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Abstract—Chondrules are thought to play a crucial role in planet formation, but the
mechanisms leading to their formation are still a matter of unresolved discussion. So far,
experiments designed to understand chondrule formation conditions have been carried out
only under the influence of terrestrial gravity. In order to introduce more realistic
conditions, we developed a chondrule formation experiment, which was carried out at long-
term microgravity aboard the International Space Station. In this experiment, freely
levitating forsterite (Mg,SiO4) dust particles were exposed to electric arc discharges, thus
simulating chondrule formation via nebular lightning. The arc discharges were able to melt
single dust particles completely, which then crystallized with very high cooling rates of
>10° K h™'. The crystals in the spherules show a crystallographic preferred orientation of
the [010] axes perpendicular to the spherule surface, similar to the preferred orientation
observed in some natural chondrules. This microstructure is probably the result of
crystallization under microgravity conditions. Furthermore, the spherules interacted with the
surrounding gas during crystallization. We show that this type of experiment is able to form
spherules, which show some similarities with the morphology of chondrules despite very

short heating pulses and high cooling rates.

INTRODUCTION

The formation of chondrules is considered to be a
fundamental step in the evolution of our solar system and
chondrules are often termed as the building blocks of the
terrestrial planets (Johansen et al. 2015; Bollard et al.
2017). Besides their important role in planet formation,
they contain information about their precursor material
and the conditions and dynamics of the -early
protoplanetary disk (e.g., Tenner et al. 2013, 2015;
Ushikubo et al. 2013; Schrader et al. 2018, 2020;
Marrocchi et al. 2019). However, the formation process
of chondrules remains enigmatic despite numerous
proposed formation theories (e.g., reviewed in Boss 1996;
Desch et al. 2012; Connolly and Jones 2016; Russell et al.
2018). The challenge lies in developing a model in which
the morphological, structural, and chemical properties
observed in chondrules result from a physically plausible
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formation mechanism (reviews in Desch and Cuzzi 2000;
Desch et al. 2012; Hubbard and Ebel 2018). Several
chondrule formation scenarios have been proposed, such
as shock waves (e.g., Ciesla and Hood 2002; Morris and
Boley 2018), collisions of planetesimals (Krot et al. 2005;
Sanders and Scott 2012; Lichtenberg et al. 2018),
dissipation of magneto hydrodynamic turbulence
(McNally et al. 2013), or nebular lightning (Horanyi et al.
1995; Desch and Cuzzi 2000), whereby some are
considered more plausible than others (Desch et al. 2012).
However, none of these theories is able to explain all
features typical for a specific chondrule type by a single
formation mechanism.

Experiments have been undertaken to test whether
specific formation conditions lead to the formation of
chondrules with a set of properties similar to those
observed in natural samples, for example, the different
chondrule textures and chemical zoning in olivine
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Fig. 1. Light microscopic images of different chondrule types from Northwest Africa 11542 (Gattacceca et al. 2019), which were
probably formed under different thermal conditions. a) A porphyritic olivine chondrule consisting of olivine crystals in
mesostasis. b) A cryptocrystalline chondrule. (Color figure can be viewed at wileyonlinelibrary.com.)

