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Crystals and bubbles nucleate and grow in a magma that experiences a range
of temperatures, pressures and strain-rates. We have a good conceptual and
sometimes quantitative understanding of how crystallization and bubble nucleation
are controlled by decompression and cooling. Here we explore the effect of strain-
rate on the crystallization kinetics of magmas. In order to understand the interaction
between deformation and crystallization, samples of basalt were deformed during
their crystallization. We made measurements at subliquidus conditions (1160°C) and
deformed samples in compression at strain-rates varying from 0 to 2 x 104 s~!
for a total strain of 0.31. We simultaneously imaged the samples using X-ray micro-
tomography. Without deformation, no crystallization was observed over the course
of a 260 min experiment. Once deformation was applied, crystallization initiated.
Deformation increased the nucleation rate, increased crystal growth rates, and
decreased the incubation time. Increasing the strain-rate, however, does not show a
discernable effect of crystallization kinetics. We hypothesize that deformation may have
an effect on the parameters that govern the crystallization kinetics of magmas, such as
activation energy and diffusion by changing chemical potentials.

Keywords: deformation, crystallization, X-ray micro-tomography, activation energy, diffusion, chemical potential

INTRODUCTION

Considerable effort has been devoted to studying magma rheology in order to understand the
transport of magma into and through the Earth’s crust and the eruptions of volcanoes. From
magma reservoirs to Earth’s surface, magmatic liquids are subject to various deformation processes
including shearing, extension and compression. The response of magma to this deformation is a
function of intensive parameters (e.g., melt composition, crystal and bubble fraction) and extensive
conditions (temperature, pressure) and has been widely studied (e.g., Shaw et al., 1968; Spera et al.,
1988; Pinkerton and Stevenson, 1992; Caricchi et al., 2007; Cordonnier et al., 2009; Pistone et al,,
2012). On the way to the surface, magmatic liquids also undergo textural and structural changes
generated by depressurization, cooling and changes in oxygen fugacity leading to disequilibrium
rheology (e.g., Giordano et al., 2007; Kolzenburg et al., 2016, 2017, 2018a,b,c; Vetere et al., 2019) and
crystallization (e.g., Arzilli and Carroll, 2013; Vetere et al., 2013, 2015). Crystals and bubbles thus
nucleate and grow in a magma that experiences a range of temperatures, pressures and strain-rates.

We have a good conceptual and sometimes quantitative understanding of how crystallization
and bubble nucleation are controlled by decompression and cooling. Since all magmas have
deformed during their ascent, understanding if and why deformation affects their crystallization
are relevant for relating observations in natural samples to those from laboratory experiments that
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only vary pressure, temperature and composition. The effect of
deformation on the crystallization kinetics of basaltic magma
has been studied experimentally at high strain-rates and strains
(Kouchi et al., 1986; Vona and Romano, 2013; Kolzenburg et al,,
2018b). Shear-enhanced crystallization can in some cases have a
large effect on the evolution of rheology and hence magma and
lava flow (e.g., Kolzenburg et al., 2018b).

Although flow-enhanced nucleation in polymer melts
has been well-documented experimentally and probed with
molecular simulations (e.g., Nicholson and Rutledge, 2019
for a recent review), fewer studies have been performed on
silicate melts. Kouchi et al. (1986) deformed basaltic melts in
torsion at a constant sub-liquidus temperature. By comparing
the obtained microstructure with an undeformed sample,
they noticed that the crystal nucleation rate is higher and
that the nucleation incubation time is shorter in deformation
experiments. The crystalline phases are small and acicular in all
dynamic experiments performed at low undercooling, which is in
contrast to the theory of the dependence of crystal morphologies
upon undercooling (Lofgren, 1974; Kirkpatrick et al, 1979).
Instead, we expect euhedral crystals at low undercooling and
acicular crystals at high undercooling (e.g., Shea and Hammer,
2013; Pontesilli et al., 2019).

