 + 0.8 kbar and 480 °C to 650 °C, with the metamorphic grade
ranging from lower greenschist facies to the start of melting. Our results demonstrate that
although a large amount of Li was released into fluids during metamorphic dehydration,
the 8'Li remains relatively constant, suggesting that Li isotopic fractionation at this range
of temperature is very small and reflecting the importance of protolith and mineralogy of
metamorphic rocks on controlling Li concentration and isotopic compositions of

metamorphic rocks.
2. Geological background and samples

The Onawa pluton is a 2 x 5 km composite intrusion composed of quartz diorite
and granodiorite. The intrusion of this pluton into chlorite-zone regional metasedimentary
rocks of the Carrabassett Formation during the late stages of the Acadian orogeny
produced a ~1.5 km wide contact aureole (Philbrick, 1936; Symmes and Ferry, 1995).
Based on mineral assemblages, five metamorphic zones have been delineated (Fig. 1):
chlorite zone (chl, >1500m from the pluton), andalusite-cordierite zone (a-c, 800-1500m),
alkali feldspar zone (ksp, 500-800m), sillimanite zone (sil, 300-500m) and leucocratic-

vein zone (1-v, <300m). The a-c zone can be further divided into two subzones: the
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prograde zone (a-c (p)) with fresh cordierite and/or no chlorite; and the
retrograde zone (a-c (r)) with no fresh cordierite. The P-T conditions at the peak of
metamorphism were estimated from the mineral equilibria. The pressure of the contact
metamorphism was ~3 kbar, with the metamorphic temperature ranging from 480 °C -
540 °C in the andalusite-cordierite zone to 640 °C - 650 °C in the leucocratic-vein zone
with uncertainties of ~ 10 °C - 20 °C (Symmes and Ferry, 1995).

All metapelitic rocks contain muscovite, quartz, plagioclase and ilmenite, with
minor quantities of tourmaline and zircon. Chlorite and graphite are mainly concentrated
in the outer zones (chl, a-c) while biotite, cordierite and andalusite appear in all zones
except the chl zone. Alkali feldspar and sillimanite occur in the inner zones (ksp, sil and
1-v). Due to the small scale of the aureole (~1.5 km), metapelitic rocks can be sampled
from the same lithologic units at different grades. Samples from the igneous intrusion and
all zones except the sillimanite zone have been measured. All these samples are the same
as those used in Wing and Ferry (2003), Marchildon and Brown (2001), and taken from
the same spots as those in Symmes and Ferry (1995).

3. Analytical methods

Major and minor elements were determined by using XRF at the Geoanalytical
Laboratory of Washington State University (Johnson et al., 1999). Lithium analyses were
performed at the Geochemical Laboratory of University of Maryland, College Park.
Procedures for sample dissolution, column chemistry, and instrumental analysis are
similar to those reported in Teng et al. (2005a).

The external precision of Li isotopic analyses, based on 2 ¢ of repeat runs of pure

Li standard solutions and rock solutions, is <+ 1.0%o. For example, pure Li standard
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solutions (IRMM-016 and UMD-1) always have values falling within previous
established ranges (-0.1 + 0.2%o and +54.7 + 1%o, Teng et al., 2004a); AO-12 gives 8'Li
=+4+3.5+ 0.6 %o (2 o, n = 50 runs with 4 replicate sample preparations over a two-year
period) (Fig. 2). The uncertainty of Li concentration measurement, determined by voltage
comparison between sample solution and that measured for 50 ppb L-SVEC standard

solution and then adjusting for sample weight, is <+ 10%.
4. Results

Lithium concentrations and isotopic compositions of all samples are reported in
Table 1, along with the major, trace element data, metamorphic grade and chemical index
of alteration (CIA).

