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Olivine is commonly used as a ‘crystal clock’ to extract timescales relevant to pre-eruptive perturbations
within mafic magmatic systems. Diffusion chronometry applications require accurate calibrations for the
rates at which Fe-Mg or other commonly measured elements like Ni, Mn, and Ca diffuse through the
crystal lattice. In the past, these rates have been mainly characterized using solid-solid diffusion couple
experiments involving olivine single crystals, thin films, or powder sources. Despite the presence of

melt surrounding olivine in natural magmatic systems, very few experiments involving magma have
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been performed, largely because controlling interface reactions is difficult. For this study, we carried
out olivine-melt diffusion experiments as a test of the diffusion chronometry method, and to determine
whether the presence of melt influences the calculated timescales. To approximate a natural system,
we incorporated small natural Kilauea and San Carlos olivine seeds within a natural Kilauea basalt
and tracked diffusive re-equilibration through time. To better control interface reactions, after some
equilibration period at an initial superliquidus temperature of 1290°C, the runs were rapidly cooled

to form a rim and left to dwell at various final temperatures (1200, 1220, 1240, 1255°C) for 6-84 h.
Concentration gradients for Fe-Mg, Mn, Ni, Ca were measured, and the step-wise nature of the core-rim
transition was ascertained using slow diffusing elements like P or Al. When these gradients are modeled
using published diffusivities, the timescales retrieved are typically 10 times longer than the actual
experiment durations. Thus, measured diffusivities are an order of magnitude faster than those previously
obtained in olivine-solid source experiments, but they are in excellent agreement with the only two
other melt-olivine datasets. We explore reasons for why melt-bearing olivine diffusion experiments tend
to yield faster rates. The possible effects of (1) growth during diffusion, (2) diffusion during any initial
dissolution step, and (3) extended tube or planar defects at the interface on calculated diffusivities are all
considered but found to be inconsequential. Instead, we argue that additional point defects (vacancies)
are likely created at the interface by higher concentrations in elements like Al or H in the basalt
melt compared to other solid couple diffusant sources. Future applications of diffusion chronometry in
olivine may require a complete re-evaluation of published diffusivities using melt-bearing experimental

configurations.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Magmatic processes responsible for volcanic eruptions on Earth
(e.g., magma ascent, exsolution, crystallization, recharge/mixing)
often result in thermodynamic disequilibrium. This disequilibrium
catalyzes mineral-melt reactions, where crystals grow or dissolve
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and/or re-equilibrate with a new environment via diffusion of its
chemical components. Olivine (Fe,Mg),SiO4 can preserve valuable
records of the processes responsible for disequilibrium in mafic-to-
intermediate magmas, in the form of chemical zoning in both ma-
jor (Fe-Mg), minor (Ni, Ca, Mn) or trace elements (e.g., Cr, P, Al, H)
(Costa et al., 2008). Interface reactions (e.g., rapid skeletal growth)
also cause partial or full trapping of melt pockets in olivine hosts,
which can be interrogated for information on pre-eruptive magma
chemistry as well as storage pressures (e.g., Kent, 2008; Wallace
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et al,, 2021). In addition, relaxation of chemical zoning within a
zoned olivine or in melt inclusions provides critical time informa-
tion via diffusion chronometry: if elemental diffusion rates are well
constrained, concentration gradients can be exploited to obtain the
duration between a pre-eruptive thermodynamic perturbation and
quenching at the surface. Because elements often diffuse at dif-
ferent rates, many chronometers can be leveraged within a single
olivine crystal (e.g., Chakraborty, 2008; Costa et al., 2020). Olivine
is also structurally and chemically simpler than other minerals,
with one tetrahedral site occupied mainly by Si*t (and to a mi-
nor extent other pentavalent and trivalent elements P>t AT,
Cr’t, Fe3t), and two different octahedral sites M1 and M2 largely
occupied by divalent cations (Fe2t, Mg2*, ca?t, Mn%*, Ni2*). Ap-
plications of diffusion chronometry in olivine have been soaring
over the last two decades (see Costa et al., 2020), particularly
as experimentally-derived cation diffusivities became increasingly
well calibrated and point defect models refined (Nakamura and
Schmalzried, 1983; Chakraborty, 1997, 2010; Petry et al., 2004;
Coogan et al,, 2005; Ito and Ganguly, 2006; Demouchy and Mack-
well, 2006; Holzapfel et al., 2007; Dohmen and Chakraborty, 2007;
Dohmen et al., 2010). Diffusion timescales obtained using Fe-Mg,
Ca, Ni, and Mn diffusion in olivine from various eruptions of
basaltic to andesitic magma form the vast majority of the avail-
able dataset. Those timescales are now frequently compared and
correlated with pre-eruptive gas and geodetic and seismic time-
series to gain a more integrated understanding of the timing of
magmatic unrest (Kahl et al., 2013; Longpré et al., 2014; Albert
et al, 2015, 2019; Pankhurst et al, 2018; Ruth et al.,, 2018; Ras-
mussen et al., 2018; Viccaro et al., 2019; Caracciolo et al., 2021). In
most cases, diffusion timescales are interpreted in the framework
of magma mixing, where the olivine cargo is suddenly placed in
different melts, experiences disequilibrium and often interface re-
actions, and subsequently re-equilibrates diffusively until eruption.
Ensuring that timescales extracted from diffusion chronometry are
accurate requires ensuring that cation diffusion rates are accurately
determined in the first place.

