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ABSTRACT

Pegmatites are magmatic bodies consisting of centimeter to meter sized crystals and can sometimes be a
source for critical economic resources such as lithium (Li). Determining the chemistry and kinetics
involved in pegmatite formation may be important for understanding the element enrichment process.
Here, we analyzed the Li isotope compositions of quartz crystals from the Stewart pegmatite in southern
California, USA. We find large Li isotopic fractionations: >40%. between different crystals and >20%. from
core to rim in a single crystal. Two mechanisms for these extreme fractionations were considered: rapid
crystal growth rate and Rayleigh fractionation. We find that although rapid crystal growth rate
(1-10 m/day) can explain elemental variations, rapid growth alone is unable to explain the most extreme
isotopic fractionations. Rayleigh fractionation can account for the largest isotopic fractionations if 96—
99.9% of the Li is removed from the system through crystallization of lepidolite and spodumene, but alone
cannot explain the observed elemental variability in the quartz. We thus suggest that both processes
operated. Trace element enrichments may be more sensitive to growth rate while Li isotope ratios
may be more sensitive to changes in the isotopic composition of the pegmatitic fluids during crystalliza-

tion of the quartz.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Within pegmatites are some of the largest crystals on earth,
ranging from centimeters to a few meters in size. The pegmatite
bodies, themselves, are typically found as dikes or lenses within
plutonic bodies, and tend to be small (<1 m to ~100 m) compared
to the km-scale sizes of plutons (London and Kontak, 2012). Often
sourced from the plutons that surround them, pegmatites appear
to be emplaced late, after much of the pluton has cooled and crys-
tallized (Chadwick, 1958). Because of their late origins, pegmatites
are typically highly enriched in incompatible components, such as
water and many elements that are normally present in trace
amounts in the host plutons (Chadwick, 1958; Jahns and
Burnham, 1969). Their small sizes and their late origins indicate
they cooled quickly compared to their host plutons
(Chakoumakos and Lumpkin, 1990; Webber et al, 1999;
Simmons and Webber, 2008). Small grain sizes are expected during
rapid cooling (e.g., Cashman, 1993; Winkler, 1949), so the large
crystal sizes in pegmatites seem paradoxical. Given the short lifes-
pans of pegmatites, the large crystal sizes of pegmatite crystals
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require rapid growth (Simmons and Webber, 2008; Phelps et al.,
2020). Exactly how fast and what mechanisms facilitate rapid crys-
tal growth are of interest.

In a previous study, we documented rapid crystal growth in
pegmatites through the presence of extreme trace element dise-
quilibria in pegmatitic quartz crystals (Phelps et al., 2020). These
quartz crystals are from miarolitic cavities in the Stewart peg-
matite, a gem- and Li-bearing pegmatite in the Pala mining district
in southern California, USA (Morton et al., 2018). The miarolitic
cavities developed in chimney-like structures formed by hydrous
fluids, which emanated from the core of the pegmatite and frac-
tured upwards into the upper margin of the pegmatite. The fluids
were water-rich and crystallized into an assemblage of muscovite,
albite, lepidolite, tourmaline, and quartz.

Crystal growth is known to affect the concentrations of trace
elements in a crystal (Tiller et al., 1953; Watson and Miiller,
2009). At rapid growth rates compared to the rates of chemical dif-
fusion in the host fluid, incompatible trace elements become
enriched in the fluid boundary layer and the crystal inherits this
enriched composition. Incompatible trace element concentrations
in these quartz crystals were anomalously enriched, consistent
with rapid crystal growth. We used the spatial distributions of
trace elements (Al and Ge, specifically) within the quartz to
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estimate crystal growth rates and showed that cm-scale quartz
crystals may have grown within a few hours (Phelps et al., 2020).

One challenge of using trace element concentrations is separat-
ing kinetic effects from changes in the fluid composition itself,
which may be externally driven by crystal fractionation or other
processes. Here, we build on the previous study through an investi-
gation of Li isotopes in quartz. Isotope fractionation can arise from
both equilibrium and kinetic effects. At equilibrium, isotopic mass
differences lead to energetic differences in how the isotopes are
partitioned into a crystal, resulting in a small isotopic fractionation
during crystallization. After extensive crystallization, the integrated
effects can lead to extremely fractionated residual fluids if previ-
ously crystallized products are unable to re-equilibrate with the
fluid as is often the case due to slow solid-state diffusion (e.g., Ray-
leigh fractionation). Late-forming crystals inherit this fractionated
signature from the fluid. Kinetic fractionation, on the other hand,
is caused by isotopic differences in diffusivity within the fluid. Such
differences drive isotopic fractionation through differences in the
diffusive transport of each isotope. The effect is most pronounced
when crystal growth rate exceeds the rate of diffusive transport
of a given trace element in the fluid (Tiller et al., 1953; Smith
et al., 1955; Watson and Miiller, 2009; Watkins et al., 2017). Our
work focuses on Li systematics because Li is abundant in the peg-
matitic fluids of interest and is one of the few incompatible ele-
ments that are enriched to measurable quantities in quartz. Its
two isotopes, “Li and °Li, also have one of the largest relative mass
differences for a single element, maximizing the possibility of mea-
surable kinetic isotope effects (Kunze and Fuoss, 1962; Richter
et al., 2006). Because SLi diffuses faster, rapid crystal growth leads
to enrichment in ’Li within the fluid boundary layer, resulting in
the crystal also becoming heavier with progressive growth.

Here, we report pegmatitic quartz with extremely large inter- and
intra-crystalline Li isotope variation. We show that both Rayleigh
fractionation and kinetic effects are needed to explain the heavy iso-
topic ratios. These extreme fractionations highlight the fact that care
must be taken in interpreting stable isotope fractionations at the
micron scale, where these fractionation processes are magnified.