crystals (e.g., Connolly et al. 1998; Hewins and Fox
2004; Hewins et al. 2005; Jones et al. 2005, 2018;
Villeneuve et al. 2015). One of the key factors involved
in such experiments is the choice of the heat source.
Furnace heating experiments, for example, have so far
been significantly more successful in producing
chondrule-like characteristics compared to flash heating
experiments (Wdowiak 1983; Hewins et al. 2000;
Giittler et al. 2008; Poppe et al. 2015) and have
provided some constraints on the thermal evolution of
chondrules. For example, porphyritic chondrules, which
represent the most abundant chondrule type (e.g.,
Russell et al. 2018), are considered to be the result of
incomplete melting followed by slow cooling at rates of
50-500 K h™' (Jones et al. [2018] and references
therein), whereas cryptocrystalline or radial chondrule
textures are thought to be the result of heating above
the liquidus and subsequent fast cooling with
approximately 1000 K h™" (Jones et al. 2018). Figure 1
shows a representative porphyritic chondrule and a
cryptocrystalline chondrule; the different textures
possibly result from different thermal histories.
Furthermore, interactions between the chondrule
precursor material with the surrounding gas during
chondrule formation are considered to be relevant for
chondrule formation (Tissandier et al. 2002; Libourel
et al. 2006; Marrocchi and Libourel 2013; Marrocchi
and Chaussidon 2015; Villeneuve et al. 2015; Piani
et al. 2016; Chaumard et al. 2018; Marrocchi et al.
2018, 2019; Libourel and Portail 2018). Experiments
on gas—melt interactions have successfully reproduced
different chondrule characteristics pointing toward the
need to go beyond models based on crystallization

within closed systems (Tissandier et al. 2002;
Villeneuve et al. 2015).
Yet, these experiments were all unavoidably

influenced by the Earth’s gravity. In consequence, more
realistic chondrule formation experiments must involve
long-term microgravity conditions, which are offered
today only aboard the International Space Station (ISS).
This environment brings several benefits. First, the
sample material does not have to be statically mounted
and single dust particles can serve as sample material
instead of pressed pellets. Second, in microgravity, the
thermal evolution of the heated samples is not influenced
by thermally induced convection or prolonged contact of
the sample with a container wall or sample holder.
Furthermore, crystallization at microgravity probably
avoids gravitationally induced settling of crystals on one
side of the sample (Radomsky and Hewins 1990).
Instead, the heated samples can cool and crystallize
undisturbed while floating freely, similar to melt
spherules in the solar nebula.

Although the theory of chondrule formation by
lightning in the solar nebula has not been central to the
debate in the last decade, there are many insights that
can be gained from an experiment that uses electrical
discharges as heat source. First, chondrule formation by
lightning can explain several chondrule characteristics,
such as the chondrule matrix complementarity paired
with highly variable thermal histories of adjacent
chondrules (Boss 1996; Desch et al. 2012; Connolly and
Jones 2016). A recent study addressed the mechanism
leading to lightning, and proposed the decay of 2°Al as
a plausible charging mechanism (Johansen and
Okuzumi 2018), thus affirming that nebular lightning
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can provide the required amount of energy to form the
estimated mass of chondrules of at least 10** g (Levy
1988; Desch and Cuzzi 2000). Studies focusing on gas—
melt interactions have questioned whether the formation
of porphyritic chondrules requires slow cooling rates,
and proposed faster cooling rates, which would be
consistent with the cooling rate of chondrules being
heated by an arc discharge (Libourel and Portail 2018).
The chemical zoning of Fe, Ca, and Cr observed in
chondrule olivine has been presented as an argument
for slow cooling (Jones 1990; Hewins et al. 2005; Jones
et al. 2018), but recent experiments have produced
porphyritic textures with Al and Ti zoning in olivines,
similar to natural chondrules, with high cooling rates of
3000-6000 K h™" (Greenwood and Herbst 2021). This
distribution is similar to Al-Ti zoning reported in the
literature (Libourel and Portail 2018; Marrocchi et al.
2018, 2019), thus substantially weakening the argument
that slow cooling is required for the formation of
porphyric chondrules.

