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Abstract. The growing interest in Li diffusion as a tool to determine timescales of short-time magmatic events,
such as magma ascent during eruption, increases the necessity to better understand Li diffusion in common
mineral phases. In this context, well-constrained diffusion coefficients and understanding of kinetic processes
specific to mineral phases are of crucial importance. To gain further insight especially into the kinetic processes
in plagioclase, we investigated the diffusion of Li between natural Ang; plagioclase crystals and synthetic glasses
of Angp plagioclase composition. Experiments were conducted at 200 MPa in rapid-heat/rapid-quench cold-
seal pressure vessels (RH/RQ CSPVs) and internally heated pressure vessels (IHPVs) at temperatures between
606 and 1114 °C. Concentration and isotope profiles of Li were measured using femtosecond laser ablation
multicollector inductively coupled plasma mass spectrometry (fs-LA-MC-ICP-MS). We adopted a multispecies
diffusion model and specified boundary conditions for plagioclase of labradoritic composition. Using this model,
we were able to distinguish between an interstitial (DiLi) and a vacancy process (Df‘i), with the interstitial process
being 0.2—1 orders of magnitude faster than the vacancy process, depending on temperature.
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Our data indicate charge compensation of Li by Na in both the crystal and the glass. Chemical Li diffusion
coefficients in Angg glass are up to 3 orders of magnitude slower compared to Li tracer diffusion in silicate and
aluminosilicate glasses and melts, which is attributed to slow Na diffusion at high An content. Our results for
chemical diffusion of Li in plagioclase crystals are 1.5-2 orders of magnitude slower than Li tracer diffusion in
An- and Ab-rich plagioclase determined in previous studies. This indicates that earlier studies on natural inter-
mediate plagioclase compositions have underestimated timescales by up to 2 orders of magnitude. For accurate
determination of timescales from Li diffusion in plagioclase we suggest further exploring the role of Na and a
possible dependence on An content.
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1 Introduction

With the increasing interest in diffusion chronometry as a
tool to determine timescales of magmatic events over the last
20 years (see review by Chakraborty and Dohmen, 2022),
it has become increasingly important to determine diffusion
coefficients with high precision. Minerals like plagioclase,
which incorporate elements with a large variety of diffusion
coefficients (e.g., Turner and Costa, 2007) and which are
common in different magmatic environments, are of particu-
lar importance, since they can be used to access a large range
of petrological timescales. One of the most interesting ele-
ments is Li due to its extremely fast diffusivity in comparison
to other elements in plagioclase (see overview of Cherniak,
2010), which allows for the determination of short timescales
even in the range of seconds to minutes. For example, Li zon-
ing in plagioclase has been used in various studies to deter-
mine magma ascent rates (Charlier et al., 2012; Giuffrida et
al., 2018; Neukampf et al., 2021).

In addition to well-constrained diffusion coefficients, it is
also necessary to get a better understanding of the physical
processes of diffusion mechanisms. With increasing preci-
sion of measurements and better understanding of isotope
fractionation during diffusion, it has now become possible
to distinguish between multiple, simultaneously occurring
diffusion processes and develop models which are able to
extract diffusion coefficients for these processes. A multi-
species diffusion mechanism was first identified for Li in
olivine, and an appropriate diffusion model was formulated
by Dohmen et al. (2010). In the subsequent studies of Richter
et al. (2014, 2017), a similar behavior was also found for py-
roxene, and it was shown that the fractionation of the stable
Li isotopes produces a unique fingerprint when two diffusion
mechanisms operate simultaneously.

An initial study on Li diffusion in plagioclase has been
conducted by Giletti and Shanahan (1997), who measured
SLi tracer diffusion in albite (Ang¢) and anorthite (Angs.g)
in the temperature range of 200-800 °C. They modeled their
profiles with a constant diffusion coefficient and found no
dependence on An content or crystallographic orientation.
Audétat et al. (2018) analyzed chemical diffusion of Li in
Ansy plagioclase in the temperature range of 900-1050 °C
and confirmed no dependence on crystallographic orientation
but suggested two different diffusion processes for Li. Due
to the complexity of implementing a two-species model and
the necessity of understanding the physical processes when
applying a multispecies diffusion model, a detailed analy-
sis was out of the scope of their work, and they opted for a
simplified approach using two superimposed error functions,
treating both processes as independent. Their determined dif-
fusion coefficients for both processes are significantly slower
than those of Giletti and Shanahan (1997). This shows that
Li diffusion in plagioclase is still not well understood, and
simply applying the tracer diffusion coefficient of Giletti and
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Shanahan (1997) to natural plagioclases of varying An con-
tents might lead to an underestimation of timescales.

The large relative mass difference between Li isotopes
yields a large mass effect, resulting in a relatively large dif-
ference in diffusivity of Li isotopes (e.g., Dohmen et al.,
2010; Richter et al., 2014, 2017; Holycross et al., 2018;
Singer et al., 2023). Modeling of isotope profiles allows us to
measure the ratio of diffusion coefficients (D), which is de-
scribed by the empirical constant g8, calculated after Richter
et al. (1999):

Do = (@)ﬂ (1)

D7Li mey ;

where m is the atomic mass in atomic mass units.

The objective of this study is to use Li concentration and
isotope measurements on diffusion couple experiments and
implement a multispecies approach to further look into the
findings of Audétat et al. (2018) and characterize Li diffusion
in natural plagioclase of intermediate composition (Angp).
We opted to stay close to naturally occurring Li concentra-
tions in plagioclase to avoid problems which might occur
due to artificially high Li concentrations. We used diffusion
couples consisting of Angg glass and Ang; plagioclase single
crystals and performed diffusion anneals in nominally dry
conditions, mostly at 200 MPa, but also at varying pressures
from 0.1-400 MPa. The temperature range extends from the
glass state to the stable melt far above the glass transition
temperature. We analyzed Li concentration and Li isotope
profiles along sample cross sections using laser ablation ICP-
MS to obtain Li diffusion coefficients and identify the diffu-
sion mechanism. In addition, we obtained new Li diffusion
data for glasses/melts with high An contents, giving insight
into the mobility of Li in silicate and aluminosilicate glasses.

To improve the readability of this paper, we use the term
labradorite (based on the old nomenclature) to refer to pla-
gioclase in the compositional range Ansp—Any.

2 Experimental and analytical methods

2.1 Starting material

Diffusion couple experiments were performed using opti-
cally crack-free, chemically homogeneous, gem-quality nat-
ural labradorite single crystals of unknown volcanic origin
(61 mol % anorthite, 39 mol % albite — Ang;) and synthetic
glasses of Angg composition. Angy glasses were synthe-
sized by fusing a mixture of oxides, carbonates and a spo-
dumene glass (8"LirMmm-016 = +3.0 %e; Singer et al., 2023)
at 1600 °C in air. The amount of spodumene glass was cho-
sen to result in a Li concentration of 100 ug g~!. To increase
homogeneity, glasses were melted for 3 h, then quenched and
crushed before being melted again for another 3 h at the same
temperature and quenched again. The An content of the glass
was chosen to be higher than that of the crystal in case the
diffusion of Li in glass was significantly faster than in the
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Table 1. Composition of starting materials determined using EPMA
(major and minor components) and fs-LA-MC-ICP-MS (Ba, Sr,
Li). If not specified, results are given in weight percent. Numbers
in parentheses correspond to the error of the measurement. When
<det.lim. is used, it means the result was below the detection limit.
X An corresponds to the fraction of the anorthite component of the
plagioclase. Values were averaged over 10 measurements.