Major and trace element concentrations in all metapelite are similar to values
previously reported (Symmes and Ferry, 1995) and vary little (Fig.3). Loss on ignition
(LOI) decreases with increasing metamorphic grade with samples from a-c (r) zones
significantly higher than those from a-c (p) zones (Table 1). The homogeneous chemical
compositions result in a small range in CIA values from 72 to 78 with an average of 75 +
2. Lithium concentrations correlate with LOI and decrease with progressive
metamorphism towards the pluton, while samples from the a-c (r) and 1-v zones have
higher Li concentrations than their prograde count parts (Fig. 4). Lithium isotopic
compositions remain relatively constant from —3.5 to —1.0 for samples in prograde
metamorphic zones and —1.7 to +0.9 for samples from a-c (r) and 1-v zones (Fig. 4).
Overall, the Li concentrations and isotopic compositions of metapelite fall within the

range observed in typical post Archean shales and schists (Teng et al., 2004a; 2005a).
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Table 6-1. Major, trace element and Li concentration and isotopic composition of
samples from the Onawa contact aureole, Maine

Li’ 2 i Lor*
(ppm) §'Li* SiO, TiO, ALO; FeO® MnO MgO CaO Na,0 K,0O P,0s %)

BMWI1b chl 106 -1.0 674 1.0 154 63 0.1 21 03 13 29 01 3.0 999 73
SL15a chl 97 -22 645 1.0 174 58 0.1 21 04 12 39 0.1 34 999 72
SL14b chl 87 -19 719 09 150 55 0.1 13 0.1 09 25 0.1 2.6 1009 78
BMW2b chl 131 -14 595 1.0 19.7 75 0.1 23 0.6 14 3.6 02 39 998 74
BMW3a chl 93 -14 654 10 173 64 01 17 03 1.1 33 0.1 32 999 75
SL6b chl 108 -2.0 583 1.2 21.0 75 0.1 2.1 04 1.0 43 02 4.0 100.1 76
ME2a a-c(p) 91 -1.8 664 1.1 178 6.7 0.1 1.8 04 13 32 02 1.1 1001 75
ME2b a-c(p) 82 -24 670 1.0 175 61 0.1 18 05 14 33 0.1 1.2 100.0 73
ME2d a-c(p) 82 -2.6 63.0 1.1 194 69 0.1 21 09 2.0 25 02 1.8 100.0 73
BME3a a-c(p) 73 -1.8 663 09 149 7.0 02 29 19 21 26 02 1.1 100.1 62
BMEla a-c(r) 124 09 62.0 1.1 196 7.0 0.1 1.8 03 1.1 3.7 02 3.2 100.1 77
BMES5Sa a-c(r) 117 -1.6 64.6 1.1 186 6.8 0.1 1.6 02 09 35 0.1 2.6 100.1 78
ONA-2 ksp 65 -2.1 602 1.2 206 7.6 0.1 25 0.6 1.6 4.1 0.1 1.4 100.0 72
ONA-5 ksp 64 -35 637 1.1 193 6.7 0.1 20 03 13 42 0.1 1.1 999 73
BMW5a 1v 94 -05 61.7 1.1 205 67 01 17 03 17 43 02 1.8 100.1 73
BMW6a lv 82 -1.7 623 1.1 203 75 0.1 21 04 12 37 02 1.1 100.0 77
ONA-11 pluton 45 -0.2 588 1.4 18.0 72 0.1 24 56 3.0 3.0 0.2 0.3 100.0 50

Sample  Zone Total CIA®

Sample Zone Ni Cr Sc¢ V Ba Rb Sr Zr Y Nb Ga Cu Zn Pb La Ce Th Nd
BMWI1b chl 58 112 15 121 445 134 114 435 42 16.7 19 14 97 15 44 90 13 40
SL15a chl 66 122 21 164 519 190 160 213 35 17.7 25 13 116 23 57 111 15 49
SL14b chl 55 97 17 142 474 152 137 257 37 18.0 22 13 98 19 55 101 13 47
BMW2b chl 58 112 20 162 683 173 166 260 42 19.6 26 1 105 31 54 110 16 48
BMW3a chl 60 119 19 172 560 165 157 252 39 193 27 8 114 25 54 110 15 47
SL6b chl 65 121 21 173 623 201 133 287 47 209 28 13 112 32 60 119 16 52
ME2a a-c(p) 42 82 14 109 378 119 99 331 34 158 18 24 76 17 40 81 12 36
ME2b a-c(p) 64 115 17 140 597 173 114 304 40 18.5 23 34 117 18 52 96 14 43
ME2d a-c(p) 51 102 18 139 483 140 132 267 39 19.1 23 28 101 25 48 91 13 41
BME3a a-c(p) 58 103 17 136 484 135 136 301 38 184 22 22 98 24 46 91 13 41
BMEla a-c(r) 81 123 17 126 403 126 153 226 37 138 20 5 97 21 42 77 11 37
BMESa a-c(r) 48 102 18 142 522 168 144 275 39 183 24 25 78 26 49 96 15 43
ONA-2 ksp 24 60 22 127 388 123 199 403 44 12.7 24 17 87 18 40 82 11 39
ONA-5 ksp 69 133 21 179 589 191 153 256 43 209 25 2 119 27 64 119 16 56
BMWS5a v 59 136 19 154 423 133 206 282 35 20.4 25 3 110 24 51 103 15 46
BMW6a v 56 110 19 161 553 180 148 224 38 183 26 7 94 25 54 100 14 43
ONA-11 pluton 58 112 19 154 603 180 138 253 40 19.3 27 14 103 24 49 99 14 44