2. Geological background

The Stewart pegmatite is a subhorizontal Li-bearing dike
emplaced within an olivine-hornblende gabbro associated with
the Cretaceous northern Peninsular Ranges Batholith. The dike
was dated to be the same age as the host gabbro and is thus inter-
preted to have derived as late-stage residual fluids associated with
crystallization of the host gabbro (Morton et al., 2018). The dike
exposure is ~1.1 km long with a maximum thickness of 56 m.
According to Morton et al. (2018) and Jahns and Wright (1951),
the pegmatite consists of six distinct layers. These are in ascending
order: (1) an aplitic footwall zone consisting of K-feldspar, albite,
and quartz; (2) a lower intermediate zone of pegmatitic texture
consisting of schorl, muscovite, perthite, and albite; (3) a core zone,
which houses many of the lithium-bearing phases, such as spo-
dumene, lepidolite, amblygonite, lithiophilite, petalite, and heulan-
dite, as well as quartz, albite, muscovite, K-feldspar, and elbaite
lenses; (4) a perthite zone, which houses vertical chimney struc-
tures containing gem-bearing (elbaite and kunzite) miarolitic cav-
ities; (5) an upper intermediate zone consisting of graphic
granite (intergrown quartz and K-feldspar), schorl, perthite, and
muscovite; and (6) a hanging wall zone, consisting of platy mus-
covite with intergrown small elbaite, graphic granite, and schorl.

The quartz from this study comes from the miarolitic cavities in
the chimneys that were emplaced into the perthite zone (zone 4).
All quartz studied here are from the same cavity. The chimneys are
believed to have formed after the perthite zone had mostly crystal-
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lized and while the central core zone of the pegmatite body was
still crystallizing (Morton et al., 2018). Fluid exsolution and pres-
surization sourced from the core zone hydraulically fractured the
perthite zone, leading to the chimneys and the fluids from which
the quartz in this study (and other gems) grew (Phelps et al., 2020).

3. Methods

Quartz crystals D, F, and G from the Stewart pegmatite were cut,
mounted in epoxy, and polished before being imaged at Rice
University using cold cathodoluminescence (CL). CL uses electrons
to excite defects in a crystal, which then luminesce with visible
light at the site of the defects (e.g., Gotze et al., 2005). A 12 kV
accelerating voltage was used with a vacuum current of 0.4-
0.5 mA and a camera exposure of 4 s. One was analyzed in a previ-
ous study (crystal F; Phelps et al., 2020) with the same analytical
conditions. CL images of the quartz crystals are shown in Fig. 1.

These crystals were then analyzed at the California Institute of
Technology using secondary ion mass spectrometry (SIMS) with
a Cameca IMS 7f-GEO. In separate analyses, we measured &Li val-
ues as well as concentrations of Li, Al, and Ge. For isotopic analyses,
a spot size of ~30 pm was adopted. For low concentration portions
of the crystals, we used a 10 nA beam current, and 1.5-3 nA for
higher concentration regimes. Approximate concentrations were
known from previous work, which helped guide isotopic measure-
ments (Phelps et al., 2020). The dwell times were 3 s for ®Liand 1 s
for “Li with 20-80 cycles per analysis. The mass resolving power
was ~1000 to resolve “Li from °LiH. Throughout, we used an accel-
erating voltage of 8.5 kV.

For concentration analyses, we rastered an area of 15 pum before
taking a 10 um spot measurement. A 10 nA beam current was used
for all analyses. A dwell time of 1 s was used for Li, Si, and Al and
4 s for Ge. Each point had 15 cycles. For isotopic analyses, stan-
dards GSD-1G and GSE-1G (Jochum et al., 2005) were measured
before and after each analytical run to obtain instrumental mass
fractionation factors. These fractionation factors were applied to
the quartz samples. However, we note that the standards and the
quartz samples have different matrices, and without an indepen-
dent quartz standard, we did not apply a matrix correction. We
have gone ahead to report our values with respect to the LSVEC
standard, but we note that our analyses may be systematically
biased. Relative differences between and within quartz samples,
however, are robust. At the points where dedicated isotopic ratios
were measured, Li concentrations were estimated by plotting the
ratio of ’Li and SLi signal intensities normalized to beam current
against known concentrations of the isotopic standards (see
Fig. S1). For dedicated concentration determination, we monitored
74Ge, "Li, 2”Al, and 28Si (internal standard) and used NIST-610 and
NIST-612 glasses as external standards (Pearce et al., 1997).

To determine the deadtime correction, we analyzed two stan-
dards with the same 8’Li values but different Li concentrations at
the same beam current. Deadtime—the amount of time after a
detector counts an ion before it can count another—was adjusted
until the 8’Li values were the same. Using GSE-1G and GSD-1G,
which have a 8’Li ~31%. and a factor of 10 difference in Li concen-
tration, and a 1 nA beam current, we found a deadtime correction
of 38 ns. We then measured a spot on each standard at 10 nA and
reproduced the correct isotopic value within 1%..