FSP6-2 Angg glass
Si0, 52.90 (0.13)  48.86(0.17)
TiO, 0.066 (0.007)  <det.lim
Cry, O3 <det.lim. <det.lim.
Al,O3 29.51(0.16)  32.91(0.15)
FeO 0.35 (0.02) 0.05 (0.03)
MnO <det.lim. <det.lim.
MgO 0.109 (0.003) <det.lim.
CaO 12.19 (0.05)  16.55 (0.04)
Na,O 4.28 (0.03) 2.32 (0.04)
K,0 0.27 (0.01) <det.lim.
Ba[ugg™!] 122.8(2.4) 1.7 (0.4)
Sriugg~!l  955.5(8.2) 37.4(0.8)
Li[ugg~ 1  3.4(03) 103.1 (1.9)
X An 0.61 0.80
Total 99.71 100.74

crystal, with the assumption that an increased An content
could slow down diffusion. We did not choose an even higher
An content because we had problems with exsolution during
glass synthesis at high An contents (close to Anjgg). The Li
content of the glasses was chosen to be close to naturally oc-
curring concentrations.

Compositions of starting material crystals and glasses
were determined by an electron probe microanalyzer
(EPMA) (major elements) and femtosecond laser ablation
multicollector inductively coupled plasma mass spectrome-
try (fs-LA-MC-ICP-MS) (trace elements) and are given in
Table 1. The large single crystal from which our samples
were cut showed isotope profiles with isotope fractionation
up to 50 %o over a distance > 3 cm. However, the small indi-
vidual pieces used for diffusion experiments can be regarded
as isotopically homogeneous.

2.2 Diffusion experiments

Crystals and glasses were cut into 2 x 2 x 2 mm cubes, with
the surface of the crystal being perpendicular to [0 0 1]. Ori-
entations of crystals were determined by electron backscatter
diffraction. This side of the crystal and one side of the glass
were polished, with the final polishing step being a colloidal
silica suspension (50 nm). Crystal and glass were then placed
in platinum capsules (2.8 inner diameter, 3.2 mm outer diam-
eter, length 12—-15 mm) with the polished sides facing each
other. Capsules were welded shut on both sides using a Lam-
pert PUK 3 Professional arc welding device (tungsten elec-
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trode). Before experiments, capsules were pressurized in a
cold-seal pressure vessel (CSPV) at 40 MPa (Ar gas) to check
the sealing of the capsules and ensure good contact between
crystal and glass.

Diffusion experiments at temperatures between 606—
850°C were carried out in vertically oriented rapid-
heat/rapid-quench cold-seal pressure vessels (RH/RQ
CSPVs) at the Leibniz University Hannover, using Ar gas as
the pressure medium. The functionality of such a device is
described in Matthews et al. (2003). The samples were stored
in the cold part of the autoclave during the heating of the
furnace and rapidly pushed into the hot part of the furnace
using an external magnet as soon as a stable temperature
distribution was established. To terminate the experiment,
the sample capsule was abruptly pulled back into the cold
area (cooling rates of up to 20°Cs~!; Singer et al., 2023).
The combined error of the experimental run time (heating
and cooling) is about 20 s (Singer et al., 2023). Temperature
was recorded by a K-type thermocouple inserted into a small
notch on top of the autoclave. The error of the temperature
measurement is < 5 °C (Singer et al., 2023).

Diffusion experiments between 950-1114 °C were per-
formed in an internally heated pressure vessel (IHPV) at
the Leibniz University Hannover. Samples were hung in a
rapid-quench (RQ) sample holder using a Pt wire that po-
sitioned the capsule in the hot spot of the furnace. Samples
were heated at 50 °Cmin~!, up to 20 °C below experimen-
tal temperature, followed by 10°Cmin~! to reach the final
temperature. For quenching, the Pt wire was fused with an
externally connected power source, allowing the capsule to
fall onto a copper block positioned outside of the furnace, re-
sulting in quenching rates > 100 °Cs~! (Berndt et al., 2002).
Temperatures were recorded using S-type thermocouples. A
detailed description of the sample holder and IHPV is given
in Berndt et al. (2002). The combined error in experimental
run time introduced by heating and quenching of the sample
is about 240-300s (Christian R. Singer, personal communi-
cation, 2024). Experiments were conducted using Ar gas as
a pressure medium.

Experimental conditions are listed in Table 2.

2.3 EPMA

Concentrations of SiO;, TiO,, Cr,03, Al,O3, FeO, MnO,
MgO, CaO, NayO and K5O in the starting crystals and SiO;,
Al>O3, K>0 and NayO in the starting glasses were deter-
mined using a JEOL JXA-iHP200F field emission electron
probe microanalyzer (FE-EPMA) at the Institute of Earth
System Sciences, Leibniz University Hannover. Measure-
ment conditions and calibration standards for each element
are given in File S1 (Supplement). To prevent the underesti-
mation of lighter elements due to the high beam current and
resultant beam damage, Na and K were always measured first
on the assigned spectrometers.
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Table 2. Experimental conditions and results. The experimental time corresponds to the time at the experimental temperature. Diffusion coefficients are given in m

available in the Supplement.

25~ Errors are

Sample T [°C] p [MPa] t[s] Autoclave log DpiNaglass  1og DY, aglass Interdiffusion model Multispecies model

log D_M,S_o log bwrrnao log Dgg m> mm log br log DD K

[10=4]

Li20 606 200 599621 CSPV —13.58 —15.30 —13.82 —1440 —13.82 | 025 050 —13.82 —14.05 4.5
Li8 650 200 599337 CSPV - - —13.54 —1530 —13.61 | 022 049 —1349 —13.74 4.0
Li7 704 200 259870 CSPV —12.85 —14.60 —13.26 —1440 —13.26 | 025 050 —13.30 —13.40 4.0
Li4 750 200 258593 CSPV —12.52 —14.22 —12.66 —14.08 —12.66 | 0.23 048 —12.77 —12.89 5.5
Li2 807 200 14402 CSPV —12.23 —14.10 —12.43 —14.07 —12.44 | 024 050 —12.42 —12.62 4.0
Li26 950 200 8940 IHPV - - —11.40 —13.94 —1142 | 021 046 —1141 —11.74 55
Li23 1000 200 14460 IHPV - - —10.49 —13.02 —-10.52 | 025 0.50 —10.54 —11.40 55
Li22* 1050 200 9600 THPV —11.04 —12.70 —10.26 —12.98 —10.36 - - - - -
Li27 1056 200 2400 IHPV - - —10.79 —13.16 —10.81 | 0.26 050 —10.80 —11.22 5.5
Li21 1114 200 3420 IHPV —10.75 —12.48 -9.29 —13.08 —9.89 | 023 047 -—10.05 —11.00 5.0
Time variation
Lil* 750 200 14400 CSPV —12.38 —14.15 —12.60 —1422 —12.61 - - - - -
Li5* 750 200 64160 CSPV —12.54 —14.35 —12.85 —14.30 —12.89 - - - - -
Pressure variation
Li36* 747 0.1 17852  1atm furnace - - —12.80 —14.40 —12.80 - - - - -
Lil9* 747 50 65513 CSPV - - —12.35 —14.05 —12.36 - - - - -
Li37* 750 400 65340 IHPV - - —12.13 —13.77  —12.06 - - - - -

* No isotope profiles were measured.
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Figure 1. Cross section of run Li8 after measurements. Distances
for the line scan were corrected with respect to the small angle be-
tween the scan and interface. Scans parallel to the interface were
done to improve counting statistics to better resolve the diffusion
profile.

2.4 Measurement of diffusion profiles

To measure the diffusion profiles, samples (entire capsules)
were embedded in epoxy resin and polished down to the cen-
ter of the sample. A representative cross section of one sam-
ple is given in Fig. 1.

Concentration profiles were measured using a femtosec-
ond laser ablation system (Spectra-Physics Solstice) in com-
bination with a Thermo Scientific Element XR™ ICP-MS at
the Institute of Earth System Sciences at the Leibniz Uni-
versity in Hanover. The laser beam (194 nm) was focused on
the sample using an in-house-built stage (containing the ab-
lation cell) combined with an optical microscope. A detailed
description of the ablation cell and stage system is given in
Horn et al. (2006) and Horn and Von Blanckenburg (2007).
Measurements were conducted with a laser repetition rate of
36 Hz and a spot diameter of ~23 um. Line scans perpen-
dicular to the crystal-glass interface were run with a scan
speed of 4ums~!. To improve counting statistics, we also
measured profiles using scans parallel to the interface with a
line length of 150 um and a scan speed of 15 ums~'. Spacing
between scans parallel to the interface varied between 30—
100 pm, depending on the length of the profile. Each analy-
sis started with a 35 s background acquisition, followed by an
ablation interval of ~ 60s. The concentration measurements
on samples were calibrated using the NIST SRM 610, and
secondary standards measured alongside our samples were
BIR-1G, BCR-2G and ARM-3.