An increase in crystal growth rate was also observed in
concentric cylinder experiments by Vona and Romano (2013)
in basaltic melts, by Chevrel et al. (2015) in andesitic melts,
and by Campagnola et al. (2016) in tephriphonolitic melts.
The authors of these studies explained their results by the
thinning of the diffusion boundary layer around the growing
crystals. The induced flow in the silicate liquid facilitates the
transport of elements close to the liquid/crystal interface and thus
favors crystal growth by supplying to the crystal surface fresh
liquid that has not been depleted of components compatible in
crystalline phases. In these three studies, however, the samples
were deformed using a concentric cylinder apparatus which
promotes highly efficient advection. The role of other parameters
influencing the crystallization kinetics, such as the activation
energy, are thus difficult to assess.

Here we first review the equations governing the nucleation
and growth rates of crystals in melts and their incubation time.
Then we present new results on the crystallization kinetics of
spinel and Fe-Ti oxides in basaltic melts undergoing deformation
by unconfined uniaxial compression. The influence of strain-rate
on crystal nucleation and growth is characterized in situ using
X-ray micro-tomography.

Crystal Nucleation and Growth
The steady state nucleation rate J of crystals in melt follows an
Arrhenius equation and its simplified form is:

where T is the temperature, Kp is the Boltzmann constant, A
is the pre-exponential term and E is the energy term. Although
the equations used for calculating A and E differ in different
studies, the parameters included in these equations are similar.

The pre-exponential term A represents the transport of atoms
to the crystal nuclei and includes the frequency of attachment
attempts and the concentration of atoms in the vicinity of the
nuclei (e.g., Hammer, 2008). Other studies include as well in the
pre-exponential term A the energy at the interface between the
nuclei and the melt o, (e.g., Fokin et al., 2006). The energy
term E generally includes the activation energy necessary for
the incorporation of atoms in the nuclei, the bulk free energy
decrease driving crystallization, and the interfacial free energy
between nuclei and the melt.

If the nucleus forms spontaneously in the melt, ie,
homogeneous nucleation, it needs to reach a certain critical size
to grow further. Otherwise, it becomes unstable and collapses
(e.g., Swanson, 1977). The time needed for these stable nuclei
to form is called the incubation time and is calculated using
(Fokin et al., 2007):

16KgTo;
= B Gmt’ )
3AGZa’D
where AG, is the thermodynamic driving force for

crystallization, a is a size parameter, D is the diffusion coefficient
and ojy,; is the interfacial energy between nuclei and melt.

The growth rate of crystals in silicate melts is limited by two
main processes: the migration efficiency of compatible elements
through the melt and their attachment efficiency to the crystal
surface (Loomis, 1981). If the attachment rate is slower than the
transport of elements in the melt, the growth rate G of crystals
is “interface-controlled” and the equation takes a form similar to
the nucleation rate:

E

As for the nucleation rate, the pre-exponential term B
represents the transport of atoms across the crystal-melt interface
and includes the frequency of attachment attempts, the thickness
of the molecular layer, and the fraction of sites available for
attachment on the crystal surface (Kirkpatrick, 1975). If the
migration of elements is slower than the attachment rate, the
growth rate of crystals is “diffusion-controlled” and scales as:

D\?
o=+()’ .

where ¢ is time and k is a constant (Miiller-Krumbhaar, 1975).