4. Results
4.1. Cathodoluminescence

The quartz crystals from the Stewart pegmatite have been
shown to have three distinct CL color zones: a white core zone sur-
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Fig. 1. Cathodoluminescence images of quartz crystals. Three quartz crystals from the Stewart pegmatite imaged using cold cathodoluminescence (CL). Crystal D has three
CL color zones: a white core area, an orange intermediate zone, and a purple rim. Yellow lines indicate areas where SIMS analyses were done in all crystals. Crystal F also
shows the three color zones. Crystal G only exhibits two CL color zones: an orange zone surrounded by a purple core. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

rounded by an orange zone and a purple rim (Phelps et al., 2020).
Crystal D shows the same color patterns, while G only luminesces
purple and orange zones (see Fig. 1). In D and G, the CL colors are of
lower intensity than in F. While we were not able to measure the
emission spectra of the quartz, some possible controls on color
are as follows. As explained in Gotze et al. (2001), orange CL in
quartz is often caused by non-bridging oxygen hole centers. Violet
is caused by AlO4/M* centers where M* is often Li*, H", or another 1
+ cation. Therefore, the purple color may be the result of an overlap
of these two defects. The white color may also be a mixture of
defects.
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4.2. Lithium isotopes and concentrations

In each crystal, we characterized the Li isotopic ratios within
the different CL color zones and across the zone transitions. As seen
in Fig. 2, each crystal has a >20%. increase from core to rim with D
varying from 12 to 34%o., F increasing from 11%. to 37%., and G
increasing from 31%o to 55%o. The core values of D and F are similar
to those found in bulk rock pegmatites and granites, while the rim
values and all zones in G are significantly higher, matched only by
materials formed during weathering and sedimentary processes.
As noted in the Methods section, our use of basaltic glasses as
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Fig. 2. Liisotope ratio comparisons. The Li isotope ratios from three quartzes from
the Stewart pegmatite are compared to Li isotope compositions of other types of
materials. Values from this study may be some of the highest Li isotope ratios
measured (Tang et al., 2007; and references therein; Altered MORB: Tomascak et al.,
2016; Eclogite: Marschall et al., 2007). We note the absolute Li isotopic composition
may be different than what is reported due to standards mismatch; although, we
are confident in the relative inter- and intra-crystalline differences. See text for
details.

external isotopic standards may introduce a systematic bias in the
absolute isotopic composition of the quartzes due to matrix effects.
We note that matrix effects (non-crystalline vs crystalline)
between quartz and quartz glass have been shown to be minimal
for oxygen isotopes (Eiler et al., 1997). Whether this also holds
for Li isotopes is unclear as compositional differences are known
to cause instrumental Li isotopic fractionations (e.g., Bell et al.,
2009; Hoover et al., 2021). For all subsequent discussions, we
report the absolute Li isotopic compositions (normalized to LSVEC),
but the reader is cautioned that there may be a systematic bias in
the absolute values that we have not accounted for. A dedicated
study with Li isotope quartz standards would need to be conducted
to assess the extent of systematic bias in Li isotope values for
quartz. However, the relative differences in isotopic ratios between
and within the quartz samples are robust. Concentrations are also
robust as matrix effects for concentrations are small.

The detailed structure of isotope transects are also of interest. In
Fig. 3, isotopic ratios and corresponding concentrations are plotted
versus distance in each crystal. A key observation is that there is no
obvious correlation between &’Li and Li concentration for crystals
D and F. Across the orange to purple CL transition in D, Li concen-
tration rises abruptly from <20 to >70 ppm and then continues to
rise to 115 ppm through the purple zone. In contrast, 8’Li decreases
slightly (from 32%o to 29%o) across this transition. Similar system-
atics are seen across the white to orange transition in D: concentra-
tion increases abruptly across the transition from a few ppm to
>10 ppm, but 8’Li remains relatively constant from 25%o to 30%o
except for a localized dip to 11%o. near the transition. Similar sys-
tematics are also seen in crystal F, although the isotopic composi-
tion is more variable. Li concentration increases from <10 to
~25 ppm across the white to orange transition and increases again
(from ~50 to ~200 ppm) across the orange to purple transition.
8’Li in F varies between 15 and 29%. in the white zone, then
decreases to ~12%o in the orange zone. This is followed by an out-
ward increase to ~20%o in the middle of the orange zone and up to
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~30%o at the edge of the orange zone before finally increasing to
~35% within the outer purple zone. Unlike the decoupled
element-isotope systematics in crystal D and F, concentration
and isotopic ratios in G appear to correlate as both increase from
core to rim. Despite this coupled behavior within the crystal, G
overall has the heaviest 8’Li (30-55%.) and lowest Li concentra-
tions (4-8 ppm) of the three crystals. Li concentrations in crystal
F broadly follow the same color patterns in other quartz grains
(white <10 ppm, orange ~40 ppm, and purple ~200 ppm) in a pre-
vious study (Phelps et al., 2020).

Concentration and isotopic compositions are plotted against
each other in Fig. 4 to further elucidate any relationships between
Li and 8’Li. We plot each crystal with a unique symbol and use col-
ors to reflect corresponding CL color zone (white, orange, and pur-
ple zones denoted by gray, orange, and purple, respectively). Three
groupings are evident. Group 1 manifests as a steeply sloped trend
in 5’Li versus Li space with a large range in 8’Li (11-55%0) over a
small range in concentration (1-10 ppm). This group includes all
three crystals and all color zones but is primarily defined by data
from crystal G and the core zones of D and F. Group 2 manifests
as a much shallower trend with a small change in 8’Li (25-35%0)
over a large change in Li concentration (18-210 ppm). Interest-
ingly, Group 2 primarily includes the purple and orange zones from
crystals D and F. Group 3 is represented by a small cluster of data
from crystal F centered around ’Li of 15%. and Li of ~25 ppm.

