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Micron- to submicron-scale observations of Li distribution and Li isotope composition profiles can
be used to infer the mechanisms of Li diffusion in natural zircon. Extreme fractionation (20-30%o)
within each single crystal studied here confirms that Li diffusion commonly occurs in zircon. Sharp
Li concentration gradients frequently seen in zircons suggest that the effective diffusivity of Li is
significantly slower than experimentally determined (Cherniak and Watson, 2010; Trail et al., 2016),

Editor: A. Yin

otherwise the crystallization/metamorphic heating of these zircons would have to be unrealistically fast
Keywords: (years to tens of years). Charge coupling with REE and Y has been suggested as a mechanism that may
Li diffusion considerably reduce Li diffusivity in zircon (Ushikubo et al., 2008; Bouvier et al., 2012). We show that Li

zircon diffused in the direction of decreasing Li/Y ratio and increasing Li concentration (uphill diffusion) in one
charge coupling of the zircons, demonstrating charge coupling with REE and Y. Quantitative modeling reveals that Li may

geospeedometer diffuse in at least two modes in natural zircons: one being slow and possibly coupled with REE+Y, and
-Il\-IOF_SgI\AN?S the other one being fast and not coupled with REE+Y. The partitioning of Li between these two modes
ano!

during its diffusion may depend on the pre-diffusion substitution mechanism of REE and Y in the zircon
lattice. Based on our results, sharp Li concentration gradients are not indicative of limited diffusion, and
can be preserved at temperatures >700°C on geologic timescales. Finally, large 8”Li variations observed
in the Hadean Jack Hills zircons may record kinetic fractionation, rather than a record of ancient intense
weathering in the granite source materials.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction geospeedometers (e.g., Richter et al., 2003; Jeffcoate et al., 2007).

Resolving the roles of equilibrium vs. kinetic mechanisms in driv-

Lithium and its isotopes (°Li and ’Li) have seen a wide range
of applications in geoscience (Tomascak et al., 2016; Penniston-
Dorland et al., 2017). On one hand, Li isotopes can be a pow-
erful tracer of chemical weathering (Chan et al, 1992; Pistiner
and Henderson, 2003; Rudnick et al., 2004; Liu et al., 2013;
Dellinger et al., 2017). On the other hand, the rapid diffusivity
of Li and the associated large kinetic isotopic fractionations make
Li a promising geospeedometer for determining rates of rapid ge-
ologic processes that can be difficult to determine using other
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ing Li isotopic fractionation is critical when applied to Li iso-
topic studies and understanding the geologic processes recorded
by these data.

The Li isotopic composition of Hadean zircons has been inter-
preted to reflect intense chemical weathering during the earliest
portion of Earth history (Ushikubo et al, 2008). Ushikubo et al.
(2008) and Bouvier et al. (2012) argued that Li atoms are charge
coupled with slow-diffusing REE and Y atoms in the zircon lattice,
thereby inhibiting Li diffusion under most geological P-T-X con-
ditions (i.e., pressure, temperature and composition, including H,0
content), and, thus, that zircon can preserve initial magmatic Li
isotopic signatures. This assumption was later challenged by ex-
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perimental studies (Cherniak and Watson, 2010), which showed
that Li can diffuse rapidly in zircon under crustal P-T-X conditions.
Rather than using Li in zircon to track magmatic sources, the work
by Cherniak and Watson (2010) suggested the possibility of using
Li in zircon as a magmatic and metamorphic geospeedometer, with
the first attempt made by Trail et al. (2016). Lithium diffusion in
zircon was also reported by Gao et al. (2015), who studied Li iso-
topes in several zircon standards. Despite the evidence supporting
Li diffusion in zircon under crustal P-T-X conditions, the diffusion
mechanism remains elusive.

Here, we report the results of micron- to submicron-scale SIMS
studies on Li distribution and Li isotope profiles in natural zircons.
Our work confirms that Li diffusion occurs in zircon in the crust,
and, for the first time, reveals multiple diffusion modes for Li in
zircon that may involve charge coupling with REE+Y.

2. Background

At Earth’s surface Li isotopes readily undergo equilibrium frac-
tionation because of the relatively large mass difference between
6Li and “Li (17%). They can also fractionate at high temperatures
due to Li diffusion. Li isotopic compositions are typically reported
in delta notation (87Li = (("Li/®Li)sampte/("Li/5Li)i-svec) * 1000),
where L-SVEC is a Li isotope standard.