Diffusivities of Fe-Mg, Ca, Ni, and Mn have been generally well
quantified as a function of temperature (T), pressure (P), oxygen
fugacity (fO2), major element composition of the olivine (Xg,),
crystallographic direction (a, b, or c-axis), and to a lesser degree,
as a function of water fugacity (fH,0, Hier-Majumder et al., 2005).
Yet the experiments exploited to calibrate the diffusivity expres-
sions adopted by diffusion chronometry studies (Fe-Mg, Dohmen
and Chakraborty, 2007; Ni, Holzapfel et al., 2007; Ca, Coogan et al.,
2005; Mn, Chakraborty, 2010) were all performed using solid-solid
couples (powder source, thin films or polished and oriented olivine
pairs). In natural magmatic systems, olivine is surrounded by sil-
icate melt. Changes related to the presence of melt compared to
olivine-only are expected to relate mainly to the activity of SiO,
(aSiOy) (e.g., Zhukova et al., 2017). However, differences in aSiO,
are relatively minor between a basaltic melt and olivine compared
to aSiO, differences imposed in Zhukova et al. (2017) using the
periclase- or orthopyroxene-olivine systems, and not expected to
strongly influence cation diffusivities. Nevertheless, the two other
studies focused on olivine-melt couples by Jurewicz and Watson
(1988) and Spandler and O’Neill (2010) yielded element diffusivi-
ties (including rare earth elements, see Cherniak, 2010) that were
higher than their solid-solid counterparts. These results were not
fully understood and are still the subject of significant debate.
One of the main drawbacks of employing melt-olivine couples for
diffusion studies involves interface reactions. Because olivine may
grow or dissolve during these types of experiments, the interface
position of a diffusion model used to invert for diffusivity is mo-
bile (Lasaga, 1982). Spandler and O'Neill (2010) circumvented this
problem by using cylindrical olivine crucibles and precisely deter-
mined olivine-basalt equilibrium to avoid growth or dissolution.
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In this study, we set out to test whether more nature-like dif-
fusion couple configurations involving basaltic melt surrounding
olivine yielded element diffusivities that were consistent with pre-
vious studies. Specifically, the experiments presented herein test
the simple premise that olivine bathed in new, non-equilibrium
melts can re-equilibrate diffusively and yield accurate timescales
using diffusion chronometry based on available solid-solid diffusiv-
ity data. In essence, this experimental study provides a first order
groundtruthing of diffusion chronometry applications in individual
olivine grains within natural magmas. We show that contrary to
expectations, applying diffusion chronometry to our experiments
with current literature values for diffusivities yields timescales
that are about an order of magnitude slower than real experi-
mental timescales. We discuss the possible reasons for this dis-
crepancy and the consequence for durations extracted from crys-
tal clocks. We advocate for further melt-bearing experiments with
well-controlled geometric configurations to confirm these results.

2. Materials and methods

The conceptual framework simulated by our experiments is as
follows: olivine crystals from a natural starting material are placed
in sudden thermodynamic disequilibrium, and their diffusive re-
equilibration with the surrounding melt is tracked with time. The
melt consists of high-Mg (MgO = 11.4 wt.%) tholeiitic basaltic
powder from an 1820-23CE Kilauea eruption, with an olivine cargo
that is often more magnesian (~ Fogg_go, Lynn et al., 2017) than
its host melt (at equilibrium with Fogg_gs.5, Shea et al., 2022). The
starting material was derived from coarsely crushed, vitric ‘golden
pumice’ with less than 10 vol.% olivine (Garcia et al., 2003). Large
(> 0.5 mm) olivine phenocrysts were separated from the crushed
natural basalt to obtain a relatively homogeneous glassy starting
material. Two approaches were then adopted (Fig. 1). First, a se-
ries of charges incorporated 1-5 olivine phenocrysts in the start-
ing basalt powder to replicate a scenario where natural olivine
with a prior history was placed in a basalt melt at a temper-
ature that would induce disequilibrium. In this case, disequilib-
rium was brought about by raising the initial temperature in a
1-atm gas mixing furnace to above the olivine liquidus (1290 °C,
Shea et al., 2019), resulting in partial phenocryst dissolution. Sub-
sequently, charges were cooled rapidly to final temperatures of
1200-1255°C, inducing growth of an olivine rim, and then left
to dwell at the final conditions for durations of 6-84 h. The ad-
vantage of this first approach is that it broadly simulates a real-
world magma mixing scenario. However, this configuration cannot
allow complete separation of zoning associated with diffusive re-
equilibration from potentially pre-existing zoning (despite the par-
tial dissolution step). A second approach therefore involved placing
large (> 2 mm) olivine seeds sourced from San Carlos or the same
Kilauea starting material after manually removing at least 25% of
the broken crystal and rounding the edges. While individual San
Carlos olivine grains are not zoned (Lambart et al., 2022), grinding
the outer portions from large Kilauea crystals removes any poten-
tially zoned rims. Another advantage of using large olivine seeds
is that concentration gradients formed by diffusion will be a tiny
fraction (here, < 150 pm) of the total radius of the seed (several
mm). This configuration helps mitigate any interface curvature or
dimensional effects highlighted in Shea et al. (2015) (see section
Il in the Supplementary Material for details).

Experiments were all carried out at fO, conditions buffered
at 1 log unit below the quartz-fayalite-magnetite reaction curve
(QFM-1), using a mixture of Hy and CO, (Mourey and Shea, 2019;
Shea et al,, 2019). These fO, conditions are within the range in-
vestigated by other solid-solid diffusion studies (e.g., Dohmen and
Chakraborty, 2007). Olivine seeds were placed in globs of basalt
powder and polyvinyl alcohol glue, roughly shaped into a bead
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Fig. 1. (a) Experimental protocol (modified from Shea et al., 2019). The experimen-
tal charges containing Kilauea phenocryst seeds and/or San Carlos olivine seeds (b)
are heated to an initial temperature slightly above the olivine liquidus to prevent
growth and favor slight dissolution. (c) They are annealed for 8-24 h at 1290 °C, be-
fore being cooled to final temperatures between 1200 and 1255°C and left to dwell
at these final conditions for 6-84 h before (d) and (e) being quenched. A number
of these experiments are from Shea et al. (2019) and Mourey and Shea (2019), see
Methods section for details.

around a coiled Re wire loop. The other side of the Re loop was
attached to a Pt hanger at the end of a holder alumina rod and
placed inside the 1-atm furnace at temperatures of 600-700°C.
Temperature was then ramped up to the initial superliquidus con-
ditions at a rate of 240 °C/h. After 8-24 h of anneal time at these
superliquidus conditions, charges were cooled by turning off ele-
ment power (cooling time to final conditions < 4 min) and left
at the final temperatures for various durations before quench-
ing. Quenching involved melting the thin Pt hanger wire so that
the molten beads fell into a water-filled beaker underneath the
furnace. The beads were then recovered, impregnated in a small
recipient of epoxy, and serial-sectioned 3-5 times to ensure max-
imum probability of intersecting a target phenocryst/seed more
than once. The exposed surfaces of each section displaying the
largest phenocryst sections were mounted and polished for elec-
tron microprobe analysis.