2.5 Measurement of isotope profiles

Measurements of isotope ratios were conducted in situ using
the aforementioned laser ablation and stage system in combi-
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nation with a Thermo Scientific Neptune Plus MC-ICP-MS
as described in Steinmann et al. (2019).

()
SLi sample
()

°Li /116
A repetition rate between 31-250Hz (depending on Li
concentration) was used. We ablated lines of length be-
tween 250-500 um parallel to the diffusion interface with
a scan speed of 15ums~!. Each analysis was run for
180s in total with a 40s background measurement before
ablation. T1-G (as measured by Steinmann et al., 2019)
was used as a bracketing standard. To facilitate the com-
parability of our data with the literature, we converted
our 8"Lir1.G(8"Liri = [("Li /Li)sample / ("Li /°Li)r1.6 —
1] x 1000) values to 8’ LirmM-16 using Eq. (2), since the
87Li of T1-G relative to IRMM-16 is +2.1 %o (Jochum et al.,
2012). The error bars shown represent the 2o uncertainty,
which was calculated by propagating the errors (SEs) of the
bracketing standard (std) and of the analyzed sample as fol-

lows:
SEstd1)2 N <SEstdz)2
Ritai Rz

SE 2
+ ( sample) i|0‘5’ 3)
Rsample

where R is "Li /SLi.

57LiIRMM-16 = x 1000+ 2.1 2)

20=2x1000x[<

3 Results

3.1 General and microscopic observations

We conducted a total of 15 diffusion couple experiments.
While all experiments performed in the IHPV show visible
cracks in crystal and glass, experiments conducted between
606-750 °C in the RH/RQ CSPV show few to no cracks
(Fig. 2). The number and size of cracks increase with in-
creasing experimental temperature, with the glasses display-
ing more and larger cracks than the crystals. This points to
a quenching effect, i.e., formation of the cracks due to stress
caused by the decrease in volume of the melt/glass during
cooling. Additionally, Fig. 2a shows that crystal and glass
are well joined even at low temperatures.

3.2 Li concentration profiles

In all experiments, Li was the only element, which shows
resolvable diffusion profiles (measured elements are reported
in Table 1). A prominent observation is that over the entire
temperature range, the diffusion profiles in crystals and glass
have comparable lengths.

¢ (X, 1) — Cinterface =erf( X ) @)
Cinitial — Cinterface 2+/Dt
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Figure 2. Optical images of diffusion samples obtained by a reflected-light microscope. Crack formation in crystal and glass depended on
the temperature of the experiment, as shown exemplary for low temperatures, (a) Li20 at 606 °C in the CSPV, and high temperatures, (b) Li22
at 1050 °C in the IHPV. In both cases, there are no visible gaps between crystal and glass.

Figure 3 shows diffusion profiles between crystals and
glasses for three different temperatures, which are represen-
tative of the entire temperature range. Diffusion profiles at
temperatures of 606-950 °C show a discontinuity at the in-
terface between crystal and glass (Fig. 3a, b). We attribute
this discontinuity to equilibrium partitioning of Li between
crystal and glass. Near the glass transition (700-800 °C), ex-
periments show a decrease in Li concentration in the crys-
tal close to the interface (Fig. 3b). A time series at 750 °C
(4-72h, Fig. 4) shows the surface concentration in the crys-
tal to decrease with time, while the surface concentration in
the glass increases with time. This observation can be ex-
plained by relaxation processes in the glass when approach-
ing the glass transition temperature (expected to be ~ 850 °C;
Hummel and Arndt, 1985). The glass changes towards a
low-temperature plagioclase melt structure over time, and,
as a consequence of the increasing compatibility of Li in the
glass, the partition coefficient between crystal and glass gets
smaller. This effect is not observed at lower temperatures due
to relaxation processes being too slow at these temperatures.
In the temperature range of 1000-1114 °C, the discontinu-
ity between crystal and glass is no longer observed (Fig. 3c).
It has to be mentioned that, due to the limited resolution of
the fs-LA-MC-ICP-MS system, no measurements could be
performed directly at the interface, and, therefore, these con-
clusions are based on the extrapolation of the profiles in each
diffusion medium, i.e., crystal and glass.

Li diffusion profiles in Angp glasses within the tempera-
ture range of 606—807 °C can be fit well by Eq. (4) assum-
ing a constant diffusion coefficient in a semi-infinite medium
(Crank, 1975). At higher temperatures, this is also possible
in some cases (e.g., Fig. 3c), but most profiles are too poorly
resolved for evaluation. Even if profiles can be measured, the
variance of individual data points is very high, and profiles
are difficult to interpret. For these reasons we refrained from
evaluating the profiles of most glasses under these conditions
(see Table 2).

Eur. J. Mineral., 36, 985-1003, 2024

Li diffusion profiles in plagioclase crystals within the tem-
perature range of 606—-650 °C (Fig. 3a) can be described by
a simple error function shape (Eq. 4). At temperatures be-
tween 700-800 °C, when the glass transforms into a melt
during an experiment, a noticeable deviation of Li profiles in
the crystal from an error function shape is evident (Fig. 3b).
Above 950 °C, we observe a deviation from an error function
shape, i.e., a steep gradient within the crystal near the inter-
face (Fig. 3c), which indicates a slower net Li diffusivity near
the interface compared to the interior of the crystal. Different
explanations are possible for such a behavior as is discussed
next, but clearly a single concentration-independent diffusion
coefficient is insufficient to describe the diffusion of Li under
these conditions.

3.3 Liisotope profiles

Isotope profiles (°Li and 7Li) were measured in nine crystals
(see Table 2). The glass side was also measured for three of
these samples. While the isotope profiles of run Li21 reached
the edge of the crystal, all other samples show a plateau
in the region unaffected by diffusion. Example profiles are
shown in Fig. 5. In the crystal a pronounced minimum of
87Li1RMM_16 developed towards the end of the concentration
profile of Li. The reduction in 8"LilrMmm.16 values is much
more distinct at high temperatures than at low temperatures.
The 87 Lijrmm.16 value in the glass first increases slightly rel-
ative to the region unaffected by diffusion, reaching a maxi-
mum, and then decreases towards the interface (Fig. 5a). Ad-
ditional isotope profiles are given in the Supplement.

4 Discussion

In previous studies, the SLi tracer diffusion coefficient of
Giletti and Shanahan (1997) has been commonly used to
model chemical diffusion profiles in natural samples (Char-
lier et al., 2012; Giuffrida et al., 2018; Neukampf et al.,
2021). Our measured concentration profiles in plagioclase,
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Figure 3. Li diffusion profiles between labradorite crystals and syn-
thetic glasses of Angy composition specifically at different temper-
atures: (a) 606 °C, (b) 750 °C and (c¢) 1114 °C. The black line cor-
responds to a fit using Eq. (4). See the text for details.

however, are significantly shorter than profile lengths esti-
mated with the diffusion coefficient of Giletti and Shana-
han (1997). These findings show either the assumption that
the tracer and chemical diffusion coefficient can be assumed
to be identical at such low concentrations is wrong or the
diffusion behavior of the endmembers albite and anorthite
deviates from intermediate plagioclases, such as labradorite.