In our previous work, we showed that Li and Al correlate
strongly in quartz due to a coupled substitution for Si (Phelps
et al,, 2020). We thus investigated the relationship between Li
and Al at a few points within each crystal. In Fig. 5, we plot atomic
Li/Al ratio against Li concentration in ppm by weight. The atomic %
is relative to the whole quartz (i.e., mol Li/(mol SiO, + mol
Li) x 100). In all cases, we note that at low Li concentrations, Li/
Al positively correlates with Li concentration albeit with different
slopes (see Supplementary Fig. S2). We note that in both crystals
D and F, Li/Al saturates at ~0.6 atomic Li/Al. Crystal G does not
appear to reach saturation, but Li/Al and Li concentrations are an
order of magnitude lower than for D and F.

5. Discussion
5.1. Comparison to Li isotopic compositions of terrestrial materials

In Fig. 2, the individual crystal values are compared against 8’Li
of different geological materials compiled from the literature. Our
compilation builds on that from Tang et al., (2007; and references
therein) and includes: igneous rocks ranging from primitive (ultra-
mafic and mafic) to highly evolved compositions (granites) and
materials from low temperature systems, such as weathered rocks,
soils, sediments, and different types of meteoric waters. The heav-
iest isotopic compositions in the quartz exceed the highest
reported values for any igneous rocks, assuming our values are
not systematically biased by >40%. due to compositional and/or
matrix effects as discussed above. The lighter end of the pegmatite
quartz overlaps with the heaviest values reported so far for igneous
rocks, consisting mostly of granitic endmembers. Overall, the
heavy &’Li of the pegmatite quartzes are more similar to those
from low temperature aqueous fluids, sediments, or weathering
products, but the heaviest values observed here are still higher
than these low temperature materials.

In detail, we note that the cores of quartz crystals D and F are
heavier than the mean of pegmatites (~10%.) compiled from the
literature (Fig. 2). Assuming equilibrium and an equilibrium frac-
tionation factor between quartz and aqueous fluid of o = 1.010
(Lynton et al., 2005), the cores of crystals D and F (white zones
in Fig. 3) would have been in equilibrium with a fluid of a 8’Li
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Fig. 3. Li isotope ratios and Li concentrations vs distance. Li isotope ratios (black circles) as well as Li concentrations (blue triangles) are plotted against distance inside
each crystal (rim to right). Background colors in each plot correspond with CL color zones as shown in Fig. 1. Letters at top of each panel corresponds to the name of the
crystal. Please see Fig. 6 for a larger version of crystal F. Error bars for isotopic ratios are 2 times the standard error of the mean. Error bars for the concentrations are
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Fig. 4. Li isotope ratio vs Li concentration. Li isotope versus Li concentration from
Fig. 3 for all crystals. Black squares correspond to crystal D, circles are for crystal F,
and triangles are for crystal G. The colors correspond with CL color zones (gray is
the white core, orange is the orange zone, and purple is the purple zone). Error bars
are the same as those in Fig. 3. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

10-11%.—similar to average pegmatites. Assuming the quartz are
always in equilibrium with their growth fluid, the higher rim com-
positions indicate the fluid composition was higher than average
pegmatites. Determining the origin of the high isotopic ratios will
be discussed further.
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Since pegmatites represent the last and most fluid-rich portion
of a magmatic system to crystallize, we expect them to be the most
isotopically fractionated products formed during magmatic differ-
entiation. Because the lighter isotope preferentially occupies
higher coordination sites, differences in the coordination number
of silicate minerals, fluids, and silicate melt can lead to isotopic
fractionation of the melt/fluid (Wunder et al., 2006). For example,
Li is 4-fold coordinated in aqueous fluids and silicate melts
(Lyubartsev et al., 2001), but in 5- and 8-fold coordination for most
silicate minerals (e.g., Deubener, Sternitzke, & Mueller, 1991;
Penniston-Dorland, Liu, & Rudnick, 2017). Thus, fractionation of
spodumene and alkali feldspar, which are isotopically light, leaves
behind heavy Li in the residual melt/fluid. However, Li in quartz,
which is otherwise extremely depleted in Li, occupies either 2-
or 4-fold coordination sites (Sartbaeva et al., 2004; Maloney
et al., 2008), so quartz Li isotopic compositions are likely similar
to or only slightly higher than the melt/fluid itself (Teng et al.,
2006), which is in line with an equilibrium fractionation factor of
1.01.

5.2. Evidence for Al limiting Li incorporation

Our previous work on these quartz crystals tied the concentra-
tions of certain trace elements, such as Al and Ge, to crystal growth
rate (Phelps et al., 2020). However, for Li, Fig. 3 shows Li isotopes
and concentration are not strongly correlated. Crystal G shows
some correlation, but a rise in isotopic ratio does not occur near
a CL boundary, where there is a change in concentration of Li
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Fig. 5. Ratio of Li to Al vs Li. The atomic ratio of Li to Al is plotted against Li in ppm by weight for each crystal. As in Fig. 4, the colors of the data points correspond to the CL
color zones. Letters on lower right corner of each panel correspond to name of crystal. Error bars are 2 times the standard error of the mean.

and other incompatible elements like Al. This lack of correlation
suggests that the Li isotopic ratios and Li may not be governed
by the same processes that control the concentrations of Ge and
Al or may be governed by multiple processes.

To gain more insight into the underlying process affecting Li
concentration, we examine Li/Al ratios (Fig. 5). Li/Al ratios initially
increase with increasing Li concentration but then plateau at a con-
stant Li/Al ratio. This plateauing of Li/Al ratio at high Li concentra-
tions suggests that Al incorporation is not limited by Li, but Li is
instead limited by the amount of Al present. That is, Li cannot
exceed the number of compensating charge sites offered by Al
At low concentrations of Li, Al is in such excess that Li concentra-
tion increases without Al-limitation, but at high concentrations,
available sites associated with Al are filled. Al may be necessary
for Li to be incorporated into the quartz. We conclude that Li con-
centration profiles may not be directly controlled by crystal growth
rate. Instead, Li concentration in the quartz may be controlled by a
combination of Li concentration in the fluid and the incorporation
of Al into the crystal, which itself is controlled by growth rate
owing to the slow diffusivities of Al (Phelps et al., 2020).