Analytical uncertainty is <1% for the major elements and < 10% for the minor elements
(Johnson et al., 1999)

1. Limeasured by comparison of signal intensities with 50 or 100 ppb LSVEC.

2. Analytical uncertainty is < 1%o (205), based on both pure Li solutions and natural
rocks (see text for details).
FeO: total Fe as FeO.
4. LOL: loss on ignition at 900°C.

(98]
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5. CIA is the molar ALO3/(ALO3+K,0+Na,O+CaO") x 100, where CaO" refers to
Ca in silicate only and not contained in carbonate and phosphate (Nesbitt and
Young, 1982). McLennan ‘s (1993) correction to the measured CaO content for
the presence of Ca in carbonates and phosphates is used here. CIA value increases
with the degree of weathering. Unweathered igneous rocks have CIA ~ 50 while
shales have higher values between 60 and 80 (Nesbitt and Young, 1982).
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Figure 6-2. Compilation of analyses of four preparations of shale standard AO-12, from
the Amadeus Basin.

Different symbols denote analyses of separate digestion and preparation with Li
concentration ranging from 50 ppb to 150 ppb. Filled-squares represent samples taken
through column chemistry procedure described in Teng et al (2004a) and all other
samples were taken through column chemistry procedure described in Rudnick et al

(2004). The overall mean 8'Li = 3.6 + 0.6 (20).
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Figure 6-3. Plots of mean whole-rock atomic i/Al for all metapelite samples in all zones

Data from Table 6-1 and Symmes and Ferry (1995).
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Figure 6-4. Plots of Li, 8'Li versus LOI and the distance to the intrusion
Filled symbols represent metapelite from progressive metamorphism while open symbols
represent pluton (granodiorite) and samples reacted with fluids; data from Table 6-1.
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The granodiorite sample, taken from the Onawa pluton, has 45 ppm Li and 8'Li = -0.2,
falling in the range of typical granites (Bryant et al., 2004b; Teng et al., 2004a; 2005a).

5. Discussion

The Li and 8'Li values of these metapelite, which are similar to schists and
typical post Archean shales (Teng et al., 2004a; 2005a), may reflect their protolith Li and
8'Li values. Alternatively, they may derive from processes that can affect Li e.g.,
metamorphic dehydration during the regional and contact metamorphism, fluid
infiltration from the intrusion and surface weathering. In this section, we first discuss the
general factors controlling Li in metamorphic rocks and then use these factors to
constrain the origin of Li variation in these metapelites and other grade of metamorphic
rocks. Finally we compare this study with a similar Li study to illustrate how the

character of the igneous intrusion affects Li in contact metamorphic rocks differently.
5.1. Factors controlling Li in metamorphic rocks

Because of the large relative mass difference, moderate incompatibility and fluid
mobility, the Li concentration and isotopic composition in terrestrial rocks vary
significantly (Tomascak, 2004). This indicates that the Li content and isotopic
composition of metamorphic rocks is influenced strongly by the natural of the protolith.
Regardless of protoliths, most prograde metamorphic reactions experience the release of
H,O with Li partitioning and Li isotopes fractionating between fluids and minerals.
Lithium concentrations and isotopic compositions of metamorphic rocks therefore

depend on the fraction of fluids released (F), Li partition coefficient (D, defined as Li
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Figure 6-5. Li and 8’Li variations with o and D at given F, by Rayleigh distillation

o ="Li /°Li ratio between fluid and mineral; D = Li concentration ratio between fluid
and mineral; F = fraction of fluids removed, the maximum F value in the metapelite is
given at 0.05. Star represents the protolith. Shaded rectangles represent estimated 8'Li
values for metapelite from the ksp zones and granulite xenolith, at given Li

concentrations at ~ 65 ppm and ~8 ppm respectively.
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concentration ratio between fluid and mineral), and isotopic fractionation factor (a,
defined as "Li /°Li ratio between fluid and mineral). All these factors are directly
controlled by metamorphic temperature, mineralogy and composition of metamorphic
rocks.