Electron microprobe analyses were performed according to an-
alytical setups already presented in Shea et al. (2019). Most olivine
concentration profiles were acquired using a 20 keV accelerating
voltage, a 250 nA current, a spot size of 1-5 microns and an el-
ement setup consisting of Si, Mg, Al, Fe, Cr, Mn, Ni, Ca, P. For
a subset of these profiles, only Si, Mg, Fe, Ca, and Ni were ana-
lyzed. Calibration standards included San Carlos and Springwater
olivine (Si, Fe, Mg), Verma garnet (Mn), Kakanui augite and Du-
rango apatite (Ca, P), plagioclase (Al), chromite (Cr), and NiO (Ni)
standards. Analytical precision is < 10% for P, < 5% for Al, < 3%
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for Cr, Mn and Ni, < 2% for Ca, and < 0.5% for Si, Mg, and Fe.
Concentration profile data are available as Supplementary Mate-
rial. X-ray intensity maps of Mg, Al, P, Ca, Ni were acquired for a
small subset of experimental olivine to verify that the boundary
between slow- (Al, P) and fast- (Fe-Mg, Mn, Ni, Ca) diffusing ele-
ments differed and showed sharp gradients for the slow diffusing
elements. Importantly, Ca concentration profiles likely suffer from
fluorescence effects, leading to apparent increases in Ca at the
olivine rims (e.g., Gavrilenko et al. 2023). No corrections were at-
tempted, meaning that Ca diffusivities obtained suffer from greater
uncertainty. Nonetheless, we choose to report both profiles and
calculated diffusivities for completeness in case robust corrections
can be applied in the future.

Diffusion modeling on resulting concentration profiles was car-
ried out by considering two distinct scenarios: First, under the
assumption that the olivine rims grew around a partially dissolved,
unzoned seed, an initial step-wise profile was constructed, match-
ing changes in concentration shown in Al and/or P when those
elements were analyzed. “1-step” diffusion models were then fit to
the observed Fe-Mg, Ni, Ca, Mn and Cr profiles (note: not all ele-
ments were analyzed in every crystal) (a) to determine timescales
using diffusivity expressions published in the literature and test
whether they matched with experimental timescales, or (b) to de-
termine element diffusivities from the known experimental dura-
tion. In this first set of models, the dwell at the final conditions
(after rim growth) were chosen as the appropriate comparative
timescales. Second, after observing that diffusive re-equilibration
had occurred in some resorbing seeds at the initial conditions (i.e.,
diffusion exceeding the pace of dissolution, see results below), we
carried out additional “2-step” diffusion models. During the first
step, we assumed that resorption at the future core-rim interface
effectively stopped, and that diffusive re-equilibration happened
during the initial 8-24 h at 1290°C. Then, in a second modeling
step, those initial, partially re-equilibrated seeds grow a rim nearly
instantaneously (e.g., Mourey and Shea, 2019) and diffusion pro-
ceeds in a fashion similar to the 1-step models presented above.
The boundary conditions and modeling procedures are detailed in
the Supplementary Material. The figures and tables in the main
text report results pertaining to the 1-step models. The influence of
including multiple steps is further examined in the discussion. Be-
cause temperatures, pressures, fO,, experimental times were well
controlled and a high precision analytical routine was used, uncer-
tainties in calculated diffusivities or timescales were mainly asso-
ciated with profile fitting assumptions relating to the position of
the initial core-rim interface. To account for profile asymmetry as-
sociated with a significant compositional dependence of diffusion
(particularly for Fe-Mg, Ni, Mn), we allowed the interface to be
moved one distance node towards the rim or core to obtain bet-
ter fits to the profiles (Matano-type interface). This choice resulted
in a maximum of two-fold changes in timescales or diffusivities.
Therefore, we conservatively report timescales or diffusivities as
best-fit values with a total range covering 4-fold variations.

We also carried out electron backscatter diffraction (EBSD) anal-
yses on the experimental olivine to determine their orientation
in thin section and allow characterization of diffusion anisotropy.
Data were collected on the Tescan Vega 3 scanning electron micro-
scope with an attached Oxford Symmetry EBSD detector located at
the U.S. Geological Survey Menlo Park, CA USA. Column conditions
were set to 15-20 kV with a 17.5-20 mm working distance. Beam
intensity (effectively beam current) was set to optimize the Kikuchi
pattern but not saturate the image (17-19 on Tescan). Unique so-
lutions were obtained with a Hough resolution between 45 and
60, and a minimum of 9 resolved Kikuchi bands. Finally, the so-
lution was acceptable if the mean angular deviation was less than
1°. The raw data were post-processed using the automated “clean-
ing” feature in Aztec Crystal 2.0, which removed wild spikes and



T. Shea, D. Ruth, M. Jollands et al.

T=1255°C t.=6h y_=58°

.=1255°C t.=0.5d y_,=86°

Earth and Planetary Science Letters 621 (2023) 118370

T.=1255°C t.=3.5d y_=89°

F
@) N ]
100 pm
89 89
0000000000 000
p sse, Fe-Mg | Fe-Mg = o
- I 4 Fe-Mg 84 o é
() 9 62 hrs | ? 871 p, ®
S (31-124) % 5.5days | ¢ 32.3 days
£ 80l R (2.7-11) &§°® (16.1-64.6)
o [¢] ® 85 &0
w -8 o
@ [ %o, o@
000000 0©
85 L 76 L 83 L
0.28
205505000 Ni Ni Ni Dooooooo
o ° oo 040 F o
__o4of of F 0000 o
S 47 hrs L f;%? ossh 710.5 days
g J (2394 026 Yoo (92:36:9) : 4 (5.2:21)
Z 035r ° ° 4
z 7 L © Oo°° 0 030 009
o [ FO-0-0
o
o] o
0.30 L 0.24 L L
0.18 0.30 0.20
e Mn Mn S00500500%0 °
RS 025 9 018F 70 %o g
3 o1l & 86hrs ’ § 3.3 days o 135days
c \ (43-172) ¢ (1.6-6.6) 0, (6.7-27)
= e 9 016 Mn o
r o IS o%0 0.20 - Q ) °
=02 O°O°° 0=—0—0.0
0.14 (o] ° 1 1 °
o 50 100 0 50 100 0 50 100

Distance (um)

Distance (pm)

Distance (um)

Fig. 2. Three sets of experimentally-produced concentration profiles in Fe-Mg, Ni and Mn in natural Kilauea olivine at 1255°C, and diffusion timescales retrieved assuming
diffusivities available in the literature (Dohmen and Chakraborty, 2007; Chakraborty, 2010). These experiments involved no grinding of crystal rims prior to the run (see
Methods for details). (a) Profile oriented 58° from the c-axis after 6 h of diffusion in normally-zoned olivine phenocryst yields best-fit timescales between 47-86 h. (b)
Profile in reversely-zoned olivine after 12 h of diffusion yields best-fit timescales of 3.3-18.4 days (asterisk denotes a less well-resolved analytical profile for Ni). (c) Normally-
zoned olivine after 84 h of diffusion, with calculated timescales of 10.5-32.3 days. Timescales in parentheses show the maximum allowable range given a 4-fold uncertainty

associated with diffusion modeling assumptions.

zero solutions. The traverse-crystallographic axes angles are sum-
marized in the Supplementary Table, and the full EBSD map data
with Euler angles is available as a compressed Supplementary Ma-
terial file.