2.1. Diffusive fractionation of Li isotopes

Lithium isotopes can fractionate during diffusion because 6Li
diffuses faster than ’Li and such an effect can be preserved if
cooling is rapid. Richter et al. (2003) first documented diffusion-
induced Li isotopic fractionation in an experimental study that
measured a Li isotopic profile across the interface of two com-
positionally distinct end-member lithologies, molten basalt and
rhyolite, and found that SLi diffuses ~3% faster than ’Li. Later,
Lundstrom et al. (2005) reported diffusive fractionation of Li iso-
topes in the Trinity Ophiolite. Following this, a series of studies
reported Li diffusion within the country rocks adjacent to Li-rich
intrusions (Teng et al., 2006; Marks et al., 2007; Liu et al., 2013),
finding large and systematic Li isotopic variation over tens of me-
ters and extremely low 87Li (down to —20%0) values, which they
interpreted to be the result of diffusion-driven fractionation of Li
isotopes. Jeffcoate et al. (2007) and Parkinson et al. (2007) ob-
served diffusive fractionation of Li isotopes on a grain scale in
peridotites and phenocrysts in basalt. Many additional studies of
natural rocks have uncovered evidence of Li diffusion and associ-
ated isotopic fractionation, as summarized in Penniston-Dorland et
al. (2017). These studies demonstrate that tens of permil fraction-
ation of Li isotopes can be achieved by diffusion over length scales
varying from millimeters to tens of meters.

2.2. Liisotopes in zircons

Zircon, known for its refractory nature, is the oldest known
terrestrial material accessible on Earth. If zircon faithfully records
magmatic Li isotopic signatures, it may extend the Li isotope probe
of weathering intensity to the Hadean, a time for which other
crustal materials are absent. Ushikubo et al. (2008) reported large
87Li variations (>30%o) in the Hadean Jack Hills zircons. Some of
the zircons analyzed showed extremely low §”Li (down to —20%o).
These authors interpreted their data to reflect incorporation of an
intensively weathered component into the source region of the
granite from which the zircon crystallized. Large §”Li variations in
zircon were also observed by Bouvier et al. (2012), who concluded
that it reflected the signatures of the magma source materials.

One of the assumptions underlying the above interpretations
is that Li isotopes do not fractionate within zircon and between
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Fig. 1. Li isotopic compositions of igneous rocks and zircon. See Supplementary
File 2 for a compilation of 87Li in igneous rocks.

zircon and melt during and following magmatic crystallization.
A number of studies have concluded that equilibrium fractiona-
tion of Li isotopes is limited during metamorphic dehydration, par-
tial melting and fractional crystallization (Tomascak et al., 1999;
Marschall et al., 2007; Teng et al., 2007, 2009; Qiu et al., 2009,
2011a, 2011b). However, it remains unclear whether or not Li dif-
fuses, and thus creates kinetic isotope fractionation during zircon
growth or metamorphic events. The range of §’Li measured in
zircons largely exceeds that of igneous rocks (Fig. 1), and the dis-
crepancy mainly results from the extremely negative §”Li values in
the zircons. Such extreme §’Li values have only been observed in
highly weathered regoliths (Rudnick et al., 2004) and in rocks and
minerals that experienced kinetic fractionation associated with Li
diffusion (e.g., Teng et al., 2006; Jeffcoate et al., 2007).

Lithium isotopic compositions are spatially heterogeneous in
reference zircons, with §’Li ranging from 8%o to 20%¢ in these
zircons: 91500, PleSovice, TEMORA 2 and BR266 (Li et al., 2011;
Gao et al., 2015). These variations are significant given reported 2o
analytical uncertainty is better than 2%o. Li et al. (2011) and Gao et
al. (2015) also documented that these reference zircons have het-
erogeneous Li concentrations. These observations stand in contrast
to their homogeneous Hf and O isotopic compositions.

2.3. Experimental perspectives on Li diffusion in zircon

Lithium may substitute in a zircon lattice by coupling with
trivalent REE and Y ions (Finch et al., 2001; Hanchar et al., 2001;
Ushikubo et al., 2008; Bouvier et al.,, 2012), and in this case, Li
diffuses together with REE and Y, which will slow Li diffusivity
by orders of magnitude. However, this mechanism has not been
observed by current experimental studies (Cherniak and Watson,
2010; Trail et al., 2016), both of which reported fast Li diffusion in
zircon. Cherniak and Watson (2010) conducted “in” diffusion ex-
periments using REE-depleted Mud Tank zircons, and thus their
experiments are unlikely to have evaluated charge coupling ef-
fects. Using Lu- and P-doped synthetic zircons, Trail et al. (2016)
carried out “in” diffusion and heating experiments, and their “in”
diffusion experiments showed no discernable difference in Li dif-
fusivity when compared to Cherniak and Watson’s results. These
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Table 1
REE and Y substitution in zircon.