As observed by Audétat et al. (2018) for diffusion ex-
periments between plagioclase crystals (Ans4) and Li-doped
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Figure 4. Diffusion profiles for a time series of experiments at
750 °C and 200 MPa (Lil, Li4, Li5). At this temperature, we ob-
serve a decreasing partition coefficient between crystal and glass
due to relaxation processes in the glass. At longer run times (72 h),
this leads to the formation of a concentration maximum close to but
not at the interface.

rock powder in the temperature range of 900-1050 °C and
1 atm pressure, our results show a strong gradient of the
Li concentration in the crystal towards the interface with
increasing temperature for experiments >950°C (steeper
than expected for a constant diffusion coefficient). This is
an important finding because the observation of Audétat et
al. (2018) might have also been a result of the extremely
large (~ 1500 vs. 2 wtppm Li) concentration difference be-
tween crystal and powder used in their experiments. In the
following we discuss the approach of Audétat et al. (2018)
and other possible explanations for the deviation of Li con-
centration profiles from an error function shape.

4.1 Two independent diffusion processes

Audétat et al. (2018) interpreted their results as two indepen-
dent diffusion processes, which they fitted with two superim-
posed error functions. This approach also works for fitting of
our profiles. However, in our opinion, this solution is not very
likely since two independent diffusion processes would mean
that Li diffuses via a vacancy and an interstitial mechanism
with no interaction between the two sites. Since it can be pre-
sumed that this exchange happens instantaneously compared
to timescales of diffusion (see, for example, Li diffusion in
olivine; Dohmen et al., 2010, or Na diffusion in Ango_gg pla-
gioclase; Behrens et al., 1990), we can assume that these two
processes cannot be independent and that such an approach,
although it allows fitting of our profiles, does not reproduce
the diffusion process of Li in plagioclase.
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Figure 5. Li concentration and isotope profile for the crystal side at two different temperatures. (a) Run Li20 at 606 °C. (b) Run Li27 at
1056 °C. The isotope fractionation in the crystal is less pronounced at lower temperatures but still very strong. The isotope profile in the glass
shows the typical shape expected for out diffusion, i.e., development of a maximum near the diffusion interface.

4.2 Concentration-dependent Li diffusion

Another possibility is a concentration dependence of Li
diffusivity with decreasing diffusivity as the concentration
increases. For diffusion of ions, charge balance needs to
be fulfilled by a compensating mechanism (e.g., Lasaga,
1979). Neukampf et al. (2021) suggested the diffusion of
Li to be compensated by either (i) the exchange reaction
Lit 4+ APt — Si** or (ii) the oxidation of Fe’t to Fe’™,
where they preferred the oxidation of Fe. In this section we
discuss these options, as well as the possibility of exchange
with (iii) HT and (iv) Na™T.

(i) Assuming that the in diffusion of Li is compensated
for by the exchange reaction Lit + AI’* — Si** would re-
quire the diffusion of major elements. Albite—anorthite inter-
diffusion under dry conditions is significantly slower than Li
diffusion (> 10 orders of magnitude; Giletti and Shanahan,
1997; Grove et al., 1984) due to the extremely slow diffu-
sivity of Si in plagioclase (Cherniak, 2003). For this reason,
we do not consider this exchange reaction to act as a charge
balance for the in diffusion of Li.

(i1) Neukampf et al. (2021) preferred the oxidation of Fe?t
to Fe>T as a charge balance for the out diffusion of Li. In our
case, however, Li diffuses into the crystal, which would re-
quire the reduction of Fe>* to Fe>*. Behrens et al. (1990)
used absorption spectra of polarized light to see how oxi-
dizing and reducing conditions during annealing affect the
Fe?* /Fe3* ratio in labradorite. While the linear extinction
of the Fe”* band changed drastically under oxidizing condi-
tions, this band was still very similar in reducing conditions.
This indicates little to no change in the Fe?>* /Fe3* ratio in
plagioclase during reducing conditions. One reason for this
could be that Fe3* cannot be reduced to Fe?* at the site it is
located in the plagioclase structure. For this reason, we do not
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consider the reduction in Fe?* to be responsible for charge
balancing in diffusion of Li.

(iii) As shown by Behrens (2021a, 2023) for sanidine, hy-
drogen incorporated as a proton on interstitials can easily ex-
change with alkali ions. In plagioclase, however, the majority
of hydrogen is bound as water molecules (Behrens, 2021a,
b), which do not carry a charge during diffusion and there-
fore cannot act as a charge balance for the in diffusion of Li.

(iv) Another possibility is charge balance due to interdiffu-
sion with a slower-diffusing element, as shown for Li—Na in-
terdiffusion in pegmatitic melts (Singer et al., 2023). Since Li
is the fastest-diffusing element (with the exception of hydro-
gen) in plagioclase (see overview of Cherniak, 2010), such
a process would potentially lead to a decreased diffusivity
with increasing Li concentration due to coupling. Other el-
ements should have no resolvable influence on this process
as the next fastest-diffusing element K is multiple orders of
magnitude slower than Na (Behrens et al., 1990; Giletti and
Shanahan, 1997). Assuming a ternary solid solution with the
three components LiAlSi3Og, NaAlSizOg and CaAl;Si»Og,
ignoring the K component due to its low concentration and
slow diffusion coefficient while presuming Ca to be immo-
bile (DZ. > DY, > Dg > D(*:a; Behrens et al., 1990; Giletti
and Shanahan, 1997), the effective binary interdiffusion coef-
ficient is given by Eq. (5) (derived after Lasaga, 1979; ignor-
ing the thermodynamic factor because the anorthite content
is effectively fixed):

XnaDE DR
XuiDf, + Xna DY,

Dgg =

®)

Here Df; and DY, are the tracer diffusion coefficients of Li
and Na, respectively. X1; and Xn, are the molar fractions
of the Li and Na endmembers in a ternary solid solution
(XNa = 1 — XLi — Xca)- Due to the high concentration of Na
relative to Li (Xna / X1i between 150 and 8000), we can as-
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Figure 6. Comparison of modeling with a constant diffusion co-
efficient (using an error function approach) and the interdiffusion
model. Trying to fit the entire profile with an error function yields
a systematic deviation from the measured profile in the region be-
tween 200-500 um. If priority is placed on the tail of the profile,
a large deviation from the measured data is obvious near the inter-
face. The interdiffusion model yields a very good fit over the entire
profile.

sume XN, to be constant over the profile, and consequently
no activity coefficient gradients need to be considered. For a
detailed derivation of the equation, see File S2. For a detailed
discussion about the influence of tracer diffusion coefficients
and component fractions on the interdiffusion coefficient, see
Costa et al. (2008) and Vogt et al. (2015).

0ClLi d dCL;
=~ (b 6
at 8x< BB ox > ©)

Fitting our profiles using a numerical solution (explicit) to
Fick’s second law for one-dimensional diffusion (Eq. 6) re-
produces the shape of the concentration profiles quite well.
Since we have only measured chemical diffusion profiles,
tracer diffusion coefficients for both Li and Na need to be
used as fitting parameters, with the D[,/ Dy, ratio influenc-
ing the shape of the profile. Here we use Dy a.calc for the input
of the Na tracer diffusion coefficient and D]":i’ calc Tor the input
of the Li tracer diffusion coefficient. A comparison between
the interdiffusion model and an error function approach is
shown in Fig. 6. The error function approach misfits either
the region close to the interface or the tail of the diffusion
profile. The interdiffusion model yields a good fit for the en-
tire profile, also reproducing the steep gradient near the in-
terface.

Results of the fitting of all Li diffusion profiles measured
in plagioclase crystals are given in Fig. 7. Figure 7a shows
Dgp for the regions with low Li concentration. Tracer dif-
fusion coefficients obtained by modeling are presented in
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Fig. 7b. For Dg, ., only minimum values are given, since
further increasing these values has no influence on the pro-
file. An important observation here is that derived values of
D;‘Ia’ calc are significantly faster than literature data for Na
tracer diffusion (Kasper, 1975; Behrens et al., 1990), espe-
cially at lower temperatures. Is has been shown by Behrens et
al. (1990) that labradorites of different volcanic origins have
a similar extrinsically determined vacancy concentration on
Al sites. Therefore, the difference between their results and
our calculated Df\}a’ cale Cannot simply be attributed to differ-
ent origins of the crystals.