MATERIALS AND METHODS

In order to study the effects of deformation on the crystallization
of magmas, we used a high temperature deformation apparatus
developed at the Advanced Light Source, Lawrence Berkeley
National Laboratory (Figure 1). This hot cell has been
designed to image samples using X-ray micro-tomography
during mechanical loading (maximum force of 2.2 kN) at
temperatures up to 2300°C (Haboub et al., 2014). Six infrared
halogen lamps are symmetrically arranged to focus light, and
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FIGURE 1 | Drawing showing the deformation apparatus developed by Haboub et al. (2014). (@) Complete view of the apparatus placed on a rotation and
translation stage for X-ray micro-tomography. (b) Cross section through the heating chamber. Diameter of the cylindrical X-ray transmission window in a (and shown
in b) is 15 cm. (c) View of six halogen lamps positioned around the heating chamber. Reprinted from Haboub et al. (2014), with the permission of AIP Publishing.
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thus heat, in the central part of the chamber, where samples
are held between two water-cooled grippers. The combination
of the focused heat and the cooling system produces a hot
zone on the sample of approximately 8 mm length, with the
central 5 mm having a constant temperature. As the heat
absorption of the sample depends on the sample’s surface
properties, temperature calibration for different applied lamp
currents was performed by placing a K-type thermocouple in
the middle of the hot zone of our selected basaltic samples. Our
experiments complement direct observations of crystallization
in basalt made using 4D X-ray microtomography (Polacci
et al., 2018) and imaged optically in a moissanite cell (Schiavi
et al, 2009; Ni et al, 2014) by documenting the effects
of deformation.

The sample selected for this study is the mid-Miocene Lovejoy
basalt, the product of a large flood eruption in Northern
California (Garrison et al., 2008). Its homogeneous composition
and nearly aphyric texture favor the in situ melting of its
microlites of plagioclase, olivine, pyroxene and iron oxides
(Figure 2B). Five cylindrical cores of 30 mm length and
3.42 mm diameter were drilled and their extremities were cut
perpendicular to the long axis and polished. As a first step, we
melted the central part of the cored samples in the hot cell.
The temperature was first increased up to 1000°C at a rate of
200°C/min, then from 1000 to 1250°C at a rate of 4°C/min, and

finally held for 30 min at 1250°C. We selected this method to
remove crystals for two main reasons: (1) Drilling a long and
thin core in glass as well as obtaining a large amount of basaltic
glass free of crystals are difficult to achieve; (2) Longer times
at 1250°C were not possible as the melt would flow downward
under the influence of gravity and separate from the upper part
of the sample (Figure 2A). These times should be long enough
for at least local chemical heterogeneity to be removed. Following
the 30 min at 1250°C, the sample was rapidly quenched by
powering down the lamps. After this first step, the melted zone
measured 8 mm in length and contained a volume fraction
of 0.02 (£ 0.01) of spinel and less than 0.01 of iron oxides.
No quenched microlites were observed in Secondary Electron
Microscopy images (Figure 2C).

During the second step, these melted samples of basalt were
deformed during their crystallization. We selected a temperature
of 1160°C in order to image the crystallization of spinel and
oxides, minerals that we could reliably image because their
density is higher than the melt. Indeed, at temperatures lower
than 1160°C, the crystallizing phase, i.e., plagioclase, is not readily
distinguishable from the melt due to its similar density (e.g.,
Arzilli et al, 2015). Using the high temperature deformation
apparatus, we deformed four samples in compression at four
different strain-rates: 2 x 107°, 6 x 107>, 1 x 1074, and
2 x 107% s7!. After every 500 pm of displacement, we
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FIGURE 2 | (A) Cores of the Lovejoy basalt before (on the left) and after (in the middle) the melting phase at 1250°C. The core on the right is an example of a melt
separating from the top part due to its lower viscosity at higher temperature. (B) SEM images of the Lovejoy basalt before the melting phase. (C) SEM images of the
Lovejoy basalt showing the structure of the zone melted at 1250°C. Cpx: clinopyroxene; Grd: groundmass; Plag: plagioclase; Ol: olivine.