Further evidence exists of Li and Al being coupled within the
quartz. The solid state Li diffusivity in quartz may be as high as
1.1 x 1072 m? s~! at 500 °C (Verhoogen, 1952), yet Al diffusivity
in quartz is 9 x 102> m? s~! (Tailby et al., 2018). Li concentration
gradients would relax completely in the quartz crystal at 500 °C in
less than a year (5 mm diffusion distance). However, Al would take
over 100 million years at this temperature to relax over a 100 pm
distance. Since Li gradients still exist within the crystal and
because they closely resemble Al concentration profiles (Phelps
et al., 2020), Li is likely coupled with Al in the quartz. This does
not necessarily mean Li isotope incorporation is controlled by Al
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5.3. Exploring a kinetic origin for heavy 5°Li

One possible cause of high Li isotope fractionations is rapid
crystal growth (Jambon, 1980; Maloney et al., 2008; Watson and
Miiller, 2009; Watkins et al., 2017). During growth, the quartz will
tend to reject Li (Neukampf et al., 2019), causing it to build up
directly in front of the growing crystal surface. If growth is slow
relative to diffusion of Li in the melt, the increase in Li will relax
to the far field concentration through diffusion. Conversely, if
growth is sufficiently fast, the Li concentration will increase in
the boundary layer surrounding the crystal. Assuming local equi-
librium holds at the immediate contact between melt and crystal
surface, then the crystal will inherit the high Li concentration of
the boundary layer, eventually becoming enriched itself.

To model this in our quartz, we analyze how a step change in
growth rate at the white to orange transition in the crystal influ-
ences the isotopic ratio, following the framework set up in
Phelps et al. (2020), which follows from Smith et al. (1955). We
assume that crystal growth prior to the transition is at steady state,
meaning that the crystal growth rate and the nature of the bound-
ary layer are initially constant with time. At the CL color transition,
we consider a step change in crystal growth rate, from one con-
stant rate to a higher constant rate. This general model setup is
solved analytically by Smith et al. (1955). By treating each isotope
independently with different diffusivities but having the same par-
tition coefficient (i.e., no equilibrium fractionation between the
boundary layer and quartz, only diffusive fractionation), we model
how the concentrations of each isotope changes, depending on the
magnitude of the increase in crystal growth rate.

We compare the measured isotopic ratios of crystal F to the
modeled isotopic ratios based on crystal growth rate fractionation
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in Fig. 6. Key to the modeling are the initial and final growth rates
(before and after the step change in growth rate), the partition
coefficient of Li into quartz (k), and the diffusivities of the isotopes.
This model assumes a sudden increase in growth rate occurs at the
white to orange transition from 1077 to 10> m s~! (Phelps et al.,
2020). We plot two sets of model outputs for two different values
of k because the exact Li partition coefficient k into quartz is
unknown for our system. We use 0.3 and 0.02 for k as those are
the values for Li (Neukampf et al, 2019) and Al (Nash and
Crecraft, 1985) in rhyolitic systems, respectively. If Li is not
strongly coupled to Al in the melt, then we expect it to behave clo-
ser to this higher partition coefficient. However, if there is a strong
coupling, then Al may govern how easily Li partitions into quartz.
We expect the true partition coefficient to lie somewhere in
between. To determine °Li diffusivity, we relate it to the ratio of
isotope masses through the following equation (Jambon, 1980;
Bearman and Jolly, 1981):

DLi6 m)j b
F = (mLi6> : (1)

The power B defines the difference in diffusivity. An ideal gas
follows Graham'’s law, i.e., 8 = 0.5 (e.g., Richter et al., 2006), which
can be derived from kinetic gas theory and is the theoretical upper
limit. We assume the diffusivity of “Li in the fluid is that for bulk Li
of 1.87 x 1078 m? s~! at 500 °C (Nigrini, 1970) and calculate the
diffusivity for SLi based on g and this value.

For a given k and a change in growth rate from 10~7 to 107> m
s~! we have plotted diffusion-driven fractionation curves for dif-
ferent values of . The lowest possible values of g are 0.01475
(Richter et al., 2006) and 0.072 (Fritz, 1992) for Li diffusion in aque-
ous solutions. For an intermediate value, we use 0.215, which was
reported for a silicate liquid (Richter et al., 2003). We note that the
compositions of fluids in these experiments differ from natural
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pegmatitic fluids, so there is considerable uncertainty in applying
them to our study. In any case, if the quartzes crystallized from a
water-rich fluid/melt that exsolved from a silica-rich magma, the
appropriate g to use in our diffusion-driven fractionation models
probably lies between that of a pure aqueous fluid and a silicate
melt (~0.02-0.2). However, to reproduce the highest &’Li observed
in the quartzes by differences in ®Li and “Li diffusivities in the fluid,
B values closer to a silicic magma (e.g., ~0.2) or higher (e.g., ~0.4)
as well as partition coefficients closer to Al (e.g., ~0.02) than that of
Li are required. While the high rim 5’Li can be modeled using a
high g, the lower 8’Li values within the middle of the orange zone
are then over-estimated. Instead, the low 8’Li of the orange zones
are predicted with the low g more relevant for aqueous systems.