Access to new commercially available payloads
aboard the ISS enabled the development of a chondrule
formation experiment at long-term microgravity with
the acronym EXCISS (experimental chondrule
formation aboard the ISS; Spahr et al. 2020). The
experimental setup was designed to fit in a
10 x 10 x 15 cm’-sized experiment container and adhere
to the strict constraints regarding technical components
and power supply (Spahr et al. 2020). As this type of
experiment was to be performed at the ISS for the first
time, the experimental conditions had to be as simple as
possible but still reflect a realistic model system.
Therefore, in this experiment, freely floating Mg,SiOy4
dust particles were exposed to arc discharges inside a
glass sample chamber. In the past, experiments using
lightning or similar flash heating mechanisms (e.g., laser
or plasma arcs) have not been very successful, either
leading to the destruction of the samples or failing to
reproduce chondrule textures (Blander et al. 1976;
Giittler et al. 2008; Morlok et al. 2012; Poppe et al. 2015).
However, arc discharge properties such as size, duration,
and discharge energy can be customized and we were able
to modify the arc discharge generation technique in our
experiment (Spahr et al. 2020) to produce less energetic,
longer arc discharges compared to previous experiments
(Gtittler et al. 2008). A camera allowed the observation of
the particles in real time and the sample material could be
analyzed after sample return.

The proof-of-concept experiment presented here
shows that scientifically wuseful results regarding
chondrule formation, such as the response of dust
particles to arc discharges, crystallization under
microgravity conditions, and the subsequent thermal
evolution of chondrules, can be obtained under very
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tight technical constraints and we present the analysis of
melt spherules formed in microgravity and discuss their
relevance as chondrule analogs.

METHODS AND MATERIALS
ISS Experiments

The experimental setup and the calibration of the
arc discharges are described in Spahr et al. (2020). The
experimental  setup was  mounted inside a
10 x 10 x 15 cm® sized NanoRacks NanoLab, which
was connected to the ISS by USB. The experiment was
installed in the NanoRacks platform and the total run
time of the experiment was 30 days. In total, 81 arc
discharges with energies of 5-8 J and durations between
300 and 500 ps per discharge were induced. The sample
chamber was manufactured from quartz glass and two
tungsten electrodes with a diameter of 1 mm were fused
into the glass on opposite sides. The sample chamber
was filled with sample material and Argon atmosphere
with 100(1) mbar. The complete sample material
remained in the sample chamber during the
experiments. These experiments were filmed and the
video material could be downloaded on a daily basis.
Due to the low frame rate caused by the experimental
setup requirements, it is not possible to distinguish
whether the particles melted inside the plasma channel
or by thermal radiation.

Analytical Procedure and Sample Preparation

Scanning electron microscopy (SEM) imaging was
performed using a Phenom World ProX desktop SEM
equipped with an electron backscatter detector (BSE) at
the Geoscience Institute at the Goethe University.
Energy-dispersive X-ray spectroscopy (EDX) was carried
out with an integrated silicon drift detector for a
semiquantitative characterization of the chemical
composition. The non-coated samples were measured
under low vacuum conditions; the polished and carbon-
coated samples were measured under high vacuum
conditions. For imaging, we used an acceleration voltage
of 10 kV while for EDX analysis, a voltage of 15 kV was
employed. Multiple BSE images were acquired with
different focal planes and combined afterward with the
Helicon Focus 7 Pro software from Helicon. EDX data
were analyzed using the Phenom Pro Suite software.

EBSD fabric analysis is especially suited to identify
structural and textural properties of materials and is
increasingly employed as an analytic tool to investigate
the remnants of solar nebular processes in planetary
materials (Bland et al. 2011; Tkalcec et al. 2013). EBSD
was performed at the Geoscience Institute at Goethe
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University Frankfurt with a Jeol scanning electron
microscope JSM 6490. The SEM is equipped with a
Nordlys II phosphor screen EBSD detector with Channel
5 software from Oxford Instruments and HKL
Technology. EBSD was performed with an acceleration
voltage of 15 kV, a working distance of 20 mm, and a Si-
wafer as calibrant. EBSD data were acquired by
automated mapping performed at step sizes of 0.8—1 um
with low gain, 2 X 2 pixel binning, and a mean angular
deviation limit of <1.3°. Following data acquisition, no
noise reduction at all was performed on the acquired
EBSD data. Contoured pole figures are displayed as
multiples of uniform density, with a half width of 10°. The
initial sample material as well as the experimental
outcomes were embedded in Araldite epoxy resin,
polished with Syton polish, and thinly coated with carbon.