FeTi Oxige

quenched the samples to room temperature by powering off
the lamps, which permitted a cooling rate reaching 50°C/s
between the investigated temperature (1160°C) and the glass
transition (678°C). We then imaged the cores using X-ray
micro-tomography (XRT) (see Supplementary Material S.A. for
details). We used monochromatic X-rays with energies of 33
kev and a voxel linear dimension of 1.28 microns. As the time
required to scan the sample was about 15 min, we decided
to not image the sample at high temperature as any bubbles
move upward and additional crystallization may occur during
the scans — any motion of a few pixels creates image artifacts.
After each scan, the sample was reheated rapidly by switching
the lamps back on with heating rates reaching approximately
50°C/s. This cycle, involving a sequence of heating, deforming,
quenching and scanning the sample, was repeated five times until
the total strain reached 0.31. This total strain corresponds to the
ratio of the five applied deformations (total of 2.5 mm) to the
hot zone length (8 mm). Experiments at higher strains were not
performed in order to avoid the accumulation of stress located
near the interface between the melted and the unmelted parts
of the sample (Mogi, 2007). Although a load cell records the
applied stress (Figure 1), the viscosity of our samples is so low
that instrument noise prevents us from measuring rheology on
these samples. In order to characterize the crystallization at static
conditions, one sample was held at 1160°C without applying
any deformation. This sample was quenched for XRT imaging

every 52 min, which corresponds to the time elapsed during one
deformation step at the lowest strain rate. The total duration at
1160°C was 260 min.

The obtained XRT images were first segmented for spinels,
Fe-Ti oxides and melt using the Fiji plugin Trainable Weka
Segmentation (Arganda-Carreras et al, 2017). We then used
the volume obtained from these XRT images for measuring
the number densities and the volume fractions of Fe-Ti oxides
and spinels using the Fiji plugin Particle Analyzer within Bone]
(Doube et al., 2010).

After the experiments, samples were cut horizontally through
the hot zone and embedded in epoxy for chemical analyses.
The composition of the minerals and their surrounding melts,
i.e,, within 25 pm distance, were measured using a Scanning
Electron Microscope (SEM) located in the Department of Earth
Sciences, at ETH Zurich (Switzerland). In order to determine
the stable mineral assemblage at these P-T conditions, we
repeated the same temperature sequence on the sample of
basalt in a high temperature furnace and kept the sample
at 1160°C without deforming it for 65 h, corresponding to
an amount of time significantly long to more closely reach
equilibrium. After quenching, this sample was then imaged
using X-ray microtomography. The measurement parameters
of energy beam, resolution and exposure time, as well as the
image processing, were kept the same as during the deformation
experiments. These results were then compared to the mineral
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assemblage estimated by thermodynamic calculations using
MELTS (Gualda et al., 2012) at a temperature of 1160°C and
atmospheric pressure and fO, (see Table 1 and Supplementary
Material S.B. for more details).

The main advantage of the micro-tomography experiments is
that the imaging is non-destructive and hence we can document
the progression of nucleation and crystal growth on the same
samples in a device that also allows us to apply deformation.
Further the crystals are characterized in three dimensions.
There are also disadvantages. First, the spatial resolution of
the microtomography is lower than SEM or Transmission
Electron Microscopy images, and nucleation by definition begins
at small scales. Second, because the density of the dominant
mineral, plagioclase is so similar to the melt, we are only able
to document the first phases that crystallize at the highest
temperatures, limiting the temperatures and crystallizing phases
we could explore. Third, the finite time available for imaging
and the requirement that the sample not flow too fast under the
influence of gravity, further limit the range of compositions and
temperatures that we could consider.

RESULTS

Under static conditions there was no additional crystallization
during the 260 min experiment. The spinel and iron oxide
fractions and number densities remain constant throughout the
experiment. By increasing the strain-rate up to 1.0 x 1074 s71,
within 50 min crystallization occurs on preexisting surfaces, such
as bubbles and crystals, as noted by Plese et al. (2018), and in
the melt, where no preexisting surfaces were visible. Number
densities and volume fractions of both crystal phases increase
rapidly after 50 min (Figure 3 and Table 2). After 50 min of
deformation, spinel number density stays constant and amounts

TABLE 1 | Composition of the crystals and the residual melt of the Lovejoy basalt
modeled by MELTS (Gualda et al., 2012) and measured by Secondary Electron
Microprobe (SEM).