References

Finch et al. (2001),
Hanchar et al. (2001)
Speer (1982)

Trail et al. (2011),

De Hoog et al. (2014)
Hoskin et al. (2000)
Hoskin et al. (2000)

Equations
Li+(interstitial) + (Y + REE)3+ = Zl'4+

(Y 4 REEPH 4 P5* = zr*+ 4 si%t+
H* (interstitiany + (Y + REEP* = zrtt

(Mg, Fe)>™ + 3(Y + REE)** + P>t = 3714+ 4 sitt
(Al, Fe)>* + 4(Y + REE)** + P5t = 47r4t 4 si%+

experimental studies reveal that another substitution mechanism
for Li in zircon that does not involve coupling with REE and Y
creates a fast diffusion mode. On the other hand, the current dif-
fusion experiments do not negate a charge coupling mechanism
between and Li and REE+Y. REE and Y may enter the zircon lat-
tice via multiple substitution mechanisms (Table 1). As Li diffuses
in zircon, the coupling between Li and REE+Y may take place as
exchange reactions. Therefore, the reaction constant, or the likeli-
hood of the coupling between Li and REE+Y, will be sensitive to
the pre-diffusion substitution mechanisms of REE+Y. If Li substi-
tution employs multiple mechanisms in the zircon lattice, it may
have several diffusion modes and the bulk Li diffusion behavior
will be the sum of its diffusivity in each mode and its partitioning
between different modes.

3. Samples

The samples studied here include one zircon grain from a Tan-
zania lower crustal granulite xenolith (LB04-19-02), three zircon
grains from Archean tonalite-trondhjemite-granodiorites (TTGs)
(DD81-32-6-8, (88-29-7-6 and DD86-25a-3-6) and two zircon
grains from a sanukitoid (DD96-10-4-8 and DD96-4-5-11). Details
for the Tanzanian sample (whole rock data, mineral chemistry data,
U-Pb dates, in situ Pb isotopic results and thermobarometry) are
given in Bellucci et al. (2011) and Mansur et al. (2014), and for
the remaining samples are given in Bouvier et al. (2012). All nat-
ural zircons were imaged by ToF-SIMS (Time of Flight Secondary
Ion Mass Spectrometry) for multi-element distributions including
those of Li and Y. Lithium isotope profiles were then measured on
all three TTG zircons and one sanukitoid zircon (DD96-4-5-11). The
TTG and sanukitoid zircons were previously characterized by CL
(cathodoluminescence) imaging and SIMS spot analyses for their
Li isotope and trace element compositions (Bouvier et al., 2012).
We did not attempt to analyze Li isotopes in the zircon from the
granulite xenolith due to its very low Li concentration (<0.2 ppm).

4. Methods
4.1. Cathodoluminescence imaging

Fine details of crystal zoning are often only visible in CL. Before
analyses, monochromatic CL images (Fig. 3) of zircon grains were
obtained at the Smithsonian Institution, Mineral Sciences Depart-
ment using a FEI Nova NanoSEM 600, a scanning electron micro-
scope coupled to an ultra-high-resolution field emission gun and
fitted with a Gatan cathodoluminescence detection system.

4.2. ToF-SIMS imaging

For all natural zircons ion imaging was performed at the Smith-
sonian Institution using the ION TOF GmbH IV TOF-SIMS instru-
ment (Figs. 3 and 4). Surface pre-sputtering was done using a
30 nA Ar current in a 500 pm x 500 pm square area. An elec-
tron flood gun was used for charge compensation at the sputtering

site. A 25 keV Bi™ source was used as the primary beam and two
types of ion imaging techniques were employed:

(1) For whole grain imaging, we used the “High Current
Bunched” mode with high mass/low spatial resolution. The pulsed
target current was 0.3 pA and mass resolution (M/delta-M) was
~8000 at 30 amu, with a ~2 pm spot size. The image raster size
varied with the imaged grain size, achieving an image resolution
of 256 x 256 pixels;

(2) For local (core-rim boundary or crystal interface) imaging,
we used the “Burst Alignment” mode with high spatial/low mass
resolution to obtain a lateral resolution of 200-400 nm and mass
resolution of 1 amu. The pulsed target current was 0.05 pA. Extra-
long 200 ns pulses were used to enhance the Li signal. Image raster
size was 100 x 100 pm with an image resolution of 512 x 512 pix-
els.