[sotopic changes in the orange zone could conceivably be
related to an increase in crystal growth rate. The extreme fraction-
ations seen in the outer parts of the crystals, however, cannot be
explained by the same increase in growth rate used to explain
the orange zones. One possibility to explain the more extreme frac-
tionations is to allow for an acceleration of growth rate (rather
than a change to a constant growth rate), but such a model would
be too unconstrained, leading us not to pursue it here. Another
possibility, which we explore next, is changes in the bulk fluid
composition during quartz crystallization.

5.4. Exploring Rayleigh fractionation for the origin for heavy 5°Li

In this section, we consider the effects of a fluid composition on
the Li isotopic composition of the quartz. We assume local equilib-
rium, wherein the quartz equilibrates with the growth medium, a
hydrous fluid or a silicate melt. We begin by focusing on Li isotope
versus Li concentration systematics in quartz shown in Fig. 4,
wherein different arrays are seen for the different quartz zones
(a steep slope for crystal G and shallow slopes for D and F). This
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Fig. 6. Kinetic crystal growth model. Li isotope ratios are predicted using a kinetic fractionation model based on crystal growth physics for crystal F. All model lines are
dependent on the partitioning of Li into quartz, the difference in diffusivity between °Li and “Li in the growth fluid (°Li diffuses faster), and crystal growth rate. Solid lines
correspond to a partition coefficient (k) for Li in quartz of 0.02, which is the value for Al in quartz. Dashed lines are for k = 0.3 from Neukampf et al. (2019). Calculations are
done for different g values in Eq. (1) used to estimate differences in diffusivities. § values closer to 0 indicate less disparity in diffusion speeds. g = 0.5 is the theoretical upper
limit of an ideal gas, g = 0.4 is shown for reference, g = 0.215 is the value for rhyolitic melt (Richter et al., 2003), g = 0.072 is one measurement within an aqueous fluid (Fritz,
1992), and f = 0.01475 is another measurement within an aqueous fluid (Richter et al., 2006). Each model assumes an instantaneous change in growth rate from 107 to 10>
m s~ ! after crossing the white to orange CL transition. Error bars are 2 times the standard error of the mean. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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may suggest the growth environment was changing as the crystals
were growing with the different slopes meaning the crystals were
growing at different times. Maloney et al. (2008) conducted a study
of Li isotopes in tourmaline in pegmatites and concluded the
changes in slope seen in 8’Li vs Li space are caused by changes in
the composition of the growth medium. Here, we explore whether
Rayleigh fractionation could cause the variations in isotopic
composition.

Crystallization can cause large isotopic fractionations, particu-
larly after large extents of crystallization. We model this process
by Rayleigh distillation, which assumes fractional crystallization,
wherein crystallized products physically segregate out of the sys-
tem or, because of the slow rates of solid-state diffusion, crystals
are unable to re-equilibrate with the fluid. The Rayleigh distillation
equation describes isotope fractionation as

R

o—1
= 2
= @)
where f is the fraction of Li remaining, R = C;/Cs with R, being the
initial ratio (f = 1), and « is the isotopic fractionation factor. The
fractionation factor reflects subtle differences in the equilibrium
partition coefficient between the two isotopes. Eq. (2) can be re-

expressed in terms of delta notation:

8’Li + 1000
8’Liy + 1000

When isotope ratios are plotted versus the logarithm of f, Ray-
leigh distillation is expressed as a straight line with a slope of o — 1
(see Fig. 7). By normalizing to a local initial isotopic composition,
any fractionation sequence can be compared on the same plot.
For each crystal, we take the core composition to represent the ini-
tial and the rim to represent the last stage of crystallization. The
difference in isotopic composition between rim and core (left hand
side of Egs. (2) and (3)) can then be used to estimate the fraction of
Li remaining in the fluid f.

We have taken Eq. (3) and plotted Rayleigh distillation curves in
Fig. 7 for o = 0.996 (Wunder et al., 2006) and o = 0.994 (Wunder
et al., 2007), which correspond to mineral-melt fractionation fac-
tors for spodumene and lepidolite, two Li-bearing silicate minerals
that crystallized before and during the crystallization of the quartz
in the miarolitic cavities. These two minerals are the largest Li
sinks in our system and should be the most significant moderators
of the Li isotopic ratios. Assuming the Li in the quartz came from
fluids that were growing spodumene and/or lepidolite, we can

- G

1.045

\JHm - Dcere
104
1.035 - a=0.994
1.03
o «=0.996
8|S1.025 G, -G
S ‘9 L rim core.
x|k T SN SRR SSma—n Fin = Fooo
dlZe102” T T T~ TR T T T T i~ D
wlw
1.015
1.01
1.005
1
0.1% 1% 10% 100%

Remaining Li

Fig. 7. Rayleigh fractionation model. Model outputs of Li isotope ratio versus
fraction of remaining Li for different equilibrium isotope fractionation factors o (red
and blue lines). Horizontal lines show the difference between rim and core isotopic
compositions for crystals D, F, and G. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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determine how much Li must be removed from the system to pro-
duce the fractionations observed in the quartz rims. For crystals D
and F, we assume the growth fluid was initially in equilibrium with
the quartz cores. Their isotopically heavy rim values would indi-
cate that between 96% and 98% of Li was removed if lepidolite
was the Li sink and 99-99.7% if spodumene was the sink. If we
assume the fluid from which crystal G grew also was initially in
equilibrium with its core, then it crystallized over a similar inter-
val. If, however, its fluid was initially in equilibrium with a compo-
sition similar to D’s core, then 99.9% removal of Li is required to
produce its rim values. Based on the 8”Li versus concentration plots
in Fig. 4 and the foregoing discussions, crystal G may well have
been initially growing from a fluid of similar concentration and iso-
topic ratio as D and F. If so, crystal G’s higher core measurements
indicate it may have started growing after the fluid had fraction-
ated significantly. This is also in line with the steeper slope
observed in 8’Li vs Li space.