Bulk rock MELTS calculations SEM measurements
Melt Spinel Melt Spinel Fe-Ti oxide

SiO, 51.51 56.38 0.00 54.60 0.42 0.46
TiO, 2.53 2.55 2.28 2.23 1.76 11.55
Al,O3 1412 14.92 5.67 14.67 5.64 2.02
Fe,03 11.71 6.59 65.85 9.32 81.83 82.29
FeO 1.65 0.62 11.43 ND ND ND

MnO 0.24 0.26 0.00 0.22 0.63 0.17
MgO 411 3.10 14.76 419 9.38 3.13
Cao 7.93 8.68 0.00 8.27 0.19 0.17
NayO0 3.14 3.44 0.00 3.56 0.02 0.01
K>0 1.99 2.18 0.00 1.87 0.02 0.02
P,05 117 1.28 0.00 1.04 0.00 0.00

The values are given in wt%. Iron content is reported as FeyOz for the SEM
measurements. ND, not determined. Bulk rock is the average from Garrison et al.
(2008). At the experimental temperature of 1160°C, MELTS computes a crystal
volume fraction of 5% and the only solid phase is spinel.

TABLE 2 | Summary of the experiments.

Volume fraction [n.u.] CND [mm~3]
Strain rate Strain Time Spinel TiFeO Spinel TiFeO
[s~1] [n.u.] [min]
0 0.00 0 0.017 0.005 5278 1255
0.00 52 0.019 0.005 6501 1100
0.00 104 0.018 0.004 6637 889
0.00 156 0.010 0.005 7343 1390
0.00 208 0.018 0.005 6780 1242
0.00 260 0.017 0.004 7705 1171
2 x 104 0.00 0 0.023 0.005 8378 1401
0.06 5 0.021 0.004 8984 1417
0.13 10 0.020 0.005 8461 1508
0.19 16 0.027 0.004 8531 1641
0.25 21 0.020 0.005 7558 1617
0.31 26 0.021 0.004 8219 920
1x 1074 0.00 0 0.015 0.007 8776 1391
0.06 10 0.024 0.006 9294 1778
0.13 20 0.021 0.009 10141 2167
0.19 30 0.021 0.005 8091 1076
0.25 40 0.017 0.006 11812 1219
0.31 50 0.032 0.007 10276 1298
6 x 10° 0.00 0 0.016 0.008 7528 2062
0.06 18 0.024 0.009 9067 2201
0.13 36 0.019 0.013 8228 2107
0.19 54 0.039 0.010 12837 3894
0.25 72 0.058 0.015 12613 3314
0.31 90 0.058 0.016 13307 4186
2 x107° 0.00 0 0.027 0.006 9128 1698
0.06 52 0.048 0.011 17703 2840
0.13 104  0.060 0.015 156392 3675
0.19 156  0.083 0.017 15934 4822
0.25 208 0.078 0.015 15548 4138
0.31 260  0.084 0.018 15876 5928

to 17 (£ 1) x 10> mm~—3. Their volume fraction reaches a
constant value of 0.08 (£ 0.01) after 150 min (slightly larger than
the MELTS equilibrium value of 0.05). The Fe-Ti oxide number
density continuously increases up to 6 (& 1) x 10° mm™3
and their volume fraction reaches a constant value of 0.016
(£ 0.002) after 50 min.

In our experiments, varying the strain-rate during
deformation has no clear effect. Indeed, the increase in
number densities and volume fractions of the lower strain-rate
experiments are similar, i.e., the measured values for different
strain-rates are within the error bars during crystallization
(Figure 3). All dynamic experiments with a duration over
50 min have newly formed crystals. At the highest strain-rate
(2.0 x 107* s71!), no additional crystallization is observed
after reaching the highest crystallinity. However, as the total
strain applied in all experiments was kept constant (0.31), the
experimental time for the sample deformed at 2.0 x 10~% s~!
was only 26 min and thus did not reach the 50 min required for
crystallization under deformation in the other experiments.
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FIGURE 3 | Microstructure evolution of the spinel (on the left) and Fe-Ti oxide (on the right) determined using the XRT images. The volume fraction and the crystal
number density (CND) are plotted for each strain rate applied during the experiments.