4.3. NanoSIMS isotope profile measurement

The Cameca NanoSIMS 50L, housed at the Arizona State Univer-
sity, School of Molecular Science SIMS lab, was used to measure
the Li isotope profiles across the core-rim boundaries/crystal in-
terfaces, and over oscillatory and sector zones in zircons where Li
gradients had been documented by ToF-SIMS imaging. Each line
profile is composed of 20-40 spot analyses. For each spot analysis,
a ~200 pA primary O~ beam was used to pre-sputter the mea-
surement site, and then a ~80 pA primary O~ beam of ~1 pm
diameter was used for acquisition. The total acquisition sputtering
time for each spot analysis varied from 20 to 50 min, depending
on the overall Li concentration in the target. Under these con-
ditions, the depth of excavation was <1 pm. Ions of 6Lit, 7Lit,
30si+ and 8%Y* were collected by four detectors simultaneously
during each analysis. Reproducibility on the Li isotope ratio mea-
surement was evaluated by repeated analyses of ’Li/SLi in zircon
M257 (~0.86 ppm Li, Li et al., 2011) and a synthetic zircon ZLi-19
(tens to hundreds of ppm Li). The reproducibility was generally
better than 3% at 1 SD (Fig. 2).

5. Results
5.1. ToF-SIMS imaging

A key feature revealed by ToF-SIMS ion imaging is the sharp
concentration gradients for Li in all of the zircons analyzed here
(Figs. 3 and 4). These sharp chemical gradients appear to cor-
relate with either core-rim structures (LB04-19-02, C88-29-7-6,
DD81-32-6-8, DD96-4-5-11) or oscillatory zoning (DD86-25a-3-6)
observed in CL images. These gradients record a factor of three or
greater change in Li concentrations over 2 to 4 pm. Considering the
blurring effect due to the beam size and counting statistics, the
exact Li gradients could be even sharper in these zircons. Whole
grain Li ion images are available in the Supplementary File 1.

5.2. Liisotope profiles measured by NanoSIMS

The four zircon grains measured by NanoSIMS display Li con-
centration gradients consistent with ToF-SIMS observations (Figs. 3
and 4). All of the analyzed zircons show 20-30%o Li isotopic vari-
ation within ~50 pm (Fig. 5). Characteristic diffusion-type gradi-
ents are documented in the “dips” seen across core-rim bound-
aries in the 8’Li profiles of zircon C88-29-7-6 and D81-32-6-8.
Zircon D96-4-5-11 shows generally increasing 8’Li with increas-
ing 7Li/?%Si and 7Li/3Y ratios along the measured profile. Zir-
con DD86-25a-3-6 has a complicated 87Li pattern across the re-
gion of oscillatory zoning. All data are provided in Supplementary
File 2.
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Fig. 3. a. CL image of zircon LB04-19-02 extracted from a Tanzania lower crustal granulite xenolith. The white box represents area imaged using ToF SIMS (panel b).
b. High-resolution (beam size of 200-400 nm) ToF Li ion imaging of the area denoted by the white square in a. White arrow shows the direction of the area-integrated
(marked by the white square in b) ’Li intensity profile shown in c. 7Li intensity was normalized to the total ion count for every pixel.

Generally, low 8’Li values are associated with low Li concen-
trations in these zircons (Fig. 5), an observation that is consistent
with diffusion driven Li isotope fractionation (e.g., Richter et al.,
2003; Teng et al., 2006; Jeffcoate et al., 2007). However, the rim of
zircon C88-29-7-6 presents a counterintuitive observation, where
the 87Li value decreases with increasing Li concentration. Note that
the Y (and probably REE concentrations) concentration does not
correlate with CL bands well (e.g., zircon DD86-25a-3-6) while Li
concentration patterns seem to follow the CL bands (Fig. 4).

6. Discussion

The entire range of §’Li of granitic rocks (n = 130) analyzed so
far is ~12%0 (Teng et al.,, 2009), making it difficult to attribute
the 20-30%o single crystal §7Li variations to changing composi-
tions of the magma. Rather, such large §’Li variations are similar
to those seen in minerals from mantle xenoliths and phenocrysts
in lavas, which reflect Li diffusion processes during melt-rock/min-
eral interaction (Jeffcoate et al, 2007; Parkinson et al., 2007;
Rudnick and lonov, 2007). We thus posit that the large Li isotopic
fractionation in zircons results from diffusion.