Lastly, two experiments were imaged using transmission elec-
tron microscopy to try and resolve planar defects that may be
present between a partially resorbed olivine core and overgrowth
rim, as well as at the interface between olivine and basalt glass.
An electron-transparent thin section of each olivine, 100-150 nm
thick, was produced using a Helios 660 dual-beam focused ion
beam SEM (FIB-SEM, FEI Co.) instrument with an Oxford Instru-
ments XMaxN 80 silicon drift detector system at the Advanced
Electron Microscopy Center at the University of Hawai‘i at Manoa.
The FIB section was then characterized by employing 300 kV
brightfield imaging and high-resolution lattice-fringe imaging us-
ing a 60-300 kV high-base Titan G2 analytical (scanning) trans-
mission electron microscope (TEM/STEM, FEI Co.).

3. Results
The subset of experimental olivine mapped for cation zon-

ing shows that, as expected (e.g., Spandler and O’'Neill, 2010;
Chakraborty, 2010), gradual concentration gradients in Fe-Mg, Ni,

Ca, and in many cases Cr, formed between cores and rims (Figs. 2,
3, 4 and Table 1). By contrast, slower diffusing elements like P and
Al showed sharp step-wise gradients. We therefore concluded that
the experimental protocol was successful in creating sharp inter-
faces between dissolution and growth, and that gradual changes
in surrounding melt composition during dwell times at the final
composition were likely minor compared to the instantaneous per-
turbation caused by imposing sudden undercooling (Shea et al.,
2022).

Using published diffusion coefficients to calculate timescales
from experimentally-produced gradual concentration profiles in
Fe-Mg, Ni, Mn - and to a smaller subset of profiles of Ca and
Cr - from rim to core resulted in durations that are systematically
overestimated (Figs. 2, 3). The true experimental dwell times at
final conditions are shorter by factors of 5-20x (Fe-Mg), 2-21x
(Ni), 4-24x (Mn), 5-65x (Ca), or on average, by about an or-
der of magnitude (Figs. 3, 4). These results assumed that olivine
seeds were either unzoned at the start (San Carlos olivine) or dis-
solved sufficiently to remove any prior existing zoning at the rim
(Kilauea phenocrysts). Examination of olivine seeds quenched at
superliquidus initial conditions (1287 and 1290 °C) prior to cool-
ing revealed a number of grains that were indeed homogeneous
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Table 1

Summary of experimental conditions and calculated cation diffusivities (see Supplementary Table for more details).
Experiment  Start T Dwell @ start T End T Dwell @ End T DFg Dni ch DN%H ch

o o 2
) (h) ) (h) (%) (%) (") (") (")

k1820-0l4 1290 24 1255 48 1.7E-15 8.3E-16 6.2E-16 1.6E-15 -
k1820-0l15 1290 24 1255 84 79E-16  3.1E-16  29E-16 34E-16 -
k1820-0l116 1290 24 1255 6 1.3E-15 1.2E-15  33E-15 18E-15 -
k1820-0118 1290 24 1255 12.33 1.6E-15  9.0E-16  11E-15 9.2E-16 -
k1820-0118 1290 24 1255 12.33 1.4E-15 19E-15  2.8E-15 - -
k1820-0118 1290 24 1255 1233 1.1E-15 2.6E-15  73E-16  2.3E-16
k1820-0120 1290 24 1220 6 9.5E-16  4.5E-16  8.5E-16 - -
k1820-0120 1290 24 1220 6 3.9E-15 6.3E-15 - - -
k1820-0120 1290 24 1220 6 8.9E-16  7.0E-16  2.1E-15 11E-15
k1820-0123 1290 24 1290 0 3.5E-15  2.6E-15 - - -
k1820-0125 1290 8 1240 48 44E-15 3.9E-15 5.1E-16 2.3E-15 6.0E-15
k1820-0125 1290 8 1240 48 43E-15 5.3E-15 6.3E-16  3.6E-15  5.7E-15
k1820-0125 1290 8 1240 48 33E-16  2.6E-16  2.6E-16  5.6E-16  19E-16
k1820-0125 1290 8 1240 48 4.8E-16 4.2E-16 2.9E-16 4.5E-16 3.4E-16
k1820-0126 1290 8 1240 48 5.8E-16  4.4E-16 - - -
k1820-0126 1290 8 1240 48 5.8E-16  3.6E-16  2.8E-16 - -
k1820-0126 1290 8 1240 48 2.8E-15  16E-15 3.6E-16 - -
k1820-0126 1290 8 1240 48 2.7E-15  21E-15 5.8E-16  2.0E-15
k1820-0127 1287 24 1287 0 1.2E-15 - 29E-16  16E-15 1.7E-15
k1820-0131 1290 24 1200 48 3.1E-16  2.5E-16  1.7E-16 - -
k1820-0131 1290 24 1200 48 1.9E-15 1.6E-15 - -
k1820-0131 1290 24 1200 48 2.9E-16 - 2.8E-16 - -
k1820-0131 1290 24 1200 48 1.2E-15 9.1E-16  3.5E-16 - -
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in composition, but others that exhibited concentration gradients
even before growth of a rim (Figs. A1 and A2). This zoning ap-
peared even in large San Carlos seeds known to be initially un-
zoned. Thus, rates of dissolution in some cases were slower than
rates of diffusion. This observation is at odds with our predictions
based on published diffusion rates, which anticipated formation of
at most ~ 10 um diffusive gradients under the assumption of no
dissolution. In the discussion section, we consider in more detail
how zoning in the initial olivine seeds before cooling, formation
of a rim and diffusive-equilibration between seed and rims could
affect our results.