The sample left for 65 h at 1160°C contains a spinel
volume fraction of 0.05 and no iron oxide. Thermodynamic
calculations using MELTS predicts the same fraction of spinel
(Supplementary Material), ie., 0.05, having a composition
similar to the one measured by SEM (Table 1), and no
iron oxide. We can thus assume that the thermodynamic
equilibrium assemblage for this basalt at 1160°C and atmospheric
pressure and fO, is composed uniquely of spinel at a volume
fraction of about 0.05. As this spinel fraction is higher than
the spinel fraction in the undeformed sample, we can also
assume that the incubation time under static conditions is
longer than 260 min.

The newly formed spinels are recognized from older ones
by their shape. The spinels grown during deformation are platy
(white crystals in Figure 4A) whereas those already present have
avermiform structure (colored crystals in Figure 4A). The spinels
grown during the 65 h static experiment have more commonly an
octahedral shape.

Secondary Electron Microscopy on the recovered samples
reveals some features not observable during X-ray imaging.
During the second step of the experiments, iron-rich microlites
with a diameter of less than 1 um (are assumed to) form in the
melt during quenching (e.g., Zhou et al., 2000). The resolution
of 1.28 pm prevents us from recognizing these features during

the X-ray imaging. Interestingly, we observe in the deformed
samples the presence of a microlite-free zone around the crystals
(Figure 5) in addition to the depletion of iron around newly
formed crystals.

DISCUSSION

Our experiments were performed over time scales comparable
to the incubation time, allowing us to document the effects
of deformation on incubation, nucleation rates, and crystal
growth. Our results show that deformation has an effect on
the crystallization kinetics of magmas by (1) increasing the
nucleation rate (variation in CND), (2) increasing the growth rate
(variation in crystal fraction) and (3) decreasing the incubation
time (corresponding to 50 min under dynamic conditions and
more than 260 min under static conditions). Our experiments
confirm that deformation affects crystallization in basaltic melts,
not just for large strains and strain-rates where advection
is important (Kouchi et al, 1986; Vona and Romano, 2013;
Kolzenburg et al., 2018b).

Each parameter used in the nucleation and growth models
(Eq. 1-4) is assessed to understand the potential origins of the
observed variations.
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V4
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FIGURE 4 | Images displaying features associated with the spinels. (A) 3D reconstruction, performed using Dragonfly software, of newly formed spinel (in white) and
already present spinel (in red) in the sample deformed at 2 x 1072 s~ at t = 260 min. The different colors represent the aspect ratio of the crystals and are used
here only for visualization purposes. (B) Elongated spinel crystals nucleated during deformation [white crystals in panel (C)] and vermicular spinel crystals already
present [colored crystals in panel (C)] grew during deformation and have an aureole of microlite-free melt visible in SEM images.

100 pm

100 um

Possible Origins of Deformation-Induced

Crystallization

During our crystallization experiments, the temperature is
held constant. The difference in nucleation rate between the
deformed and undeformed samples must thus be linked to A
and/or E. Previous studies proposed that A increases during
deformation because there is a higher flow of elements to the
crystal-melt interface (Kouchi et al., 1986; Vona and Romano,
2013; Kolzenburg et al., 2018b). In this case, deformation
favors chemical homogenization of the melt. However, our
deformed samples display a zone around the newly formed
crystals which is depleted in iron, i.e., a zone that is free of
quenched microlites (Figure 4). As the undeformed sample
did not further crystallize during the experiment and does not
present any aureole of microlite-free melt around its crystals, we
interpreted this feature as the diffusion boundary layer depleted
in iron. Kouchi et al. (1986) observed that the thickness of
the boundary layer decreased with increasing deformation rate.
This discrepancy between our and their observations might be
linked to the experimental method employed. Previous studies
considered much larger strain-rates and strains (Kouchi et al.,
1986; Vona and Romano, 2013; Kolzenburg et al., 2018b) which
would increase the advection efficiency. In our compression
experiments, the concentration of reactant atoms is not increased
by deformation.