A possible explanation for the difference between Dfﬁla) cale
and Dy, determined by Behrens et al. (1990) for various pla-
gioclase crystals of composition Ansg to Angg could be a
more mobile interstitial Na species, as speculated by Schif-
fer et al. (2014) for K-feldspar. Schéffer et al. (2014) found
that Na—K interdiffusion increases in the composition range
0.95 < Xor < 1.00 and explained their observation with a
more mobile interstitial Na species, which influences the
bulk Na diffusivity more at lower Na concentration due to
the fraction of this species at these concentrations. Due to
the low concentration of Li in our samples it might be that Li
mainly interdiffuses with this more mobile species. Addition-
ally, the local charge imbalance by the in diffusion of Li onto
an interstitial site would reduce the energy required for an
Na atom to leave its position on an Al site (the site which is
typically occupied by Na in the plagioclase structure) nearby
and, therefore, increase the mobility of this species. Conse-
quently, we have to differentiate between Na located on in-
terstitials and A1 sites.

We have shown an effective binary interdiffusion model to
yield very good fits for the concentration profiles and consis-
tent results for the diffusion coefficients (Fig. 7). However,
this model fails at fitting concentration and isotope profiles
(8"LilrMmm-16) With the same set of parameters (Fig. 8). Ei-
ther calculated 87Li1RMM_16 profiles are longer than the mea-
sured profiles or 8 values (Eq. 1) are extremely high and in-
consistent for experiments at different temperatures. Similar
observations were made by Richter et al. (2014) (see Fig. 7
of Richter et al., 2014) for Li diffusion in clinopyroxene. One
of their concentration profiles could still be fit very well us-
ing a single constant diffusion coefficient, but this approach
clearly misfit the corresponding isotope profile. In this case,
only a multispecies model was able to fit both the concen-
tration profile and the isotope profile with the same set of
parameters. Therefore, we infer that a simple interdiffusion
model is not sufficient to describe Li diffusion in plagioclase.

4.3 Multispecies diffusion model

As mentioned by Audétat et al. (2018), the steep rise near
the interface of the concentration profile can be attributed to
a fast and a slow diffusion process, as described in the model
of Dohmen et al. (2010). Dohmen et al. (2010) proposed a
model for Li diffusion in olivine based on the idea that Li oc-
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cupies both octahedral and interstitial sites with the ability to
jump between these two sites. Their model suggests that Li
diffuses by means of an interstitial mechanism, and as soon
as it encounters a vacant octahedral site, it gets trapped (Li in
olivine strongly favors the octahedral site). In olivine, Li dif-
fusing via a vacancy mechanism is slower than Li diffusing
via an interstitial process by multiple orders of magnitude,
leading to a propagating step function as the shape of the dif-
fusion profile. However, the shape of the profile depends on
the ratio of the diffusion coefficients and the boundary condi-
tions. This has also been shown and discussed in more detail
in other studies on Li diffusion in clinopyroxene (Richter et
al., 2014) and olivine (Richter et al., 2017), which adopted
the multispecies diffusion model of Dohmen et al. (2010).

We adopted the numerical model of Dohmen et al. (2010)
considering the following kinetic processes:

i. diffusion of Li from one A1 site to another
ii. diffusion of Li from one interstitial site to another
iii. exchange between Li on interstitials and A1 sites.

All modeling was performed using MATLAB software.
In Sect. 4.4 we explain these processes while formulating
a set of boundary conditions specific for plagioclase.

4.4 Boundary conditions for a multispecies diffusion in
plagioclase

To apply the multispecies diffusion model to Li diffusion
in plagioclase, we must first define the boundary conditions
specific for plagioclase.

While it has already been suggested that Li in plagioclase
diffuses via an interstitial mechanism (Giletti and Shanahan,
1997), the prominent location of Li in the feldspar structure
remains unclear. For Na™ in feldspar, it has been suggested
that a small proportion occupies interstitial sites, while the
majority occupies Al sites (Behrens et al., 1990; Schiffer et
al., 2014). The significantly smaller H* on the other hand
has been shown to occupy only interstitial sites in sanidine,
while the majority of hydrogen defects incorporated in pla-
gioclase occupy A sites as HoO molecules (Behrens, 2021a,
2023). With the ionic radius of Li™ being smaller than that
of Na™ (Shannon, 1976) and larger than that of H', it can be
assumed that a higher portion of the total Li concentration is
located on the interstitials, while the remainder is located on
the A1 sites, which are otherwise occupied by Na.

Using the Kroger—Vink notation, the interstitial Li species
is represented by Lii., the Li species occupying Al is rep-
resented by Li}, and vacant Al sites are represented by
V4;- The trapping of interstitial Li on vacant Al sites is
then described by a homogeneous point defect reaction,
which is considered to be instantaneous compared to diffu-
sion timescales:

Li" + vy, = Li}, @)
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with the corresponding mass action law
[Liy,]
(L] tvay1

Here brackets indicate concentration per formula unit plagio-
clase. Assuming local concentrations of other elements to be
constant on the timescale of Li diffusion and considering lo-
cal mass and site balance yields the following equation for
the total number of Li atoms per formula unit plagioclase

(Litotal):

K= ®)

[Liliot = [Lii']old o [Liky Jgg = [L] + [Lit, ] ©)
Here the subscript old denotes the concentrations obtained
after the preceding diffusion time step, before site equilibra-
tion is achieved via Eq. (8).

To model the total flux of Li in our sample we need to
consider the flux of both Li species and the interconversion
reaction between the species (Eq. 7). We assume the diffusive
flux of each species to be solely dependent on its own con-
centration gradient. In a more advanced version of this model
the interdiffusion with other mobile species (Na) would need
to be considered. This would, first, require knowledge of the
tracer diffusion coefficient of Li in labradorite, of which there
are no data available. Secondly, as discussed in Sect. 4.2 for
interdiffusion with both Li species, we would probably need
to consider two Na species with additional unknown param-
eters. To reduce the number of free parameters we therefore
opted for a simplified approach where the diffusion coeffi-
cients of both Li species are considered to be constant. The
change in concentration of both species is then given by the
following equations:

-l 2 8 |

o), 2,
at L (x)? :

o ([Lix,]) _ o a9°[Lifi]
or DL (3x)> R, (b

where R is the time-dependent net rate of Li, which changes
from interstitial to Al sites.

Contrary to olivine, where diffusion of vacancies needs to
be considered, the A1 vacancy concentration in labradorite is
extrinsically controlled, probably by excess SiO; (Behrens et
al., 1990). It is of course possible for different ions to occupy
this vacancy. However, due to the extremely slow diffusiv-
ity of Si in the plagioclase structure, this additional charge
needs to be charge balanced within the vicinity of the ex-
cess Si*t ion. For this, a divalent cation in the vicinity of
the excess Si*T needs to be replaced with two monovalent
cations (one to occupy the site of the divalent cation and one
to occupy the vacant site). Consequently, a net flux of vacan-
cies can only occur with a net flux of divalent cations. This
needs to happen on the timescale of Li diffusion. As shown
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in the overview of Cherniak (2010), divalent cations in pla-
gioclase are significantly slower than Li and can be consid-
ered immobile on the timescale of Li diffusion. Since nei-
ther Si nor divalent cations are mobile enough to allow for
a net flux of vacancies, we consider the initial vacancies to
be immobile. As an input parameter for the initial vacancy
concentration, we use the average vacancy concentration
Va1 = 3.2 x 1073 of three labradorite crystals determined by
Behrens et al. (1990), which we consider to be representative
of magmatic labradorite. As this value represents the fraction
of vacant Al sites (vacant A sites of the albite component), it
needs to be multiplied by 1 — X, =1 —0.61 =0.39 to get
the A1l vacancy concentration per formula unit plagioclase.
The A1 vacancy concentration relative to the whole crystal is
then given by Eq. (12).