Diffusivities calculated from fitting the same profiles yield val-
ues that are on average about 10x, 7.5x, 9x, 10x faster for Fe-
Mg, Ni, Mn and Ca (Figs. 5 and 6). Our data spans the same range
as Fe-Mg, Mn, and Ca data from Jurewicz and Watson (1988), and
largely overlaps with that of Spandler and O’'Neill (2010). While
the olivine-melt diffusivities are almost an order of magnitude
higher for most cations, their anisotropic behavior is consistent
overall with olivine-olivine (solid-solid) data. Fe-Mg and Mn dif-
fusivities are about 6x higher along the c-axis than along the a or
b-axis, matching prior findings (Chakraborty, 2010) (Fig. 7). Ni dif-
fusivities can be fit by accounting for a ~ 10x anisotropy, slightly
higher than the 6x anisotropy obtained by Petry et al. (2004). Ca
diffusivities also span an order of magnitude, without showing a
consistent orientation-dependence (Fig. 7). Part of this variability
may be associated with fluorescence effects at the edge of the

concentration profiles. By contrast, fluorescence has little effect on
Fe-Mg, Ni and Mn.

4. Discussion: making sense of discrepant experimental results

The cation diffusion rates obtained from our olivine-melt dif-
fusion experiments are in disagreement with those obtained in
studies that employed solid-solid couples (powder source, thin
films, or olivine couples). The discrepancy is of nearly an order
of magnitude for the few elements investigated. Faced with such
unexpected results, we discuss next experimental caveats and al-
ternative explanations for why our experiments yield higher diffu-
sivities. The following hypotheses are considered:

Hypothesis 1. Diffusivities are higher in appearance only because
our models do not account for growth-induced zoning.

Hypothesis 2. Diffusivities are higher in appearance only because
diffusive gradients are already present after the initial superliq-
uidus anneal.

Hypothesis 3. Diffusivities are enhanced by the presence of
growth- or dissolution-related planar defects.

Hypothesis 4. Diffusivities are enhanced by the chemistry of the
surrounding melt, which modifies the point defect population of
the olivine.
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4.1. Hypothesis 1: diffusivities are higher in appearance only because
models do not account for growth-induced zoning

Olivine seeds experience disequilibrium both during the initial
anneal phase and during cooling at the final temperatures. As in
most diffusion chronometry applications, the modeling assumes
that the rims formed abruptly (timescale of crystal growth « dif-
fusion timescale), creating a step-like concentration gradient be-
tween core and rim. If instead the timescales of rim development
and intracrystalline cation diffusion are comparable, concentration
gradients produced would be the result of a combination of both
processes. The rim would at least partially record the evolving melt
composition as undercooling is being relieved. Modeling diffusion
only along a core-rim transect affected by both growth and diffu-
sion would lead to diffusivity overestimates (Costa et al., 2008).
Two lines of evidence argue against significant contribution of
growth to generating gradual changes in concentration: (a) A study
by Mourey and Shea (2019) showed that much of the growth oc-
curs in < 1 hr in experiments that used the same starting material
and cooling strategy. (b) The sharp boundaries identified in slow-
diffusing elements like Al or P in X-ray maps indicate that olivine
immediately started growing rims with strongly contrasting com-
positions, and that they did not record a progressive change in
surrounding melt composition over the experimental timescales.
Shea et al. (2022) also showed that non-seeded crystals that nu-
cleated and grew in some of the same charges showed little to no
Fe-Mg zoning. We therefore conclude that the higher diffusivities
we obtained cannot be the consequence of growth contributions to
zoning.

4.2. Hypothesis 2: diffusivities are higher in appearance only because
diffusive gradients are already present after the initial superliquidus
anneal

To investigate the extent to which concentration gradients de-
veloped by diffusion during the initial anneal step at superliquidus
temperature, we quenched two experiments after 24 h at the start-
ing conditions. Despite initial expectations that gradients in Fe-Mg
longer than ~ 10 pm should not develop according to diffusivi-
ties (Dohmen and Chakraborty, 2007) and dissolution rates (Chen
and Zhang, 2008) available in the literature, olivine grains within
the two benchmark runs (one Kilauea seed and one San Carlos
seed) showed variably zoned Fo profiles (see Supplementary Ta-
ble). Some gradients reached up to 40 pm along the c axis, while
others were far more restricted (10 pm or less), indicating that dis-
solution rates competed with diffusion rates to variable extents. To
further quantify the possible effect of diffusion at the superliquidus
anneal stage, we re-modeled concentration gradients in the olivine
that had undergone annealing, cooling and rim growth assum-
ing two separate steps: A first step involved diffusion at the ini-
tial high temperature (1290 °C) conditions, taking diffusivities ex-
tracted from the San Carlos benchmark experiment (k1820_ol27),
and a second step involved diffusion at the lower temperatures
(1200-1255°C). The boundary conditions for the initial superliq-
uidus treatment were taken by fitting straight lines through plots
of Fo, Ni, Mn, Ca vs. T - including data on newly grown olivine
from Shea et al. (2022) - yielding equilibrium rim compositions of
Fogs, NiO = 0.36, CaO = 0.25, MnO = 0.17 wt.% respectively (see
for example Supplementary Fig. A3). The two-step models gave
slightly lower diffusivities globally, on average by factors of 1.86x,
1.44x, 1.93x for Fe-Mg, Ni, and Mn respectively (maximum dif-
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for uncertainties in modeling carried out to extract diffusivities and cover a range of 0.6 log units.

ferences of 5x, 3.4x and 4.3x for each element), insufficient to
account for the order of magnitude differences observed. We note
that certain profiles yielded a better fit (lower RMSD) with a one-
step model. Additionally, certain profiles could not be fit at all
using 2-step models but were well matched by simple 1-step mod-
els (e.g., Ca in ol25, compare Fig. 4 and Fig. A5). A number of
profiles (k1820_0120) also yielded the same or higher diffusivities
under the two-step assumption, likely because diffusion mostly oc-
curred during the second cooling step (e.g., k1820_ol18, k1820_ol2,
k1820_ol26, Fig. A6). In all cases, the premise that concentration
gradients formed both during the annealing and after the cooling
stage did not result in modeled diffusivities that were low enough
to explain the discrepancies between our experiments and solid-
solid couples. Maximizing the amount of diffusion that could have
occurred during superliquidus treatment does not result in signif-
icantly different diffusivities after rim growth and equilibration at
the final temperatures. We therefore reject Hypothesis 2 as a rea-
sonable explanation for our different results.