Another possibility involves a variation in the energy state
of the system. Minimization of the Gibbs free energy can be
used to establish phase equilibria at fixed temperature and
pressure using changes in state functions of a system, such
as enthalpy and entropy, and/or intensive properties, such as
chemical potentials and activities (Ghiorso and Sack, 1995). Since
the local description of chemical equilibrium at an interface can
be modified by stresses

w=F+o0,V (5)

where  is the chemical potential, F is the Helmholtz free energy,
o, is the normal stress across the interface and V is the molar

volume, variations in stress may also change properties such
as diffusion and mineralogy that are influenced by chemical
potential (e.g., Wheeler, 2017).

The rate of a chemical reaction is influenced by the
concentration of the reactant molecule and the activation energy,
i.e,, the minimum energy required to start a chemical reaction.
For crystallization, the activation energy is better defined as
the energy barrier that must be overcome to produce a stable
crystal nucleus. Molecules commonly absorb thermal energy
to overcome this barrier. In the case of crystallization from
melt, this energy is used to rearrange, break and/or build
bonds in the chains of silica tetrahedra present in the melt
(Kirkpatrick, 1983) and when the less energetic, more stable
crystal nucleus is formed, energy is released in the form of latent
heat of crystallization.

Stress may help molecules overcome the activation energy.
Indeed, the activation strain model states that the activation
energy can be decomposed into the energy associated with the
structural deformation undergone by the reactant molecules, i.e.,
strain energy, and the energy resulting from the bonding of these
molecules, i.e., interaction energy (Van Zeist and Bickelhaupt,
2010; Fernandez and Bickelhaupt, 2014). An applied stress
during melt deformation may thus bring strain energy into
the system and helps to distort and/or disrupt chains of silica
tetrahedra that ultimately favor the formation of crystal nuclei.
A decrease in activation energy during deformation-induced
crystallization has been observed in various type of material
such as polymers (Sun et al., 1984; Chien and Weiss, 1988;
Kumaraswamy et al., 1999; Xu et al., 2011), metal alloys (Lee et al.,
2006; Wang et al., 2015), oil and butter (Yang et al., 2011), and
metals (e.g., Donovan and Stobbs, 1981; Chen et al., 1994) and
might explain impact-induced vesiculation of magmas (Rothery
etal., 2007; Carey et al., 2012).

The activation energy is present in the energy term of Egs.
(1) and (3) and thus influences nucleation and growth rates.
However, we observed as well a decrease in incubation time for
crystallization in our experiments. Variations in the normal stress
on interfaces produced by deformation give rise to gradients in
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FIGURE 5 | SEM images of the samples recovered after the deformation
experiment. Elongated spinel crystals nucleated during deformation or
vermicular spinels grown during deformation have an aureole of microlite-free
melt visible in SEM images. (A) Phenocrysts of spinels in the sample
deformed at 2 x 1075 s~ and its groundmass (B). (C) Phenocrysts of
spinels in the sample deformed at 6 x 1075 s~ and its groundmass (D).

(E) Phenocrysts of spinels in the sample deformed at 1 x 107° s~! and its
groundmass (F). (G) Phenocrysts of spinels in the sample deformed at

2 x 1074 s~1. (H) Phenocrysts of spinels in the undeformed sample. In
panels (G,H), no aureole of microlite-free melt is visible.