Lithium partitions into common pelitic metamorphic minerals in the following
order: staurolite >cordierite > biotite > muscovite > garnet (Dutrow et al., 1986).
Experimental studies show that the Li partition coetficient between fluids and rocks (D)
increases with temperature (Berger et al., 1988; Brenan et al., 1998b; 1984; Seyfried Jr. et
al., 1998). While the isotopic fractionation factor (o) decreases with increasing
temperature, as predicted by stable isotopic fractionation theory (Chacko et al., 2001).
Collectively, the above discussion indicates that Li content and isotopic composition of
metamorphic rocks will decrease with metamorphic dehydration. If the process of
metamorphic dehydration follows Rayleigh distillation law, then at given amount of
fluids removed i.e., F is fixed, the larger the D or a value, the larger the isotopic
fractionation and Li depletion in a given metamorphic rock (Fig. 5). Since D increases
while a decreases with increasing temperature, Li concentration in a metamorphic rock
will change more dramatically with temperatures relative to Li isotopic composition (Fig.
5).
5.2. Lithium in metapelites of the Onawa contact aureole

As in many contact aureoles, the Onawa contact aureole has a relatively simple
geological setting and metamorphic history; therefore, many processes that potentially
can affect Li isotopes can be ruled out. First, the small scale of the aureole (~1.5 km)

allows metapelite to be sampled from the same lithologic unit with similar compositions
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at different grades, which rules out significant source heterogeneity. Second, pluton
emplacement and contact metamorphism occurred during the late stages of the Acadian
orogeny; the regional metamorphism, therefore, has little effect on this contact aureole
(Symmes and Ferry, 1995). Third, all metapelite protoliths show similar degrees of
weathering, as reflected by the constant CIA values (75 + 2). Finally, although in general
the magmas are the sources of heat, mass and mechanical energy that yield contact
metamorphism and associated deformation (Bergantz, 1991; Labotka, 1991), the Onawa
pluton has a lower Li concentration and heavier Li isotopic composition than all
metapelite except one from the retrograde a-c zone. Even if a fluid phase were exsolved
from the crystallization of the pluton, it should have a similar or slightly heavier Li
isotopic composition than the pluton (Teng et al., 2005a). Thus fluid infiltration is
expected to shift metapelite towards higher Li concentration and isotopically heavier
composition, which is the opposite from that is observed in the aureole (Fig. 4).
Moreover, the constant major and most trace element compositions within the contact
aureole further indicate that the effect of the Onawa pluton on the chemical composition
of the aureole is small.

The variation in Li concentration and isotopic composition of these metapelite,
however, may result from progressive metamorphic dehydration reactions driven by the
heat from the Onawa pluton. Data from the metapelite clearly show that substantial
amounts (up to 50% of total) of Li were removed during progressive metamorphism as
indicated by the decrease of Li concentration towards the pluton and the positive
correlation between Li and LOI. Compared with the large variation in Li concentration,

8'Li shows small variation (Fig. 4). This progressive removal of Li can be modeled by
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Figure 6-6. Rayleigh distillation model for Li and 8’Li in prograde metapelite
o is defined as 'Li /°Li ratio between fluid and mineral.
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Rayleigh distillation with o ~ 1.002, suggesting no Li isotopic fractionation over
this range of temperatures (Fig. 6). The lack of Li isotopic fractionation is also supported
by data from the metapelite reacted with retrograde fluids. Although metapelite from a-c
(r) zones is enriched in Li, their Li isotopic compositions are similar or slighter heavier
than those from a-c (p) zones, suggesting that the difference in 8'Li between retrograde
fluids and metamorphic rocks is small and Li isotopic fractionation during metamorphic

dehydration is insignificant.
5.3.  Implications for the Li isotopic composition of metamorphic rocks

Metapelite from the Onawa contact aureole experienced a large range of
temperature, lost a large amount of fluids and up to 50% of Li but have relatively
constant 8'Li. This result can be interpreted in two ways:

1) These metapelite were regionally metamorphosed to low greenschist grade
before the intrusion of the Onawa pluton. Therefore, Li isotopic fractionation
associated with metamorphism of these metapelite may occur at grades lower
than those exposed here. However, the high Li concentration, shale-like Li
isotopic composition and high LOI indicate that the low-grade regional
metamorphism did not significantly affect Li in these metapelite, mainly due
to the small D and F values, even if the a value is expected to be larger at the
relatively lower temperatures.