[V/\l] = Va1 -0.39

If we now assume that in diffusion of Li is only charge bal-
anced by the diffusion of Na (as discussed in Sect. 4.2), one
Na atom needs to leave its place in the local structure for
each Li atom diffusing into the plagioclase structure. As dis-
cussed, this happens either by Na already present on intersti-
tials or by Na bound to A1 sites, which can switch to an inter-
stitial more easily due to the local charge imbalance caused
by the diffusing Li ion. Due to rapid equilibration of Frenkel
defects (Behrens et al., 1990), it follows that every Na leav-
ing an interstitial site is directly replaced by an Na ion from
an Al site (assuming the total Na concentration does not
change, which is justified due to the large XN, / X1 ratio of
150 to 8000), leaving a vacancy. This means that every Li
atom diffusing into the crystal, which does not occupy an Al
site, creates a vacancy on Al. However, for charge balance
considerations, these vacancies can only diffuse with Li (in
principle also with interstitial Na, but this is neglected due
to its extremely low concentration). From these considera-
tions it follows that there is no independent diffusion of va-
cancies (Dy = 0), and the vacancy concentration [VAI] after
each diffusion step is given by

[VAI] [VAl]lnltldl + [Liltota —

— 1 ]

= [VAi Lt [Lli ]towl'
Here [Li];oa refers to the total amount of Li in our sample,

while [Lif“ ] total and [Lii.] 1 refer to the sum of all Li iso-

topes occupying Al and interstitial sites, respectively. The
total number of Al sites (Algym) Which are either vacant or
occupied by Li is then given by

Alsum = [V//\l]old + [Lil)gl]old =
= [Vl/\l ]initial + [Li]total~ (14)

The concentration of Li occupying Al sites after each time
step is then given by the combination of Egs. (8) and (13):

[Liy,] =K ([Lii'] : [Lii']mtal n [Lii'] : [V/gl]mmal) . (15)
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Li has the naturally occurring isotopes °Li and ’Li. There-
fore, the total number of lithium species increases to four:
oLiM, 7LiM, OLi%, and "Li¥,. Using Eqgs. (9), (13) and (15)
with these four species yields the following set of equations,
which need to be solved after each diffusion step:

[GLi]tolal = [6Lii.]old [ Lizy] e = [6L1 1+ [ Liy,]. (16)
[7Li]total = [7Lii.]old +[’ Lizy] e = ['Li ] [Liy, ] aD
Alsum = [6Li21]old [7L1A1]01 +[Vai o

= [°Lix, ]+ ["Lik, ]+ [VAd ] (18)
Lk ] = & ([°Lif] - (LM + (L] VA D) (19)
[i] = K (P10 + U0 Vi) 2O)

Since we are considering two distinct diffusion processes, a
corresponding § value must be assigned to each of them.
The terms B' and B* refer to the interstitial and the va-
cancy mechanism, respectively. 8 is unknown and therefore
a fitting parameter when modeling the isotope profile. For a
“pure” interstitial process, meaning the diffusing ion does not
displace any A site atoms and being a simple uncorrelated in-
terstitial process, B is expected to be at 0.5 (Van Orman and
Krawczynski, 2015). In our modeling A' is a fitting param-
eter, which provides information about the interaction of Li
diffusion via interstitials with the plagioclase matrix.

4.5 Results from the multispecies model

Profiles were fitted using an “eye-fitting” method. This
means that parameters were manually adjusted after each
modeling run until a satisfactory result was achieved for both
the concentration profile and the isotope profile. Here a de-
viation of 10 % in the diffusion coefficients already leads to
a noticeable deviation from the measured isotope profile, al-
though the effects on the concentration profile are less pro-
nounced using this method. The width of the negative peak
in the isotope profile is especially sensitive to the ratio of dif-
fusion coefficients of Li species. Likewise, if ﬂi, ﬂA or K are
varied by more than 10 % from the respective values given in
Table 2, the modeled isotope profile strongly deviates from
the measured isotope profile.

The problems with measuring concentration and isotope
profiles for Li in the glasses meant we had to limit most eval-
uations to the crystal. To demonstrate that this approach is
justified, we analyzed the entire profile (glass and crystal) of
sample Li20 (606 °C), where we were able to get good mea-
surements of concentration and isotope profiles in glass and
crystal. We assumed a constant diffusion coefficient in the
glass (when modeling the diffusion profile in the glass as Li—
Na interdiffusion does not influence the parameters we ob-
tain for the crystal) and applied the multispecies model to the
crystal. The derivation of the mass balance boundary condi-
tion at the interface was done after Crank (1975) (Chap. 8.8)
and is shown in the Supplement (File S3). Figure 9 shows the
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fit over the entire diffusion profile with input parameters for
the multispecies model obtained by evaluation of only the
crystal side of the diffusion couple experiment. This shows
that it is justified to obtain diffusion coefficients by only eval-
uating the diffusion profile in the crystal.

As described in Sect. 3, the temporal changes in the glass
near the glass transition temperature affect the shape of the
concentration profile. This leads to problems with the mod-
eling of profiles at 700 and 750 °C, since the model does not
take these processes into consideration. An example profile is
shown for run Li7 in Fig. 10. As can be seen, the shape of the
isotope profile can be reproduced well, while the concentra-
tion profile cannot be fitted properly. Samples at lower tem-
peratures are probably not affected as much because these
experiments were conducted well below the glass transition
temperature. Run Li2 (807 °C) shows this effect to a much
lower extent, which can be explained by the short duration of
the experiment and the proximity to the glass transition tem-
perature, where relaxation processes are already significantly
faster. Since we do not have a good understanding of how the
relaxation in the glass/melt affects the concentration profile,
in a first approximation we have limited our fitting approach
for these profiles to the isotope data. As shown in Fig. 11,
diffusion coefficients from this evaluation are slightly slower
than the general trend for the interstitial mechanism, while
the results for the vacancy mechanism are very consistent
with the general trend. For these reasons we consider this
approach to be acceptable for the evaluation of diffusion co-
efficients.

Since the length of the diffusion profiles is determined by
the diffusion coefficient of the faster process, in our case the
interstitial process, the values of the interstitial diffusion co-
efficient are in good agreement with values estimated by the
length of the lithium profile.

As shown in Fig. 8d, the multispecies model does not
reproduce the steep gradient in the crystal near the inter-
face observed in the temperature region of 1000-1114°C.
As discussed, this is the result of chemical diffusion of Li
in labradorite being dependent on the interdiffusion with Na,
which leads to decreased diffusivity at higher Li concentra-
tions. This highlights the need for further investigation into
this issue, i.e., at temperatures > 1000 °C.

4.6 Temperature dependence of Li diffusion in the
crystal

The diffusion coefficients of both mechanisms are reported
in Table 2 and shown in an Arrhenius plot in Fig. 11. Equa-
tions (21) and (22) were determined by linear regression of
the respective data.

—180.0 £ 12.0kJmol !
RT
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The interstitial mechanism is faster by about 0.2—1 orders
of magnitude, with the difference increasing with increasing
temperature. The small difference in diffusion coefficients at
lower temperatures explains why these profiles still fit well
using an error function approach. There are multiple expla-
nations why diffusivities of both processes are so close. First,
the preference of Li for interstitial sites (small K; Eq. 8)
means that the energy required to transition Li from an Al
site to an interstitial site is relatively low. Another explana-
tion is that Li is charge balanced by Na, which of course
applies to both mechanisms. If the difference between Dy
and DY, is high enough, an increase in Dj; will not further
increase Dgg. This means that, even if the interstitial mech-
anism is significantly faster than the vacancy mechanism, in-
terdiffusion with Na would slow down this mechanism to a
level close to the vacancy mechanism.

The different activation energy of the two processes can be
attributed to the expansion of the plagioclase network with
increasing temperature. We have two factors influencing the
diffusivity of Li. One of the factors influencing diffusion is
the bond distance on the corresponding sites. This is different
for interstitial and A sites, and the change with temperature
will also differ between A and interstitial sites. Consequently,
the change in diffusivity with temperature, which is given by
the activation energy, is also different for both processes.