Synchrotron-based micro-CT was performed at
PETRA III (DESY) in Hamburg, Germany. All data
were collected on the microtomography beamline P05
(Ogurreck et al. 2013; Moosmann et al. 2014; Wilde
et al. 2016), operated by Helmholtz-Zentrum Hereon,
using a 15 keV beam monochromatized by a double
crystal monochromator. The images were acquired with
a 24x magnification using a CMOS camera resulting in
an approximately 1.8 x 1.8 mm? field of view. We used
an acquisition time of 350 ms. A binning factor of 2 X 2
pixel resulted in a binned pixel size of approximately
0.61 x 0.61 ym®>. The samples were completely
embedded in Araldite epoxy resin.

Initial Sample Material

The initial sample material consisted of well-
characterized synthetic forsterite particles (Spahr et al.
2020). Figure 2a shows a focus-stacked SEM BSE
image of a representative initial particle. Figure 2b
shows several embedded and polished initial grains. The
particles include numerous, evenly distributed, small
pores. The grains are irregularly shaped with rough
surfaces. A grain size analysis of the initial sample
material was carried out with a random sampling of 849
grains using Image] (Rueden et al. 2017). Figure 2c
shows a histogram of the longest dimension of the
grains fitted with a normal distribution function. The
mean diameter obtained from the fit is 126 pm and, due
to the heterogeneity of the particle shapes, the
distribution is rather broad (¢ = 23). Figure 2d shows
the correlation of the major to the minor ellipse axes,
which again indicates the variability of the particle
morphologies. EBSD analysis of the initial particles
showed that the particles are fine grained, consisting of
crystals having (circular equivalent) diameters of 5-
10 ym, with a few exceptions where larger crystals
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>20 pm are present (Figs. 3a and 3b). Within each
grain, the crystals are randomly oriented (Fig. 3c).

The sample chamber was loaded with 30 mg of the
sample material. Approximating the volume of a single
grain by a sphere with a diameter of 126 pm and a
porosity of approximately 10 vol%, the total number of
particles is in the range of 10* particles.

Cooling Rate Determination

The cooling rates of chondrules melted by lightning
are usually modeled by radiative cooling of a gray body
(Equation 1; Morris and Desch 2010). The temperature
of the chondrule analog after the arc discharge is given
by the liquidus temperature of forsterite of 2163 K
(Bowen and Schairer 1925) and the temperature aboard
the ISS is estimated to be 290 K. Equation 1 gives the
change of the internal energy U of a radiating spherical
gray body with time:

EZS'U'A'(T‘:ampleO_T?SS)’ (1)

where U is the internal energy, ¢ is the time after the
heating pulse in s, e is the emissivity (for reference, a
black body has an emissivity of 1), ¢ is the Stefan—
Boltzmann constant, 4 is the surface area of the
spherule, and Tgmplco is the temperature of the heated
spherule at time 0 and Tjss is the temperature of the
surrounding, both in K. AU for a short dr can be
obtained using Equation 2.

AU:s-a-A~<T4

sample ~ T?SS) dt. (2)

The change in U can also be described by means of
the temperature-dependent specific heat capacity c,(7)
in Jmol™' K~!, the change in temperature of the
spherule AT in K, and the amount of substance in mol
(Equation 3). The amount of substance n is calculated
for different spherule sizes using the volume of the
spherule, the density of forsterite (3.275 g cm™), and
the molar mass of forsterite (140.693 g mol™").

U=cy(T)-n-(AT). 3
Combining Equations 2 and 3 gives an expression

for the change of temperature of the spherule during a
short time of radiation (Equation 4).

o-A- (T — Tiss ) - dt
Ang o ( sample0 ISS) (4)
cy(T)-n
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Fig. 2. Initial sample material. a) Focus-stacked representative porous initial dust particle used as starting material. b) Polished
grains of the initial starting material. The particles have highly heterogeneous morphologies and a large amount of evenly
distributed small pores. ¢) Histogram of the grain size distribution of a random sample containing 849 grains fitted with a
normal distribution function. d) Correlation between the minor and major axes of best-fit ellipses of the initial material.