4.3. Hypothesis 3: diffusivities are enhanced by the presence of growth-
or dissolution-related planar defects

Several studies have shown that cation diffusivities can be en-
hanced by the presence of extended planar or tube defects (O in
titanite, Zhang et al., 2007; Ti in olivine Burgess and Cooper, 2013;
Fe-Mg in olivine, Chakraborty et al., 2016; Zr in rutile, Verberne
et al., 2022). These extended defects may act as fast diffusion path-
ways, therefore resulting in greater diffusivities than crystals that
are free of those types of defects. We examined whether similar
dislocations and/or tube defects could have played a role in in-
creasing cation diffusivities in our experiments. Dislocations could
potentially form as a result of interface reaction during dissolu-
tion at the initial conditions or during rapid disequilibrium growth

of rims around pre-existing seeds. To explore this possibility, we
carried out a TEM investigation of two experimental olivine from
our series. A first 10 pm-wide foil was extracted using a focused
ion beam scanning electron microscope (FIB-SEM) within a crystal
showing rounded edges that was quenched after 24 h at the su-
perliquidus conditions (k1820_ol23). The foil was extracted across
the olivine-glass interface (Fig. 8). A second foil was removed at
the boundary between seed and overgrowth rim in the shortest
experiment (6 hr at 1220°C, or AT =60°C) to look for planar de-
fects on either the seed or the rapidly grown rim side. The first foil
revealed a ~ 20 nm transitional region between the olivine seed
and the glass consisting of discontinuous layers of well-structured
olivine without apparent planar defects, and unstructured glass
(Fig. 8). While this would presumably be a region of enhanced
cation diffusivity, its width is far too narrow to account for the pro-
duction of concentration gradients several tens of microns in size.
The second foil resulted only in perfect olivine lattices both on the
seed and rim side, again without evidence for planar or tube de-
fects in TEM imaging. To determine whether dislocations played
a role on the larger scale, we also acquired EBSD maps in sev-
eral grains from our experimental series. Dislocations of a degree
or less can be resolved with this technique. Both in smaller and
larger high-Fo seeds, EBSD maps clearly resolve a number of dislo-
cations associated with slightly misoriented lattices (Fig. 8). This is
particularly prominent in a large San Carlos seed. In both cases, no
significant changes in the length of concentration gradients could
be measured at and away from those dislocations (See Supplemen-
tary Fig. A5). Given these nanoscale (TEM) and microscale (EBSD)
observations, we conclude that on a scale relevant to concentration
gradients observed in the experimental charges (10 or more mi-
crons), planar and tube defects are unlikely to have played a role
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Fig. 8. Search for tube defects or planar dislocations at the micro- and nanoscopic level. (a) EBSD maps in a San Carlos olivine seed (left) and in a natural Kilauea seed
(right) showing dislocation planes in the experimental crystals. These dislocations, however, are uncorrelated with the length of concentration profiles measured (see text
and Supplementary Figures). (b) FIB sections were collected in a dissolving (top) and crystallizing (bottom) olivine at the glass-crystal and rim-core interfaces, respectively.
In both cases, STEM atomic-resolution darkfield imaging failed to detect any planar or tube dislocations (bottom right). The crystal-melt interface shows a transitional region
of ~ 20 nm with well ordered olivine and no order that could form a region of enhanced diffusivity. However, this region is several orders of magnitude too thin (20 nm) to

account for the length of concentration gradients measured (tens of microns).

in enhancing cation diffusivities when compared to experimental
olivine from other studies in the literature.

4.4. Hypothesis 4: diffusivities are enhanced by the chemistry of the
surrounding melt and/or point defects

In the absence of any solid evidence for significant growth-
induced contributions to zoning in the diffusion experiments, the
likely minor effect of diffusion during the initial dissolution stage,
the absence of planar or tube defects resolved at the pm scale,
and without any correlation between detected planar dislocations
at the crystal scale, we are left with the more likely scenario that
an enhanced point defect population catalyzes diffusion of octahe-
dral cations in olivine. Unlike planar or tube defects, point defects
are not readily resolvable by TEM or EBSD analysis and thus sub-
ject to additional speculation.

There are various ways in which a modified point defect popu-
lation may affect cation diffusivity in metal sites, but any plausible
mechanism must account for the enhanced diffusivities observed
in our experiments as well as those of Jurewicz and Watson (1988),
and to some degree Spandler and O’Neill (2010), but not in most

10

other studies involving solid-solid couples. A natural extrapolation
of results from these and our studies is that the presence of melt
somehow increases diffusion in the lattice. The hypothesis that
melt better wets the olivine surface and, in practice, provides un-
limited supply of cations compared to powder or thin film sources
does not offer a valid explanation for this discrepancy. The diffu-
sant source boundary conditions mainly control the abundance of
cations as a function of partitioning laws between the diffusion
couple, but do not necessarily affect their mobility. If melt or an-
other agent is responsible for important differences in diffusivities,
the underlying mechanisms have to exert an influence on the na-
ture and concentration of point defects.

To understand the effects of different chemical components en-
tering the olivine structure on cation diffusivities, it is necessary
to examine their influence on metal site vacancies. This is because
the cations studied here are expected to move by exchange with
vacant octahedral M-sites. In the following analysis, we assume
that arrival of components to the olivine interface is not kineti-
cally hindered - i.e., that these components are in high abundance
in the melt around the crystal. We focus on the fayalitic com-
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ponent of olivine since it exerts a major control on the vacancy
concentration, but the following equations could be rewritten to
add a forsteritic component as well. Formation of vacancies can be
achieved simply by oxidation of Fe’* to Fe3T on the octahedral
site (Nakamura and Schmalzried, 1983; Kohlstedt and Mackwell,
1998; Dohmen and Chakraborty, 2007):

2Fe2Si04 + Si02(m) + 02(g) = 3Fei/+352 /35104 (1a)

The symbol [J denotes a vacancy, in this case on the metal site,
and (g) refers to a gas phase while (m) refers to the melt phase
here.