5.5. Other possible origins for heavy 67Li

While we can explain the large isotopic excursions using
growth rate modeling and Rayleigh distillation, other possible
explanations exist, including outcrop scale diffusion of Li, hetero-
geneity within the chimneys, and further fluid influx events. We
first consider outcrop scale diffusion (Teng et al., 2006a, 2006b).
Morton et al. (2018) analyzed whole rock pegmatite samples along
a 45 cm section across a chimney within the perthite zone. They
found Li concentrations to be locally enriched on the margins of
the chimney (where quartz, muscovite, and K-feldspar are concen-
trated). If a significant amount of outcrop scale diffusion had
occurred during or after growth of the miarolitic quartz, we might
expect to see more diffuse lithium profiles.

We also consider heterogeneity within the chimneys. Bulk rock
Li concentrations indeed vary across a given chimney (Morton
et al., 2018), so it is possible that quartz crystals could have come
from different sectors within a given chimney. Such heterogeneity
could explain the differences between the isotopic and elemental
compositions of our different quartz grains. For example, a crystal
grown in the center of the cavity might incorporate lower concen-
trations of Li and high 8’Li (e.g., crystal G), while those crystallized
on the margins of the cavity might be richer in Li and isotopically
lighter (e.g., D and F). These different growth zones may also be
evident in the 8’Li vs Li groups, with different areas of the chimney
producing different slopes or clusters in &’Li-Li space.

Finally, there is also the possibility of multiple influx events into
the chimneys as a cause of the heavy &’Li. Evidence of multiple
generations of quartz growth exist (Morton et al., 2018). What
caused these nucleation and growth events is unknown, but fur-
ther opening events of the same chimney could cause pressure
fluctuations leading to new quartz growth. This process comple-
ments our proposed Rayleigh fractionation explanation, as the
new fluids would be further fractionated from the core zone where
spodumene and lepidolite are dominantly growing. This also could
help explain the discontinuous nature of some of the Li isotopic
profiles.

5.6. Origin of small-scale isotopic excursions by post-crystallization
solid state diffusion

Superimposed on the broader isotopic variations across the
quartz crystals are much smaller lengthscale isotope excursions
that occur at the 50 pm-scale across a CL color transition, such
as across the white to orange CL color transition in D and across
the orange to purple transition in F. These isotopic excursions are
manifested as dips on the lower Li concentration side of the tran-
sition. These small lengthscale excursions are superimposed on
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the broader isotopic changes that occur across the crystal itself and
cannot easily be explained by the above modeled changes in crys-
tal growth rate or fluid composition.

We explore here the possibility that post-crystallization solid
state diffusion of Li isotopes may have played a role. The faster dif-
fusivity of °Li relative to “Li causes decoupling of the isotopes.
While both diffuse down a concentration gradient, °Li diffuses fas-
ter into the low Li concentration zone. This decoupling results in an
initial decrease in ’Li/®Li in the immediate vicinity of the concen-
tration gradient, itself established during crystal growth. With
time, of course, the isotopic excursion migrates further away from
the initial concentration gradient and becomes more muted as the
diffusion fronts of the two isotopes migrate.

We can quantify the above concept using a 1D diffusion model
in the form of a diffusion couple, where we assume a step change
in concentration but a constant initial isotopic ratio across this
step. We use the analytical solution for an infinite half-space
(Jaeger and Carslaw, 1959; Zhang, 2008):

CL+CR CR*CL ( X )
+ er] , 4
2 2 Tam) @

where Cg- is the concentration of °Li or ’Li, C,z corresponds with
the initial concentration on the left and right sides of the step, D
is the solid-state diffusivity of ®Li or “Li, x is distance from the inter-
face, and t is time. For our model results shown in Fig. 8, we used a
step change in concentration from 1 to 15 ppm with a constant ini-
tial isotopic ratio of 27%. to match the values from crystal D. Eq. (4)
is then used for each isotope with their respective diffusivities from
Eq. (1) to calculate the concentrations of each isotope through time
and space. These concentrations are then converted back to the iso-
topic ratio through

(GG
i (C1/C
o't = (12.1729

Ce7 =

1> x 1000, (5)

with 12.1729 being the LSVEC standard ratio (Qi et al., 1997). The
isotopic ratio can then be calculated versus distance at any time if
Li isotope diffusivities are known.

Li diffusion in naturally occurring quartz is not well constrained.
The study by Verhoogen (1952) analyzes how quickly Li can diffuse
into quartz from a high Li source but does not analyze how Li
already present in quartz diffuses. While this provides an upper
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bound on the diffusivity (1.1 x 1072 m? s~! at 500 °C, a tempera-
ture chosen to reflect the conditions of the pegmatite’s genesis
and based on Ti in quartz thermometry (Wark and Watson, 2006;
Phelps et al., 2020)), it does not account for any coupling or compe-
tition of Li diffusion with other ions. Based on our analyses, Li is
strongly coupled to Al within the quartz grains, which diffuses
much more slowly compared to Li. Also, since the atomic ratio of
Li/Al is less than one, other ions are likely occupying sites within
the quartz for charge balance purposes, which could hinder any
uncoupled Li from diffusing as quickly. Estimating SLi vs “Li diffu-
sivity requires knowledge of g in Eq. (1), which is also unfortunately
unconstrained. Thus, instead of assuming a value for g, we gener-
ated models over a range of 8. We show that the isotopic excursions
and concentration profiles can be modeled with a  of ~0.138 for an
elapsed nondimensional time of ~0.0019 in Fig. 8. Time is nondi-

mensionalized by 7 = (180 x 10’6)2/D7L,-, where the numerator is
the diffusion lengthscale in meters, and the denominator is the “Li
diffusivity. Diffusivity values similar to Verhoogen (1952) result
in fast diffusion times. If Li diffuses orders of magnitude slower
due to coupling or competition with other ions, then the diffusion
time will be longer. As diffusivity is strongly temperature depen-
dent (e.g. Verhoogen, 1952), the exact value has implications for
the closure temperature—when Li effectively no longer diffuses.
Slower diffusivities allow for a slower cooling rate of the pegmatite.
Yet, values closer to that predicted by Verhoogen (1952), indicate
rapid cooling or a fundamental change in the diffusion mechanism.