4.7 lsotope fractionation

Evaluation of isotope profiles (n = 9) with the multispecies
model yields consistent values for g1 = 0.4940.02 and g* =
0.24 +0.02 over the analyzed temperature range. This re-
sults in ®Li being faster by about 7.5 % on interstitials and
3.2 % on vacancies compared to 'Li in labradorite. Such a 8
value for the interstitial process is expected for a near-perfect
interstitial mechanism, while the B value for the vacancy
process is comparable for Li diffusing primarily via vacan-
cies in olivine (3 %; Dohmen et al., 2010) and clinopyroxene
(4 %; Richter et al., 2014). This value is also close to results
in wet rhyolitic melt (2.7 %-3.5 %; Holycross et al., 2018;
Spallanzani et al., 2022) and pegmatitic melt (3 %; Singer et
al., 2023). It should be noted that Dohmen et al. (2010) and
Richter et al. (2014) used a multispecies model but did not
differentiate between B' and B“. Due to the extreme pref-
erence of Li for M sites in both olivine and clinopyroxene,
their results for 8 should mainly reflect the vacancy process
but might slightly overestimate the real value due to an influ-
ence of the interstitial process.

4.8 Liincorporation in the plagioclase structure

In addition to the knowledge already gained regarding the
diffusion of Li, our modeling efforts also provide informa-
tion about the position of Li in the labradorite structure. We
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Figure 9. Modeling of profiles of Li20 (606 °C) using a constant diffusion coefficient in the glass and the multispecies model in the crystal.
Both concentration and isotope profiles can be fit well with input parameters obtained by evaluation of the crystal side without considering
the glass. This shows that diffusion coefficients can be obtained only from the crystal side of the diffusion couple.
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Figure 10. Relaxation processes below the glass transition in the
glass at 700-750 °C result in problems with fitting of the concen-
tration profile, while the isotope profile can still be reproduced well
with input parameters that are consistent with the overall trend for
the diffusion coefficients.

established that Li in labradorite strongly prefers intersti-
tial sites over Al sites with a K of (4.9 4+0.6) x 10™* (see
Eq. 8). This value is relatively constant over the analyzed
temperature range and shows that the compatibility of Li on
Al sites hardly changes with increasing temperature. The fi-

nal [Lifﬂ] / [Lii.] ratio over our analyzed diffusion profiles,

however, is between 1:1 and 1:1.5 (Fig. 12). This is a re-
sult of the high vacancy concentration, as becomes apparent
when rearranging Eqgs. (8) to (23). It is noteworthy that the
vacancy concentration is increased compared to the initial
crystal by interaction with Li (see Eq. 13).

_ [Li}, ]
LM

K- [Vpyl (23)
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Figure 11. Arrhenius plot with diffusion coefficients for the inter-
stitial (Dii) and vacancy (Df‘i) process determined for our Ang
crystals using the multispecies model. Diffusion coefficients for 700
and 750 °C are given in parentheses. Results for chemical diffusion
of both processes are significantly slower than the tracer diffusion
data of Giletti and Shanahan (1997) (G&S) for albite/anorthite and
also differ significantly from both diffusion processes proposed by
Audétat et al. (2018) (Au) for chemical diffusion in Ansy.

4.9 Lidiffusion in the glass/melt

An unexpected observation of our experiments has been that
the chemical diffusion profiles in crystals and glasses are
of similar length. Giletti and Shanahan (1997) observed Li
tracer diffusion in an albitic glass to be faster by ~ 2 orders
of magnitude compared to an albite crystal (they measured
diffusion at only one temperature in Abgg glass, which fits
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Figure 12. Fraction of Li on interstitial and A1 sites along the pro-
file determined from the multispecies model after the Li20 exper-
iment, representative of our analyzed labradorite crystals. The va-
cancy concentration increases with increasing Li content, which in-
creases the fraction of Li on Al sites.

the more comprehensive data of Jambon and Semet, 1978,
for pure albitic glass). As mentioned before, our model as-
sumes Li to interdiffuse with Na. Consequently, diffusion in
the glass would need to be treated as Li—Na interdiffusion,
with the effective binary interdiffusion coefficient given by
Eq. (5). If we now assume Dfi in the glass to be ~ 1-2
orders of magnitude faster than Dii in the crystal, Dgp in
the glass is controlled solely by changes in DY, (for a de-
tailed description of how Dgp depends on the tracer diffu-
sion coefficients of both elements, see Fig. 2 of Vogt et al.,
2015). Chemical diffusion coefficients determined using an
error function approach are given in Fig. 13a, and Dl’\’}a’ calc
determined from the chemical diffusion profile using Eq. (5)
is given in Fig. 13b.

Our results for Dy j_Na are slower than tracer diffusion data
for Li in glasses and melts by about 2-3 orders of magni-
tude. One important observation here is that the data set of
Singer et al. (2023) fits the tracer diffusion data from the lit-
erature, even though they also measured chemical diffusion
(interdiffusion with Na). The difference here is that in rhy-
olitic glasses and melts, the tracer diffusivities of Li and Na
are comparable, while tracer diffusivity of Na in plagioclase
glasses and melts drastically decreases towards high An con-
tents (Behrens, 1992). A comparison with Behrens (1992)
shows our determined values of Dfﬁla’ calc Tor a glass of Angg
composition to be between their results for an An7g and
an Angg glass. As discussed by Behrens (1992), a quanti-
tative description of the compositional dependence of DY,
in Ab—An glass suffers from the unknown thermal history
of the glasses. Nevertheless, the modeled values of fola
based on our Li—Na interdiffusion experiments are in very
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good agreement with the compositional trend reported in
Behrens (1992).

The Arrhenius relations for Dy N, and Dy, are given in
Egs. (24) and (25), respectively. It should be noted that the
equation for Dri N, is for a glass/melt containing roughly
100 ppm Li. Due to its dependence on Dy,, DriNa would
increase with decreasing Li concentration.

~5.9240.17
Drina=10

—129.1 +£3.4kJmol~!
o ) P (24)
RT
D;Ia,calc,glass = 10~ 757027
—131.2+5.4kJmol ! -
eXp RT m-Ss (25)

From these findings, we can conclude that migration of Li
in plagioclase glasses and melts, in contrast to, for example,
rhyolitic systems, is slowed down by interdiffusion with Na.
Therefore, the tracer diffusion coefficient of Li in plagioclase
cannot simply be used to determine timescales from Li dif-
fusion profiles in natural melts and glasses, but the interdif-
fusion with Na must be taken into consideration. For exam-
ple, applying the tracer diffusion coefficient of Jambon and
Semet (1978) for Li diffusion in albitic glasses to our data
would lead to an underestimation of timescales by 3 orders
of magnitude.

These results further support our assumption that Li dif-
fusion into the crystal is charge balanced by out diffusion of
Na.

410 Dependence on pressure

We also performed experiments at 1atm (horizontal tube
furnace), 50 MPa (RH/RQ CSPV) and 400 MPa (IHPV) at
750 °C to constrain the effect of pressure on Li diffusivity. As
mentioned above, at this temperature, relaxation processes
in the glass influenced the diffusion profile in a way that
we cannot use the multispecies model to fit the concentra-
tion profiles. However, as shown for example in Fig. 10, the
length of the diffusion profile fits the length expected from
the interstitial diffusion coefficient (the faster diffusion coef-
ficient determines the length of the diffusion profile). Con-
sequently, we used values determined from the length of the
profiles, i.e., fitting the tail of the profile with an error func-
tion approach, and plotted these against pressure in Fig. 14.
Even though a slightly positive trend may be inferred from
the data, we do not consider this to be a resolvable pressure
effect. The errors in individual measurements are quite high
and are further increased due to the employment of different
experimental facilities, which introduced additional uncer-
tainties. A further complication may be possible formation
of microcracks in the high-pressure experiments, which may
enhance Li diffusion. Due to the small ionic radius of Li, only
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Figure 13. (a) Li—Na interdiffusion coefficients (Dpj_N,) determined from chemical diffusion profiles in Angg glass in comparison to the
literature. Li tracer diffusion data are given for glasses of albite, orthoclase and obsidian composition (J&S; Jambon and Semet, 1978), as
well as alkali basalt melt (L; Lowry et al., 1981), andesitic melt and pitchstone melt (C; Cunningham et al., 1983). In contrast to our data,
Li—Na interdiffusion in pegmatitic glasses and melt (S; Singer et al., 2023) fits Li tracer diffusion data for multiple compositions. (b) Tracer
diffusion coefficient for Na in the glass determined indirectly by modeling the Li profiles. Na tracer diffusion coefficients for albite, orthoclase
(J&S; Jambon and Semet, 1978) and obsidian (J&C; Jambon and Carron, 1976), as well as for multiple plagioclase glasses with varying An
contents (B; Behrens, 1992), are taken from the literature. Our results fall into the range between An7y and Angg glasses of Behrens (1992).