The resulting AT is subtracted from Tgumpio to
derive the new temperature of the spherule Tgmpier-
Using this new temperature, the calculations are iterated
N times until Tgumplen is sufficiently close to Tiss (291 K
in this case). The specific heat capacity c,(7) in
Equation 3 is calculated for each iteration step with the
data of the NIST Standard Reference Database (see
National Institute of Standards and Technology [NIST
n.d.] in the reference section).

RESULTS
Video Analysis of the Experiments

The videos and photographs downloaded from the
ISS show that the first few arc discharges were induced
while the space between the electrodes was empty.
Then, when an electric field was applied prior to the
next discharge, the particles agitated by the previous arc
discharges formed an aggregate levitating between the
electrodes (Fig. 4a). This aggregate was hit directly once
by the ensuing arc discharge. The number of particles in

the aggregates between the electrodes each time
decreased strongly with ongoing arc discharges until
their presence became an infrequent occurrence. In all,
the space between the electrodes was empty in 70% of
the arc discharges. In total, 81 arc discharges were
induced. The first noticeable change in particle
morphology is observed after the fourth arc discharge.
The number of transformed particles observed in the
field of view increased with ongoing experimental
duration. However, the actual process of transformation
of individual particles could not be observed. Figure 4b
shows an example of a melt spherule at a late stage of
the experiment that may be a chondrule analog.

SEM and CT Analysis

After the return of the sample chamber to the
Earth, the melt spherules formed during the experiment
were studied with SEM combined with EBSD and
synchrotron micro-CT. More than 90 newly formed
objects were isolated from the sample chamber. SEM
and synchrotron micro-CT on these objects show nearly
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Fig. 3. EBSD analysis of one typical polished initial sample grain from Fig. 1b. a) Band contrast image. The particles are fine
grained with most crystals having (circular equivalent) diameters of 5-10 pm with a few exceptions >20 pm. b) All-Euler map of
forsterite. ¢) Pole figures showing the contoured data (bottom) based on one point per grain, identifying 239 grains. The pole
figures reveal a random orientation. Since no noise reduction was applied to the raw data, the few tight point maxima (green)
are likely caused by duplication (non-adjacent points measured from the same grain but identified as individual grains) in areas
where indexing was not continuous. (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 4. Field of view of the sample chamber of the experiments aboard the ISS. a) An aggregate of particles levitating between
the electrodes prior to an arc discharge. b) A melt spherule formed by arc discharge, levitating inside the sample chamber at a
late stage of the experiments (black arrow). (Color figure can be viewed at wileyonlinelibrary.com.)

perfect, spherical shapes with smooth surfaces, very
distinct from the rough, porous, angular, and irregular
shapes of the initial particles (Figs. 5a—c). SEM, EDX,
and optical observations show that tungsten, most likely
sputtered from the electrodes, has interacted with the
forsteritic melt and appears as bright lines on the
spherule surface. During cooling and crystallization of
forsterite, tungsten has precipitated along grain and
subgrain boundaries, thus allowing a clear identification

of the grain boundaries on the surface of the spherules
(Figs. 5a—c). Micro-CT projections also showed the
smooth surface on the spherical objects (Fig. 5d).

Cross sections of some typical spherules were
subsequently analyzed regarding their microstructure
with SEM (Fig. 6). The melt spherules are nearly
perfectly round with diameters ranging from 75 to
100 um in size. The initial pore structure observed in
the starting grains (Figs. 2a and 2b) has disappeared
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Fig. 5. SEM BSE images and micro-CT projection of some exemplary melt spherules. a—c) Focus-stacked BSE images of melt
spherules. The shape and surface structure are completely transformed compared to the initial grains. The single grains are clearly
visible. d) Projections of a melt spherule obtained by synchrotron micro-CT. (Color figure can be viewed at wileyonlinelibrary.com.)