6.1. Sharp Li zoning in natural zircons

The experimental studies of Cherniak and Watson (2010) and
Trail et al. (2016) showed that Li diffusion is fast in zircon. How-
ever, if Li diffuses at the rate determined by Cherniak and Watson
(2010) and Trail et al. (2016), the sharp Li concentration gradients
would require extremely fast zircon growth rates and metamorphic

events. Here we follow Trail et al. (2016) and use the midpoint
slope (Sp), which measures the sharpness of the gradient, to es-
timate the timescale of heating. We approximate So using the
distance (I) from 25% to 75% of the total concentration change:

50%
0= [

On the other hand, Sy is a function of diffusivity (D) and duration
(At):

(1)

28.21
v DAt

Equation (2) is from Trail et al. (2016). According to the Ti con-
centrations (Bouvier et al, 2012), the TTG and sanukitoid zir-
cons likely crystallized at 700-800 °C. At this temperature, to pre-
serve the sharp Li gradient, with | of a couple of pm, these
TTG and sanukitoid zircons needed to crystallize within years to
tens of years (Fig. 6). This translates into 1-10 pm/yr growth
rates at 700-800°C, orders of magnitude faster than Zr diffusiv-
ity would allow in granitic systems (Watson, 1996; Zhang and Xu,
2016). Similarly, the step function Li gradient in the granulite zir-
con requires the same short timescales for the crystallization of
zircon during the granulite facies metamorphism, which is un-
likely. The widespread sharp Li concentration gradients in zircons
suggest a much lower effective diffusivity for Li in natural zir-
cons than experimentally determined (Cherniak and Watson, 2010;
Trail et al., 2016), and this difference may result from multiple
modes of Li diffusion in zircon.

So= (2)
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Two-mode Li diffusion has been observed in pyroxene (Richter
et al., 2014) and olivine (Dohmen et al., 2010) in laboratory ex-
periments. These authors found that Li may occupy both inter-
stitial and metal sites in pyroxene. Although Li in the intersti-
tial site diffuses orders of magnitude faster than Li in the metal
site, Li favors the metal site over the interstitial site, and conse-
quently, Li diffusion in pyroxene is limited by the available metal
sites. This two-mode diffusion creates sharp concentration gra-
dients that propagate as step functions (Dohmen et al., 2010;
Richter et al., 2014). Ushikubo et al. (2008) and Bouvier et al.
(2012) argued that Li may charge couple with REE and Y in a
zircon lattice, and this charge coupling fixes Li ions in the zircon
lattice because REE and Y do not diffuse significantly in zircon un-
der crustal conditions. Consequently, Li diffusion in zircon will be
similar to that in pyroxene, where some Li ions are coupled to
REE+Y and together they diffuse extremely slowly, while at the

same time the rest of the Li ions diffuse faster, perhaps as fast as
that determined by Cherniak and Watson (2010) and Trail et al.
(2016).

Coupling with REE+Y has two obvious effects on Li diffusion in
zircon. First, it reduces Li diffusivity significantly and increases the
chance of preserving sharp concentration gradients formed during
growth. Fig. 7 shows how the relaxation of a sharp Li concentration
gradient changes as a function of the proportions of coupled and
uncoupled Li (Lirggy /Lifase)- Second, charge coupling with REE+Y
may promote the formation of sharp Li gradients through diffu-
sion. Lithium diffuses to follow the REE+Y gradients in zircon,
even though a significant amount of Li may diffuse without cou-
pling with REE+Y. In the case where the REE+Y gradient is sharp,
which may happen when the zircon grows in multiple stages, Li
will diffuse to form similarly sharp gradients at equilibrium, as
predicted by our two-mode diffusion model (Fig. 8 and Supple-
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Fig. 7. One-dimensional model of relaxation of a sharp Li gradient in a 200 pm
closed system. Temperature is 750 °C, duration is 10% yr and a uniform REE atomic
concentration of three was assumed. The ratio of REE coupled Li to uncoupled Li
(Lirgg+y /Lifese) in the bulk system is determined by the concentration of REE cou-
pling sites (Cregty ), non-REE sites (Cgsr, assumed to be 10%) and a site partitioning
coefficient k: Liggg+y /Lifase = k*Cree+y /Crase until all REE sites are saturated, then
any extra Li diffuses in the fast mode. The site partition coefficient k was varied
to give the range of Liggg,y/Lifs. See section 6.2 for more details of the proposed
two-mode diffusion model.