The error bars of our data are smaller than the points in both graphs.

a very weak pressure effect is expected. Typically, the acti-
vation volume for cation diffusion is similar to the volume of
the cation (e.g., Ryan and Smedley, 1984; Imre et al., 2007;
Mehrer, 2007). Calculating the expected difference in diffu-
sivities between 1 atm and 400 MPa for an activation volume
of 1.1 cm® mol™! (calculated from an ionic radius of 0.76 A
in a VI coordination; Shannon, 1976) yields a decrease in dif-
fusivity by only 0.03 log units, which is significantly lower
than the error in measurements and significantly lower than
the apparent increase we observe for our data.

4.11 Comparison to previous studies

We were able to verify the two diffusion processes suggested
by Audétat et al. (2018) and proposed a model that repro-
duces concentration and isotope profiles while providing an
explanation of the physical process. The problem we faced
when trying to fit their profiles using the model we described
is that the core of their crystals is already enriched in Li
compared to the initial concentration (ZL31 increased from
2 to > 70ppm; ZL32 and ZL36 increased from 2 to ~ 35—
40 ppm). The increased core concentration shows that dif-
fusion has already reached the center of the crystal. Due to
the rectangular shape of the samples and their experimen-
tal setups being crystals surrounded by a powder as the Li
source, the diffusive flux of Li needs to be considered from
three directions when the flux has reached the core region of
the crystal. Evaluating their profiles would therefore require
three-dimensional modeling of the diffusion process as mod-
eling by a one-dimensional model underestimates the diffu-
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Figure 14. Li diffusion coefficients for the interstitial process in
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sure. The dashed line represents the expected pressure effect calcu-
lated assuming that the activation volume equals the ionic volume of
Li. The apparent positive trend is probably due to the employment
of different experimental facilities (1 atm furnace at 1 atm, RH/RQ
CSPV at 50 and 200 MPa, and IHPV at 400 MPa) for the experi-
ments and the formation of microcracks.
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sive flux. We do not aim to simulate this effect since exact
dimensions for the crystals are also not available. The model-
ing approach of Audétat et al. (2018) is based on diffusion in
one-dimensional semi-infinite media, causing their obtained
diffusion coefficients to be too small. Consequently, by ig-
noring the three-dimensional flux, as well as the increased
core concentration, the results of Audétat et al. (2018) are
slower for both processes than our determined diffusion co-
efficients, but we cannot evaluate if this effect fully explains
these discrepancies between the data sets.

Comparison of our chemical diffusion results with the
tracer diffusion data of Giletti and Shanahan (1997) shows
their data to be clearly unsuitable for describing chemical dif-
fusion of Li in Ang; plagioclase. This is either due to Li dif-
fusion in Ang; plagioclase being generally slower than in al-
bite/anorthite or because interdiffusion with Na slows down
chemical diffusion of Li. Since no diffusion profiles for Li
are shown in their study we cannot evaluate if profiles at or
close to their highest temperature show any signs of a second
diffusion mechanism, as observed by Audétat et al. (2018)
and our study. Since they only conducted experiments up to
800 °C and our data show that diffusion coefficients of both
processes are still very close at these conditions, a second
process would not have been obvious from the concentration
profile.

Studies with the aim to determine timescales of geolog-
ical processes from Li diffusion profiles have been carried
out on natural plagioclases of multiple compositions ranging
from oligoclase (Anj7_31; Neukampf et al., 2021) to ande-
sine (An3zg_2; Charlier et al., 2012) and bytownite (An72_9o;
Giuffrida et al., 2018). Based on our results, Li diffusion is al-
ready slowed down by Na for Li concentrations in the range
of 20-30 ppm, even if we assume the tracer diffusion coef-
ficient to be independent of plagioclase composition. It is
therefore likely that timescales of volcanic processes have
been underestimated when using the tracer diffusion coef-
ficient of Giletti and Shanahan (1997). For example, if we
fit our experimental profiles using their diffusion coefficient,
we underestimate the time of our conducted experiments by
a factor of 20. It should be mentioned that this is the case for
in diffusion of Li, while Li typically diffuses out of the crys-
tal during magma ascent. We cannot exclude that Fe plays a
role in charge balancing out diffusion of Li, since oxidation
of Fe2t is far easier than reduction of Fe3* (Behrens et al.,
1990). If this process does play a role during out diffusion of
Li, it might provide a faster charge balance mechanism than
interdiffusion with Na, therefore increasing the chemical dif-
fusion coefficient of Li under these conditions.

One way to avoid having to deal with modeling of two dif-
fusion processes for natural samples is to use the interstitial
diffusion coefficient of Li and determine the timescale from
just the length of the diffusion profile. This approach works
well since the length of the profile is only dependent on the
fastest process.
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5 Concluding summary

We successfully adopted the multispecies diffusion model of
Dohmen et al. (2010) and derived a set of boundary condi-
tions for a diffusion couple consisting of plagioclase crys-
tal/glass to model chemical diffusion profiles in labradorite.
Our findings reveal multiple important points for Li diffusion
modeling in plagioclase crystals and glasses:

i. We confirmed the observation of Audétat et al. (2018)
regarding two diffusion mechanisms of Li and provided
an explanation of the physical processes. We propose
that Li diffuses via a fast (interstitial) and a slower
(vacancy) mechanism. Over our analyzed temperature
range, the diffusivity of both processes is within 1 or-
der of magnitude. However, our results suggest that Li
diffusion coefficients have been underestimated by Au-
détat et al. (2018) because of an inadequate modeling
procedure used to obtain D ;.

ii. Chemical diffusion of Li in labradorite is slower by 1.5—
2 orders of magnitude compared to that predicted using
the tracer diffusion coefficient for albite/anorthite deter-
mined by Giletti and Shanahan (1997). Consequently,
using their diffusion coefficient for natural labradorite
crystals will lead to underestimation of timescales by a
factor of 20.

iii. It is likely that a highly mobile interstitial Na species
provides charge balance for the in diffusion of Li. Our
results imply that the mobility of Na is enhanced by in-
corporation of Li. This needs to be investigated in detail
in future studies, as it results in a concentration depen-
dence for diffusion of Li.

iv. Li prefers interstitial sites, but due to the high vacancy
concentration in labradorite, Li is nearly evenly dis-
tributed between interstitial and Al sites.

v. In comparison to other aluminosilicates, Li—Na inter-
diffusion in high-An plagioclase glasses and melts is
slowed down by the relatively low diffusivity of Na.

Our findings show that Li diffusion in plagioclase is still not
completely understood. More work needs to be done to un-
derstand interdiffusion of Li with Na and a possible depen-
dence of Li diffusivity on the An content. Li diffusion ex-
periments over a range of An contents in particular would be
important from this perspective. It is also necessary to check
if there is a difference between the in diffusion and out dif-
fusion of Li, as the oxidation state of Fe and thus oxygen
fugacity might play a role. For such experiments, chemically
homogeneous plagioclase single crystals of gem quality with
high Li contents are necessary, which are extremely hard to
find. Another possibility may be presaturation of plagioclase
crystals with Li. Additionally, the dependence on the va-
cancy concentration shows that conditions of crystallization
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and their impact on the initial vacancy concentration are also
an important parameter. At the moment, there are only data
available for labradorite (Behrens et al., 1990), and extension
of this data set to other plagioclase compositions is required.
Additionally, our results are not transferable to plagioclase
crystals formed under metamorphic conditions. Here a much
lower extrinsic vacancy concentration is expected.
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