In any case, if solid-state diffusion is responsible for the local
isotopic excursion seen at the color zone transitions, the implica-
tion is that Li can diffuse even if Al, a much slower diffusing ele-
ment (Tailby et al., 2018), does not. As discussed in a previous
section, we suggested that Li substitution may be limited by the
presence of Al in quartz. However, given that Al is often in excess,
Li may still be free to diffuse, provided there are available sites. In
this context, it is noteworthy that solid-state diffusion occurs
across the white and orange zones in D but appears to be in the
opposite direction in F, hinting at uphill diffusion occurring. Across
the white to orange transition in F, heavier 8’Li exists on the lower
concentration side with a lower 8’Li dip on the higher concentra-
tion side (the opposite of Fig. 8). Competition with monovalent
cations (e.g. H") may dictate which way Li diffuses, and Li has been
known to diffuse against its concentration gradient to provide
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Fig. 8. Solid-state diffusion model for crystal D. Across the white to orange transition in crystal D is a rise in Li concentration and a downward excursion in isotope ratio on
the low concentration side of the transition. This may be due to solid state diffusion of Li within the quartz, where SLi diffuses faster than “Li. Each line denotes a
nondimensional diffusion time, as we do not know the exact Li diffusivities. Nondimensional time can be converted to seconds, assuming a diffusivity in m? s~!, using
7= (180 x lO’S)Z/Dm. We also assume a f value of 0.138. Error bars are 2 x \/m, where Gy is the standard error of the conversion factor from the number of
counts/current to concentration, and Gcouns is the standard error of the number of counts/current. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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charge balance (e.g., Tollan et al., 2019). The Li/Al ratios in D are
much lower than in F, which is consistent with the notion that
there are available sites to diffuse in D but not in F. The paucity
of lower Li/Al ratios in the white zone of F could indicate excess
charge imbalance, which led to uphill diffusion. Nevertheless, Li
concentration gradients remain, and they tend to mimic Al, leading
us to believe Li diffusion effectively stopped after encountering Al.
A similar phenomenon was observed with Li in zircons (Tang et al.,
2017). Also, Li diffusion in olivine has been shown to follow slow
and fast pathways (Dohmen et al., 2010). If such pathways exist
in quartz, then the remaining Li concentration gradients may be
indicators of the slow diffusion pathway.

6. Implications and conclusions

We found neither crystal growth fractionation nor Rayleigh dis-
tillation alone can completely capture the observed isotopic ratios
or concentrations in the quartz. While rapid crystal growth (com-
pared to diffusive transport of Li in the fluid) is needed to explain
enrichments in Li concentration—through enrichments of Al
(Phelps et al., 2020)—and can explain some of the variation in
87Li, unreasonably large differences in isotope diffusivity are
required to reproduce the highest observed &’Li values on the rim
for the same assumed growth rates. On the other hand, Rayleigh
distillation can more easily explain how the isotopic ratios evolve,
yet the observed jumps in concentration are not compatible with
the steady progression predicted by fractional crystallization. In
terms of 8’Li vs Li concentration, we would expect complicated
relationships if the isotopic profiles were dominantly growth rate
driven. As Li concentration is governed by Al uptake, a disconnect
between the isotopic profile and the concentration would give vari-
able 87Li vs Li slopes. With Rayleigh distillation, we expect linear
trends in 8’Li vs Li, which is similar to our observations, although
more complicated relationships are also observed (particularly for
crystal F). We thus propose that a combination of both rapid growth
and Rayleigh fractionation may be reflected in the elemental and
isotopic zoning of the pegmatite quartzes. We suggest that Li iso-
topes are more sensitive to processes that change the composition
of the whole system while trace element concentrations are more
sensitive to local boundary layer effects at the grain scale.

Since our Rayleigh distillation modeling can only differentiate
the fraction of Li remaining, we cannot necessarily tie this to the
total pegmatite crystal fraction. Nevertheless, to achieve such large
changes in Li isotopes from core to rim in the quartz, requires
extensive crystallization during the growth of the quartz crystal.
In a previous study, we showed that these quartz crystals formed
within a day. If so, this would imply that miarolitic cavities hosting
the quartz solidified quickly as well. Our results thus have implica-
tions for how quickly the last stages of a pegmatite crystallize.
Measuring Li isotopes in other minerals in the miarolitic cavity
would go far in testing this hypothesis. These measurements
would also allow us to test whether the §’Li differences between
crystals could be caused by heterogeneity within the chimney or
if multiple crack opening events occurred.

Finally, the remarkably broad isotopic signatures seen here
indicate that late stage magmatic or hydrothermal processes can
lead to extreme Li isotopic fractionation from the scale of a mineral
grain to the scale of a small magmatic body. These processes are all
internal to the magmatic system, thus care must be taken when
interpreting the Li isotopic composition of magmas as reflecting
source composition or evidence of mixing.
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