mentary File 3). In both cases, the REEs are assumed to be partially
coupled with Li and the remaining Li enters other coupled substi-
tution mechanisms in zircon. Lithium diffuses into the high REE
zone (Fig. 8) and changes the REE substitution mechanism: Li +
REE-X = Li-REE + X, where X is another 1 + cation (e.g., H).
This exchange reaction basically fixes Li and releases X if the Li-
REE coupling mechanism is more stable than the X-REE coupling
mechanism. A site partition coefficient, k, which determines Li par-
titioning between the REE-coupling and non-REE sites, together
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Fig. 8. One-dimensional Li diffusion model in a 200 pm closed system with a step
function REE gradient. The initial Li concentration profile is uniform. Temperature
is 750°C. Li diffuses to form a step function profile that mimics the REE profile.
The proportion of Li coupled to the REE+Y (Liggg+y) in the system controls the
Li concentration difference between the two steps at equilibrium and is quantified
using Ligge+y /Lifse. The values for this ratio, noted in the legends are, initial values
for the bulk system, and they approach 1 and 10, for Liggg+y /Lifs = 0.9 and 4.0,
respectively, at equilibrium. This differs from the scenario in Fig. 7, which has a
uniform REE concentration gradient and thus constant Ligggty /Lifast. The simulation
video in Supplementary File 3 shows the evolution of the Li concentration profile
through 5 x 10° yrs assuming an initial Ligeg+y /Lifgs of 4.0.

with the numbers of these two sites, gives the relative proportions
of Li in the two diffusion modes Ligggy /Lifase, Where the subscript
fast indicates Li in the fast diffusion mode.

The sharp Li gradients in our zircons are generally correlated
with zoning structures in CL, which presumably formed during
crystallization. Meanwhile, sharp Y gradients are generally absent.
We suggest that the sharp Li gradients formed during crystal
growth due to e.g., changing melt composition, and their subse-
quent relaxation was sluggish because much of the Li was locked
by REE and Y, or there is an abrupt change in REE and Y substitu-
tion mechanism across the CL structure boundaries which may not
be reflected in REE or Y concentrations. On the other hand, the
decreasing 87Li across the Li gradients suggests that some Li ions
must have substituted in zircon by fast diffusion mechanisms.

6.2. Modeling Li diffusion in zircon C88-29-7-6

Direct evidence for multiple diffusion modes comes from the
counterintuitive observation of the negatively correlated Li isotope
and concentration profiles found in the rim of zircon C88-29-7-6
(Fig. 5). The decreasing 8’Li value in the direction of increasing Li
concentration (as measured by 7Li/3°Si) suggests Li diffuses from
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the low concentration outer part of the rim to the high concentra-
tion inner part of the rim, similar to an uphill diffusion mechanism
(e.g., Zhang, 1993). Although Li concentration increases, Y concen-
tration increases even faster, and the Li/Y ratio decreases from
the outer part to the inner part of the rim (Fig. 5). Assuming Y
concentration is proportional to REE+Y concentration, this coun-
terintuitive diffusion profile can be explained if Li charge couples
with REE+Y. Here we modeled Li diffusion during growth of zircon
(C88-29-7-6 with the following assumptions:

(1) REE4Y couples with some fraction of Li and this coupled Li
has a diffusivity of 0, whereas the rest of the Li diffuses at the
rate determined by Cherniak and Watson (2010) and Trail et
al. (2016);

(2) The zircon is spherical and grows from 6 pm to 60 pum at a
constant radial growth rate;

(3) Li concentration in the zircon boundary changes abruptly at
the midpoint of growth (radius reaching 33 pm);

(4) Temperature is 750°C and constant during zircon growth.

(5) SLi diffuses 3% faster than ’Li. The kinetic fractionation factor
for Li isotopes in zircon is yet to be determined, but 6Li was
generally found to diffuse 2-4% faster than ’Li in silicate melt
(Richter et al., 2003) and silicate minerals (Parkinson et al.,
2007; Richter et al., 2014).

Diffusion of Li isotopes that are not coupled with REE+Y is de-
scribed by Fick’s 2nd law:

f
28Cj

+——), 0<r=<Rl; (3)
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where C, hereafter, is atomic concentration; the superscript f indi-
cates fast diffusing Li that is not coupled with REE+Y, the subscript
j denotes the diffusing species i.e., °Li and “Li. R is the instant
crystal radius and r is the distance to the center. Initial and bound-
ary conditions are:
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where the subscripts 6 and 7 denote the isotopes ®Li and ’Li, re-
spectively. According to assumption (2):

dR Rf—R;
== (7)
t T

where R; and Ry are the initial and final zircon radius, respec-
tively; 7 is the timescale of growth. To mimic the measured Li/Si
profile, we let the total Li concentration in the zircon boundary
layer increase abruptly by a factor of six at t =0.57:

Crilr=R,0<t<0.57r = 0.5; (8a)
CLilr=R.057<t<r = 3; (8b)

REE+Y concentration is given by:

CRre+y lt=o0,r = 9; (9a)

t
CREE+Y lr=R,t =9 — 7.5?; (9b)