In Kréger-Vink notation, this equation is written:

(1b)

In this notation, structural units of crystals Xf, are defined by the
species/element/defect X (V italicized is used for vacancies), the
crystallographic site y (e.g., Si for tetrahedral site, M for metal va-
cancy or octahedral site, i for interstitial), and the charge z relative
to the ideal crystal. If there is not charge excess or deficit, z takes
on the symbol x (e.g., Fegy for Fe?* on its normal octahedral metal
site), while positive and negative charges with respect to the ideal
crystal are noted ® and ' (e.g., Fe/Si for Fe3* on a tetrahedral ‘sili-
con’ site).

The product side of Eq. (1) is associated with the charge neu-
trality condition:

[Fep] =2[Vi] (1¢)

where square brackets mean concentration of the defect species
per mole olivine.

Assuming that vacancies can be readily incorporated in the lat-
tice at the interface through reaction (1), their diffusion through
the crystal can proceed through simple exchange with adjacent
atoms of Fe?™ or Mg?*, mediated by Fe redox reactions. Diffu-
sion and distribution of vacancies should be much faster than
cation diffusion in our experiments, occurring in < 2 min at the
lowest temperature investigated (1200 °C) and along the slow dif-
fusion direction [001] (Kohlstedt and Mackwell, 1998; Demouchy
and Mackwell, 2006; Li et al., 2022). While the reaction described
by Eq. (1) adequately explains the formation of vacancies in olivine
under fO, conditions applicable to most magmas, it does not ad-
equately explain why melt-bearing and melt-free systems would
lead to different cation diffusivities. We consider four ways in
which the presence of melt may affect vacancy concentration and
diffusion within the lattice:

6Fep; + Si02(m) + 02(g) = 2V} + 4Fey + FezSi04

(1) Melt could exert a higher silica activity (aSiOy, left side of Eq.
(1)) than mineral assemblages (olivine, enstatite, periclase) or
thin films (e.g., Dohmen et al., 2007) typically used to buffer
aSiO; in many solid-solid experiments. Increasing aSiO, leads
to formation of additional M-site vacancies that lead to higher
diffusivities of M-site atoms (Zhukova et al., 2014, 2017; Muir
et al,, 2020; Jollands et al., 2020b). However, MELTS models
(Gualda et al.,, 2012) carried out to calculate aSiO; in basalt
melt with the same composition as the experimental start-
ing material co-existing with olivine reveal that aSiO, is not
so different than in olivine-olivine experiments buffered by
enstatite, and even possibly lower (aSiO; ~ 0.4-0.6 in MELTS
models, aSiO, ~ 0.6-0.7 in enstatite-olivine experiments, e.g.,
Zhukova et al., 2014). We therefore conclude that aSiO, is un-
likely the cause of higher diffusivities in our experiments.

Natural basalt melt contains numerous elements (e.g., Ti,
Al, Na, K, etc.) that are incompatible and in trace amounts
in olivine, and thus usually in much higher abundance in
melt-olivine couples than in solid-solid configurations. Among

(2)

~—
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those, Al is a particularly interesting contender because its
concentration in melt is three orders of magnitude higher than
in the olivine (e.g., Shea et al., 2019). Al is known to diffuse via
two different site-specific mechanisms (Zhukova et al., 2017):
a dominant, slow-diffusing regime on the T-site and a much
faster mechanism mediated by Al on the M-site. In the latter
case, A’* may be incorporated on a M-site at the interface by
the crystallization reaction:

2Al;03(m) + 3Si02(m) = 3A1273E|2/3Si04 (2a)
Or, in Kroger-Vink notation:

2A1,03(m) + 3Si02(m) = 2V + 4Aly, (2b)
With the charge neutrality condition:

[Al] =2[Vu] (20)

This reaction implies that aAl,03 will strongly influence the
formation of vacancies, but only when Al is incorporated into
the octahedral site. In reality, Al is more commonly incor-
porated into the tetrahedral (Si) site, where Mg?t and Si**
are substituted for 2 AI>*. Unlike with Eq. (2), incorporation
of Al in the tetrahedral site does not directly lead to forma-
tion of octahedral vacancies, and its diffusion is too slow to
influence cation diffusion on neighboring M-sites. Nonethe-
less, as little as tens of ppms of Al present in the octahedral
site could have an important effect on metal vacancy con-
centration (Muir et al., 2020). Cr, in contrast, has comparable
concentrations (~ 1000 ppm or less) in melt and olivine (par-
tition coefficient closer to unity) so that it probably influences
olivine-olivine and melt-olivine diffusion couples in the same
way, and are less likely to lead to the observed differences in
M-site-cation diffusivities in melt-bearing and melt-free stud-
ies. We note that Cherniak (2010) and Watson et al. (2015)
used Al-rich solid powder sources in their studies of REE and
P diffusion in olivine and obtained relatively slow diffusivities
in both cases. Direct comparisons are, however, difficult be-
cause divalent cation diffusivities were not measured.

We also note that boundary layers enriched in incompati-
ble (e.g., Al) or other elements less abundant in olivine than
melt (Si) typically form in the melt surrounding rapidly grown
olivine and their increased activity could possibly affect defect
formation at the interface. However, these enrichments are
< 10% relative to the far field composition (Shea et al., 2019)
and will not increase aAl,03 or aSiO, to a significant enough
degree. While boundary layers may exert a minor influence on
defect formation at the interface, they cannot explain the or-
der of magnitude difference in diffusivities observed.

Natural basalt melt contains a substantial amount of water,
even at 1-atm conditions (e.g., ~ 1000 ppm). Under hydrous
conditions, with contribution of a H,O component in the melt,
another major defect type involves the creation of vacancies
on the metal site by incorporation of OH groups in the olivine
structure. One possible reaction is:

1 3
Fe2"Si04 + Si0z(m) + S H20( fh+ S02(8) = 2Fe3+OHSi04
(3a)

Or, in Kroger-Vink notation:

. 1 3 )
Feyy +Si02(m) + S H>0(f1) + 502(g) =Fefy + {omg - Vi)

(3b)

With the charge neutrality condition:
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[Fet] = [{©OH)8 — Vi) ] (30)

Comparable reactions have been proposed previously to ex-
amine incorporation and intracrystalline diffusion of hydrogen
(Kohlstedt and Mackwell, 1998; Demouchy et al., 2007).