completely and instead a few larger voids have formed
(Figs. 6a—d). Tungsten precipitations form a network of
fine lines appearing bright in the BSE images and are
often arranged as bundles of parallel lamellae. In
addition to the individual melt spherules, the
experiments produced objects consisting of several fused
spherules. Figure 5d shows a BSE image of a cross
section of one of these fused objects. Beside melt zones,
these aggregates often include still unmolten areas, as
can be inferred from the pore structure, which is typical
for the pristine material, with smooth interfaces between
the molten and unmolten areas. A close up of a molten
region shown in Fig. 6e shows the igneous texture with
subhedral or elongated grains separated by a network
of fine tungsten precipitations and containing a
multitude of tiny inclusions (Fig. 6e). An elemental
EDX map displaying the distribution of tungsten
confirms the tungsten composition of these white grain

boundaries, lines, and inclusions (Fig. 6f) and reveals
that tungsten is also present in several triple junctions.
The amount of tungsten incorporated in each spherule
appears to vary from object to object, though this could
also be an artifact due to sample preparation.

EBSD Fabric Analysis

The melt spherules were studied by EBSD with
regard to their crystallographic microstructure.
Figure 7a shows a BSE image of a polished melt
spherule. The band contrast image in Fig. 7b reveals a
range of crystal sizes between 5 and 20 ym and a shape-
preferred orientation of most crystals with the longest
axes extending parallel to the surface of the spherule.
The crystals in areas with a higher tungsten abundance
(right-hand side) are larger than those in regions with
no visible tungsten precipitations (left-hand side). All
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A

Fig. 6. SEM BSE images of the melt spherules newly formed aboard the ISS. a—c) Polished cross sections of example melt
spherules. White lines are tungsten precipitations. Some spherules contain larger voids, which represent gas bubbles replacing the
initial pore structure. d) Close-up of an object containing both molten and unmolten areas, the latter showing the initial pore
structure of the starting material. The molten area displays tungsten precipitations and larger gas bubbles. e) Close-up of the left-
hand square marked in (d). The molten area shows an igneous texture with subhedral forsterite grains exhibiting straight grain
boundaries. Tungsten not only precipitates along the grain boundaries but also appears as small tungsten inclusions. f) Close-up
of the right-hand square marked in (d). The spatial distribution of Mg and W confirm that all bright lines in the BSE image are

due to W. (Color figure can be viewed at wileyonlinelibrary.com.)

indexed EBSD patterns were assigned to the forsterite
structure. The corresponding all Euler angle map is
shown in Fig. 7c. Further, the pole figures reveal a well-
defined crystallographic preferred orientation with the
[010] axes perpendicular to the sphere surface (Fig. 7),
which is completely different from the random
orientation of the crystals in the grains of the pristine
sample material (Fig. 3).

The fused melt spherules shown in Figs. 6d—f were
studied in greater detail. The BSE image in Fig. 8a
shows a cross section through the whole object with
approximated dimensions of 185 x 85 um? in which an
area was selected for further EBSD analysis (Fig. 8a,
white box). The EBSD band contrast image in Fig. 8b
shows a noticeable difference in the texture between
those parts that have experienced melting and the
pristine material. EBSD analysis of an area of the

sample, which displays a clear pore structure (right-
hand area of white box in Figs. 8a and 8c) reveals the
microstructure of the initial sample material with
forsterite grains in the size range of about 5-10 um.
This pristine material shows neither shape nor
crystallographic preferred orientation (Fig. 8d).