The concentrations of REE+Y coupled and vacancy coupled Li is a
function of the concentrations of REE+Y (Cggr+y ) and the non-REE
(Crase) sites, and a site partition coefficient, k, that determines the
proportions of Li in the two sites:

REE+Y
Cy _ CREE+Y (10a)
C{aist rt Cfﬂ5f rt
CRFY < Creesy (10b)
r,t r,t

Here we set Cfg to be a constant = 5 x 10%. This number is not
important but the ratio of Cregyy/Cas is. Like other partition coef-
ficients, k is a thermodynamic parameter and its relationship with
temperature, pressure and matrix composition can potentially be
determined by experiments. When k is large, Li prefers the REE+Y
coupling site. Equations (3)-(10) were solved numerically in 1000
time steps with a constant grid size of 100 for spherical zircon.

Fig. 9 shows two calculated diffusion profiles assuming k =
6 x 10 and 102, respectively. The total growth time is 15,000 y.
A growth-diffusion simulation video for this zircon is available in
Supplementary File 4. This modeling exercise is compromised by
the uncertainties in many parameters including growth rate, ther-
mal history, change in melt composition, lattice vacancies/defects,
etc., and it is not our intention to reconstruct the exact crystalliza-
tion and diffusion history of this zircon. But by way of an example,
the uphill diffusion and sharp concentration boundary can be pro-
duced at the same time if part of the Li couples with REE+Y in
zircon. Meanwhile, the wide diffusion trough in the 87Li profile
requires the existence of a small amount of fast diffusing Li in
the lattice because complete coupling (k ~ co) will create a sharp
diffusion dip (as approximated by the k = 10%° model in Fig. 9),
independent of other parameters in the model. In this model, we
considered two diffusion modes for Li i.e., Li coupled with REE+Y
and Li not coupled with REE+Y. This latter mode may be a combi-
nation of multiple modes depending on the coupling mechanisms
and/or the distribution of vacancies/defects as Li diffuses in the
zircon lattice. We used the diffusion coefficient determined by
Cherniak and Watson (2010) and Trail et al. (2016) to approximate
the average diffusivity for Li in these various diffusion modes that
do not involve coupling with REE+Y.

We suggest two possibilities for why this coupling effect on Li
diffusion has not been observed in experimental studies. First, Li
may not have charge coupled with REE in the experiments of Trail
et al. (2016). The charge coupling between Li and REE+Y during
Li diffusion depends on the substitution mechanisms of REE+Y in
the zircon lattice (Table 1), and this may not happen if the cou-
pling between Li and REE+Y results in a less stable REE and Y
substitution mechanism in the zircon lattice. This translates into
a composition-dependent multi-mode diffusion mechanism for Li
in zircon. In this case, we speculate that Li may not couple with
REE and Y in the xenotime-type substitution mechanism because
this process will require an extra Si, and P>* is not mobile in zir-
con. Alternatively, Li could substitute for H, which may be more
mobile due to its smaller ionic radius as compared to Li. Although
REE and Y may be incorporated in zircon primarily in a xenotime-
type substitution ((Y + REE)}t + P5T = zr%t + Si**), there are
only a few ppm or less Li in most natural zircons, which requires
less than a few tens of ppm REE for charge coupling. Any change
in the trace element composition may affect the Li and REE+Y
coupling and thus the modes of Li diffusion in zircon. Second, Li
may diffuse through interconnected REE coupling sites in Trail et
al.’s experiments. The REE-doped zircons used by Trail et al. (2016)
have at least 10 times higher REE concentrations than most natural
zircons. At very high concentrations, REE and Y may form inter-
connected paths in the zircon lattice, and Li ions that are charge
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Fig. 9. Comparison between modeled and measured profiles in zircon C88-29-7-6.
An intermediate k = 6 x 10°%, given other assumptions, produces the isotope and
element profiles that best match the data. A k = 102° was used to approximate the
situation when Li couples with REE+Y completely until all REE+Y coupling sites
are saturated.

coupled with REE4+Y may diffuse in these paths without changing
the bulk REE+Y substitution mechanism. In this case, Li, though
charge coupled with REE+Y, may diffuse rapidly.