2) Alternatively, this may indicate that isotopic fractionation at these
temperatures will only be manifest at greater degrees of Li loss i.e., larger D
or F value. For example, the average Li concentrations in metapelite from ksp

zone and granulite xenolith are ~ 65 ppm and ~ 8 ppm respectively (Teng et
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al., 2004b). The 8'Li of granulite xenolith thus is expected to be more variable

and lighter than that of ksp zone metapelite (Fig. 5). This is supported by the

fact that most granulite xenoliths are isotopically lighter than their potential

protoliths (Teng et al., 2004b). Furthermore, if F is fixed, at given Li and 8L,

both D and a can be constrained (Fig. 5), e.g., the D is estimated to be ~15

and a =~ 1.002 for ksp zone metapelites.

Based on the definition, o, D and F are directly controlled by metamorphic

temperature, mineralogy and composition of metamorphic rocks. However, very few data
are available for these variables at different T and in different metamorphic rocks, which

makes precise modeling impossible.
5.4. Roles of the igneous pluton on contact rocks

Data from this study illustrate the importance of prograde metamorphism and
retrograde reactions in controlling Li in contact metamorphic rocks while the igneous
intrusion plays a minor role. These results are in sharp contrast with those obtained for
contact halos around the Tin Mountain pegmatite, South Dakota. This Li-rich pegmatite
intruded both amphibolite and schist country rocks. The large Li concentration gradient
between pluton and country rock, coupled with the large amounts of fluids exsolved from
the pegmatite led to Li diffusion from the pegmatite into country rocks and produced a
large isotopic fractionation with both Li and 8'Li values decreasing away from the
contact into country rocks (Teng et al., 2005b). Lithium from the igneous intrusion,
therefore, dominated the Li concentration and isotopic composition in these country
rocks, while the effect of contact metamorphism is not dramatic (Teng et al., 2005b). The

different role played by the igneous intrusion in these two studies may reflect the
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different types of igneous plutons and the environment of pluton emplacement.
Considering that Li isotopic fractionation accompanying the contact metamorphic
dehydration is relatively small compared to diffusion-induced Li isotopic fractionation,
Li could potentially be a useful means of evaluating the roles the igneous pluton played

during the contact metamorphism.
6. Conclusions

Results for the Li concentration and isotopic composition of metapelite from the
Onawa contact aureole demonstrate that metapelite become more Li depleted with
increasing metamorphic grade and correlate positively with LOI while 8’Li remains
relatively constant. Samples reacted with retrograde fluids are enriched in Li and have
similar 8'Li to their prograde counterparts. These metapelite experienced contact
metamorphism over a large range of temperatures from 480 °C to 650 °C, released large
amount of fluids (e.g., LOI decreasing from 4.0% to 1.1%) and showed two-fold
variation in Li concentration while 8'Li shows small variations. A Rayleigh distillation
model suggests that the fractionation factors between fluids and rocks (o) were ~ 1.002,
with Li partition coefficients between fluids and rocks (D) ~ 15, suggesting that
metamorphic dehydration didn’t significantly fractionate Li isotopes. However, large
isotopic fractionation may happen at relatively higher grade with greater degrees of Li

loss due to the larger D and F values.
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Chapter 7: Summary and future work

Over the past 20 years, studies on Li isotopes have largely concentrated on
subduction zones. This is based on the following philosophy: surface materials have
different Li isotopic compositions relative to the mantle due to the significant mass-
dependent isotopic fractionation at low temperature fluid-rock interactions. Thus,
subducted surface materials should be sampled in oceanic basalts or arc lavas. Lithium
isotopes therefore can be used to trace crust-mantle interactions. This is why arc lavas
and basalts have been the focus of Li isotope geochemistry while as little is known about
continental rocks, or about processes by which Li isotopes are fractionated. Both of them
are important for understanding the signature of crustal recycling in the mantle, as well as
understanding the processes that have modified the continental crust composition. It is
the purpose of this dissertation to characterize the Li isotopic composition of the
continental crust and the magnitude of isotopic fractionations for various conditions. The
main conclusions drawn from this dissertation are:

1. The Li isotopic composition of the upper continental crust,
characterized by studies of loess, shale, granite, and upper crustal
composites, is ~0 = 2%o (1) and is isotopically lighter than the average
upper mantle (+4 £ 2%o).