Following the same logic as Wang et al. (2004) or Hier-
Majumder et al. (2005), extra vacancies formed by significantly
increasing the amount of Al or H incorporated at the melt-
olivine interface should be correlated positively with diffusiv-
ity of elements like Fe-Mg. This is usually expressed as:

(4)

Where Dreg is the Fe-Mg interdiffusivity, DV[\Ze the effec-
tive vacancy diffusivity, and XV,’&,e the total concentration of
vacancies in the octahedral site. Assuming that vacancies as-
sociated with OH, Aly; or Fey; all contribute to Xy, , Fe-Mg
interdiffusion should therefore increase with an increase in
their abundance. In our experiments, it is possible that hy-
drogen is diffusing in or out of the olivine, depending on the
natural setting in which they crystallized. San Carlos is likely
drier than Kilauea olivine, and the latter may have crystallized
in a more HyO-rich melt than our experiments. Despite these
differences in H concentration, both types of olivine yield the
same order-of-magnitude higher diffusivities than prior stud-
ies utilizing dry solid-solid couples. Most likely, it is the final,
equilibrium vacancy concentration that influences cation dif-
fusion more than the short-term directionality of hydrogen
diffusion.

Rapid olivine growth results in higher and/or non-equilibrium
point defect concentrations. Our TEM and EBSD investigation
failed to reveal planar or other defects within both the core
and rapidly grown rims of olivine. It is, however, possible
that rapid crystal growth sets - or resets — the concentra-
tion of various point defects by incorporating trace elements in
higher, disequilibrium concentrations (e.g., Watson and Miiller,
2009; Shea et al., 2019). Two indirect lines of evidence suggest
rapid growth is not necessary to lead to higher diffusivities: (a)
Spandler and O’Neill (2010) obtained high cation diffusivities
in melt-olivine experiments devoid of growth at the interface;
(b) Our experiments quenched at superliquidus temperatures
(ol23 and 0127, Table 1) yielded diffusivities much higher than
predicted by the literature, exceeding dissolution rates, and
without experiencing growth. These results do not ultimately
imply that rapid growth has no effect on cation diffusivities,
but rather that it is not a sine qua non condition for fast dif-
fusion.

Dre-mg =Xyr - Dyr

=

Future studies will hopefully shed light on which of these point-
vacancy-forming mechanisms is most likely to affect M-site cation
diffusivities. The full contribution of Al will be difficult to constrain
experimentally, given the challenges in isolating the effect of aSiO,
from aAl,03 and in distinguishing the far less abundant octahe-
drally coordinated Al from tetrahedral Al In contrast, pinpointing
the relative influence of H may be more tractable given that hydro-
gen concentration can be controlled independently via changes in
experimental pressure and/or oxygen fugacity. The effect of rapid
growth on defect concentration and cation diffusivities will in turn
require series of experiments comparing reaction-free and over-
grown melt-olivine interfaces.

5. Implications for diffusion chronometry
Disagreements between experimentally-derived element diffu-

sivities are relatively common and can originate from differences
in the experimental and/or analytical approach used, or complex
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Fig. 9. The effect of underestimating diffusion rates by a factor of 10 on timescales
associated with magmatic processes (e.g., mixing-to-eruption) at basaltic and an-
desitic volcanoes (modified from Costa et al., 2020). Timescales that were previously
thought to represent processes occurring over ~ 1-month to 1-yr periods would be
shifted to ~1-day to ~ 1-month.

multi-site diffusion behavior (e.g., Cherniak, 2010 and Spandler
and O'Neill, 2010 for REE in olivine; Allan et al.,, 2013 and Dohmen
et al,, 2016 for Fe-Mg in opx; Cherniak et al., 2007 and Jollands
et al, 2020a for Ti in quartz; see also Dohmen et al., 2010 for
multi-site Li diffusion in olivine). Some of these discrepancies in
olivine were acknowledged and discussed (see Chakraborty, 2010
for a review) but their origins have remained puzzling. Our results
show that, similar to Jurewicz and Watson (1988) and Spandler
and O’'Neill (2010), experiments that involve melt-bearing config-
urations tend to yield higher diffusivities. Applications of diffusion
chronometry focused on the timescales of magmatic processes may
thus need to be revisited. Cation diffusivities examined here (Fe-
Mg, Ni, Mn, and to a lesser extent Ca) are 10 times faster than in
melt-free systems, meaning that timescales obtained from model-
ing natural concentration profiles may be 10 times shorter than
the values published. If true, interpreting and correlating these
timescales in the context of pre-eruptive unrest sequences and
other datasets (e.g., seismicity, deformation, gas release, changes
in melt inclusion trapping depths) will also require reexamination.
Fig. 9 shows the effects of shortening the timescale compilation
of Costa et al. (2020) by a factor of 10. Pre-eruptive magmatic
timescales previously recorded perturbations generally occurring
on timeframes of a month to a few years. These perturbations to
the magmatic system would have occurred days to a month prior
to eruption using faster diffusion rates.

6. Conclusions

Diffusion experiments involving melt-olivine couples have so
far yielded faster diffusion rates for major and minor elements
compared to experiments that use olivine-olivine, thin film-olivine
or powder-olivine couples. Interface reactions (growth, dissolution)
or the lack of a perfect interface geometry in our seeded experi-
ments cannot reasonably explain the order of magnitude differ-
ence in measured diffusivities. Other planar, dislocation-related or
‘tube’ defects previously suggested to enhance diffusion are absent
or uncorrelated with concentration gradients. We conclude that
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point defects, presumably additional vacancies created at or near
the melt-olivine interface, are likely responsible for the higher dif-
fusivities. Elements that are in far higher concentration in melts
compared to most solid diffusant sources (e.g., Al, Ti, Na, H) may
be involved in vacancy-forming reactions as they are incorporated
as trace elements in the olivine lattice. For applications of diffu-
sion chronometry that involve melt-rich magmatic systems, con-
firming these results and targeting the specific reactions involved
in catalyzing diffusivities will be critical. The next generation of
olivine diffusion experiments could expand and generalize the use
of olivine crucible configurations with well controlled interface
geometries (Spandler and O’Neill, 2010) to derive revised cation
diffusivities. In the meantime, we recommend that studies uti-
lizing concentration gradients in Fe-Mg, Mn, Ni or Ca to extract
timescales continue to use values from solid-solid couples but con-
sider the possibility of an order of magnitude change and the
consequences for pre-eruptive processes on a case-by-case basis.
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