chemical potential (Eq. 5), and can promote diffusion (Egs. 2,
4), in turn increasing both the nucleation rates and decreasing
the incubation time. The diffusion coefficient can be calculated
using the Arrhenius relation D = Doexp(—%), where E is the
activation energy for diffusion and Dy is the diffusion coefficient
at high temperature where KT >> E (Zhang, 2010). The
crystallizing phases in our experiments contain Fe, Mg, Ti and
Al (Table 1) and their activation energy for diffusion in basaltic
melts are 264 £ 17 kJ/mol (Lowry et al., 1982), 240 =+ 20 (Chen
and Zhang, 2009), 255 & 86 and 313 + 26 kJ/mol [determined by
Zhang (2010) from data produced by Chen and Zhang (2009)],
respectively. Burkhard (2005) determined the activation energy
for the nucleation and the growth of Fe-Ti oxides in basaltic melt
and their values, i.e., 292 and 343 (£ 7) kJ/mol, respectively, are
particularly close to the activation energy for diffusion. We may
thus assume that strain energy provided during deformation was
sufficient to promote a higher diffusivity of elements by the same

mechanism presented before, i.e., distortion and/or breaking of
chains of silica tetrahedra.

Variation in the Mineral Assemblage

Our studies, combined with previous studies, show that
deformation increases nucleation and growth rates and reduces
the incubation time of crystals in silicate melts. In addition,
we observed the growth of Fe-Ti oxides that did not disappear
during the melting phase of the sample preparation as well as the
nucleation of new crystals of the same composition. These Fe-Ti
oxides are not present in the sample left 65 h at 1160°C and are
not predicted by thermodynamic modeling using MELTS. This
suggests that deformation might also promote the formation of
metastable phases that leads to kinetic-controlled crystallization,
rather than only the thermodynamically favored phases (e.g.,
Woodward and Baer, 1944; Colfen and Mann, 2003). In this
case, the activation energy for the nucleation of the metastable
phase needs to be lower than the activation energy of the stable
phase. As no Fe-Ti oxides crystallized in the undeformed samples,
deformation may be the external factor lowering activation
energy for crystallization of metastable and stable phases by
changing the chemical potential of the various interfaces present
(Eq. 5). Our experiments, however, do not document an effect of
the metastable phases on stable phases.

Implications for Natural Samples

The texture (mineralogy, crystal shape and number density) of
erupted magmas are commonly used to infer ascent dynamics
by comparing natural samples with those created experimentally
(e.g., Castro and Dingwell, 2009; Brugger and Hammer, 2010;
Riker et al, 2015 for some examples). Our findings that
deformation changes the mineralogy, growth rate, and number
density imply that an additional variable may need to be
considered when connecting lab studies and natural samples. In
some cases, the deformation-enhanced growth and nucleation of
crystals (here over several 10 s of minutes) may be negligible
compared to those produced by the large changes in pressure that
accompany rapid ascent. However, in lava flows where pressure
changes are small, deformation may play a relatively greater
role in promoting crystallization and natural strain-rates are
typically much larger than those we considered. For the basalt
we considered, for example, in 260 min the static sample did
not change crystallinity but does approach a different steady
value of about 10% after several 10 s of minutes in the presence
of deformation. Our experimental apparatus and imaging
constraints limited the range of strain-rates, temperatures
and compositions we could study. Further experimental and
theoretical analyses may lead to a better quantification of the
role of deformation and thus identify when and how deformation
affects the interpretation of natural samples.

CONCLUSION

Deformation enhances the crystallization kinetics in magmas.
Based on X-ray images collected during the experiments, we
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observed that the nucleation and growth rates of spinels and
Fe-Ti oxides increase when deformation is applied to a basaltic
melt. A decrease in the incubation time is also observed during
deformation. These changes in the crystallization kinetics upon
deformation do not depend on the strain rate, at least for
the temperatures and range of strain rates investigated. We
suggest that the applied stress helps the system to overcome
the activation energy involved in crystallization kinetics and in
diffusion of elements by changing chemical potentials. Models
might be tested in the future by exploring a broader range of
temperatures, achieving greater spatial resolution in the imaging,
finding approaches to image low absorption contrast minerals,
and considering a longer spectrum of time scales.
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