2. The Li isotopic composition of the deep continental crust has been
characterized by analyses of samples from high-grade metamorphic
rocks and granulite xenoliths. Thirty composite samples with different

lithologies from eight Archean terranes in East China, have a mantle-
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like Li isotopic compositions from +1.7 to +7.5%o0 with an average of +4
+ 1.4%o (105). In contrast, 44 granulite xenoliths from three locations
display a much larger Li isotopic range from —17.9%o to +15.7 with an
average of -1+ 7%o (10), isotopically lighter than the mantle. Overall,
the deep crust is also isotopically lighter than the mantle and the
difference in Li isotopic composition between high-grade terranes and
granulite xenoliths reflect the different roles retrograde fluids and
metamorphic dehydration play.

The continental crust therefore has lighter Li isotopic composition than
the upper mantle, from which it was derived. Given that Li isotopes do
not fractionate during high-T magmatism, juvenile crust and the mantle
should have identical Li isotopic compositions. The isotopically light
continental crust, therefore, is considered as a result of secondary
processes, e.g., weathering, metamorphism and low-T intracrustal
melting.

Studies of Harney Peak granites, the spatially associated Tin Mountain
pegmatite and possible metasedimentary source rocks indicate that
main-stage granite differentiation doesn’t significantly fractionate Li
isotopes. In contrast, significant isotopic fractionation occurs in system
involving extensive melt-aqueous fluid fractionation with 'Li enriched
in the fluids.

Lithium isotopic fractionation by diffusion has been clearly documented

by studying samples from country rocks of the Tin Mountain pegmatite.
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Both Li and 8’Li vary greatly within amphibolite (~10 m traverse) and
schist country rocks (~300 m traverse). These large variations can be
modeled by Li diffusion and diffusion-induced isotopic fractionation.
Simple two end-member mixing or Li isotopic fractionation during fluid
infiltration cannot produce this large range of 8'Li.

6. Study of a suite of prograde metamorphic rocks from the Onawa contact
aureole surrounding the Onawa pluton, Maine, indicate that Li isotopic
fractionation is not significant during progressive metamorphism even if
a lot of Li and water have been lost.

The work done in this dissertation provides a basis for understanding Li isotopic

systematics of the continental crust. However, compared with other stable isotopic

systematics, many fundamental problems concerning Li isotopes are still not resolved

including:

1.

Lithium isotopic systematics of meteorites are not well understood.
Characterizing Li in meteorites can help us not only constrain the Li isotopic
composition of the bulk silicate Earth but also understand any secondary
processes that occurred on meteorites since Li is fluid mobile during both
weathering and metamorphism.

Lithium isotopic composition of the mantle is not well characterized. Only a few
studies have been published on peridotites and oceanic basalts. Further studies on
well-characterized peridotites and oceanic basalts are needed.

Lithium isotopic composition of the Archean crust is still unknown. Considering

the large Li isotopic fractionation during weathering and the different nature of
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Archean atmosphere and crust, Li isotopic composition of the Archean crust may
be different from post Archean one and can be used to trace chemical weathering,
as well as the evolution of crust.

Although lots of studies have been done on arc lavas, very few data are available
for adakites. If adakite is produced by partial melting of subducted slabs at hot
subduction zones with less interaction with overlying mantle, then they should be
isotopically light relative to other arc lavas produced at cold convergent
boundaries. Therefore, studies of adakite may provide us with different views
about Li isotopic geochemistry and crust-mantle recycling.

Little is known about Li isotopic fractionation factors in different phases or
minerals while only a few Li partition coefficient data are available. Both of these
are important for understanding Li behavior during different processes e.g.,
metamorphic dehydration and granite differentiation.

Lithium isotopes can be greatly fractionated by diffusion. This type of Li isotopic
fractionation may cause heterogeneous Li isotopic composition in zoned minerals
or between minerals with different Li concentrations at high temperature. This
type of isotopic heterogeneity can only be investigated by in-situ isotopic

analysis. New techniques for in-situ Li isotopic analysis are strongly needed.
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