What is the substitution mechanism of Li that diffuses in the
fast mode? This question can be generalized to all interstitial im-
purity elements in any crystals, including Li in olivine and py-
roxene, whose diffusion behavior has been experimentally studied
(Dohmen et al.,, 2010; Richter et al., 2014). Using Li in zircon again
as an example, if fast interstitial diffusion of Li is not coupled with
any other ions, local charge balance will not be maintained as Li
diffuses; if the fast interstitial diffusion of Li couples with ele-
ments in the metal site, its diffusivity will be dictated by the metal
site elements, which diffuse by a slow vacancy mechanism. It has
been suggested that Li may couple with itself, with three Li ions in

the interstitial sites surrounding one Li ion in the Zr site (Bouvier
et al., 2012). How rapidly metal site Li diffuses in zircon is not
clear. Lithium can also diffuse rapidly by exchanging with other
univalent impurity elements, but the concentrations of univalent
elements are generally too low (ppm level) to form an “exchange
network” in natural zircons. On the other hand, univalent cations
larger than Li (Na, K, Rb, Cs) are probably too large to fit in the
interstitial site. Another possibility is to put four Li ions in the in-
terstitial sites surrounding a vacancy in the Zr site (Bouvier et al.,
2012). Because the vacancy diffuses rapidly, Li using this substitu-
tion mechanism may also diffuse rapidly. At present, we are unable
to reach a conclusive answer to these matters and recommend fur-
ther work, particularly additional experimental studies.

Another interesting question is what causes the zoning struc-
tures in zircon CL images. It has been suggested that zircon CL
zonings are correlated with REE compositions, especially Dy (e.g.,
Koschek, 1993). However, our micron-scale Y profiles do not sup-
port this hypothesis. Yttrium is not a REE, but it is geochem-
ically similar to REE, and Y concentration well correlates with
REE concentrations in zircon (e.g., De Hoog et al., 2014). Cathodo-
luminescence microscopy characterization is important in zircon
geochronology and other in situ isotope studies, and we suggest
future work on the origin of zircon CL structures.

6.3. Implications for Li-in-zircon geospeedometry

Li-in-zircon geospeedometry has potential applications in con-
straining the timescales of zircon crystallization, metamorphic
heating events, or any geological process in which zircon partic-
ipates (e.g., changing magmatic temperatures). Using experimen-
tally determined Li diffusivity in zircon, it has been argued that
the sharp Li concentration gradients seen in some Hadean zir-
cons from Jack Hills, Australia constrain the temperature of any
post-crystallization heating event to be below 500 °C, lower than
the Curie temperature of magnetite at 585°C (Trail et al., 2016).
Therefore, the magnetite inclusions in some of the Jack Hills zir-
cons may record the original magnetic field in the Hadean (Trail
et al., 2016). However, we have documented here that sharp gra-
dients in Li concentrations, which are commonly seen in igneous
zircons that crystallized in granitic magmas at 700-800 °C, can sur-
vive granulite facies metamorphism in the lower crust. Multi-mode
Li diffusion propagates in step functions (Dohmen et al.,, 2010;
Richter et al., 2014), and the sharp gradients in Li concentrations
in natural zircons is not an indicator of low temperatures (e.g., be-
low the Curie point of magnetite). Coupling between Li and REE+Y
also makes a Li concentration profile unsuitable for predicting the
tendency and direction of diffusion. Li-in-zircon may become a po-
tentially useful geospeedometer if the distribution of Li in various
diffusion modes in zircon can be determined as a function of tem-
perature, pressure and trace element composition in the zircon.

7. Conclusions

ToF-SIMS ion imaging and NanoSIMS Li isotope profiling reveal
the mechanism(s) of Li diffusion in zircon. Sharp Li concentration
gradients and massive Li isotopic fractionation (20-30%) in indi-
vidual crystals are commonly seen in natural zircons. We attribute
the large isotopic variation to Li diffusion that was “frozen” in zir-
cons, thus, Li isotopes in zircons may not be used to infer the
compositions of the magma source materials.

Preservation of sharp Li concentration gradients in igneous and
granulite facies zircons requires a much lower effective Li diffu-
sivity than that determined experimentally, suggesting multiple Li
diffusion modes in natural zircons. Multi-mode Li diffusion may
involve charge coupling with REE and Y, which is supported by
Li diffusion in the direction of decreasing Li/Y ratio but increasing
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Li concentration, as observed in zircon C88-29-7-6. Our modeling
suggests that the coupling between Li and REE+Y is not the only
way that Li diffuses, and a significant amount of Li may diffuse in
the fast mode(s).

Our results demonstrate that sharp concentration gradients of Li
within zircon can exist despite significant Li diffusion. The mech-
anism of Li diffusion in zircon needs to be fully understood be-
fore Li-in-zircon geospeedometry can be applied to natural systems
with confidence. In particular, detailed studies are required to de-
lineate the factors that control the substitution mechanisms of REE
and Y and thus may affect Li partitioning in different diffusion
modes in zircon.
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