In contrast, EBSD analysis of the area without such
pore structure (left-hand area of white box in Figs. 8a
and 8c) reveals a coarser grain size with forsterite grains
averaging approximately 20 um. The crystals of this
area show a clear crystallographic preferred orientation
of the [010] axes (Fig. 8¢). The SEM BSE close-up
image (Fig. 9a) reveals that the grains displayed in the
EBSD phase map (Fig. 9b) include parallel forsterite
lamellae separated by tungsten precipitation. The
misorientation between these lamellae is negligible
(< 0.5°) (Fig. 9).
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(d) [100] [010]

Fig. 7. SEM and EBSD analysis of a representative melt spherule. a) BSE image of the whole melt spherule with a diameter of
100(5) um. The dashed square marks the area analyzed by EBSD. b) Grayscale band contrast image visualizing the crystal sizes
and morphologies. The grains sizes in the top left, W-poor part of the droplet are slightly smaller than in the right half. ¢) EBSD
all Euler angle map of forsterite. d) Stereographic projections of EBSD data of the melt spherules. The data revealed a well-
defined preferred orientation of the [010] axis perpendicular to the sphere surface. (Color figure can be viewed at wileyonlinelibra

ry.com.)

Cooling Rates

The cooling rates were calculated in order to
estimate the thermal evolution of the melt spherules
after arc discharges. Figure 10a shows the temperature
profiles of  spherical objects with  diameters
corresponding to those of the melt spherules formed
here (d = 80-200 pm). The resulting cooling rates are

plotted in Fig. 10b starting with a cooling rate of
10" K h™! and decrease to <10* K h™! within 40 s.

DISCUSSION
In our experiment, single dust particles in the size

range of approximately 100-120 pm experienced
complete melting by a heating pulse with a duration
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(d) [100] [010] [001]

@ [100] [010] [001]

Fig. 8. SEM and EBSD analyses of the object from Fig. 5d. a) BSE image of the fused object consisting of molten and
unmolten regions. The dashed square marks the area studied with EBSD. It consists of both an area with the initial pore
structure and a molten W-rich area. b) The grayscale band contrast image reveals the microstructure of the studied area. The
grain sizes in the left, molten part of the droplet are substantially larger than in the right half that displays the initial pore
structure. The crystals close to the rim of the object show an alignment of the longest crystal face perpendicular the surface. ¢)
EBSD all-Euler angle map of forsterite of the area shown in (b). d) Stereographic projections of EBSD data of the initial
unmolten part (top right-hand square marked in [c]). e) Stereographic projections of EBSD data of the molten area (left-hand
square in [c]) show a similar well-defined alignment of the [010] axes perpendicular to the surface as observed for the melt
spherule shown in Fig. 6. (Color figure can be viewed at wileyonlinelibrary.com.)
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Fig. 9. Misorientation profiles over grains with parallel tungsten lamellae. a) A BSE close-up of the edge of the fused object
consisting of molten and unmolten regions. The molten area shows a network of very fine, often parallel tungsten precipitations.
b) EBSD all-Euler map displaying the grain boundaries reveals that the observed sets of parallel tungsten lamellaec are
intracrystal. ¢) Misorientation profiles perpendicular to the intracrystal tungsten lamella marked in (a) and (b) showing very low
misorientation angles <5° between the lamella in each set. (Color figure can be viewed at wileyonlinelibrary.com.)

<500 ps and energies <8 J (Spahr et al. 2020) followed
by rapid cooling. The melt spherules have a very
narrow size distribution of approximately 80-100 um
despite the wider size distribution shown by the initial
sample particles. However, the amount of formed
spherules is not sufficient for a representative size
distribution and for conclusions to be drawn between
discharge energy and particle size.

The spherules often include spherical voids, but it is
unclear if the voids are due to initial porosity or are the
results of inefficient melting, the latter of which was
discussed as reason for the formation of voids in
previous arc discharge experiments (Wdowiak 1983). In
our experiment, the porous starting material allowed us
to easily distinguish between molten and unmolten parts
but future experiments could benefit from using sample
material with no pores in order to determine whether
this material develops voids during this type of
experiments.

Although the microstructure of the melt spherules
obtained here differs from that of natural chondrules,
there are some similarities, which merit further
discussion and can help to develop the next generation
of chondrule formation experiments under microgravity.

The microstructure of these melt spherules is
dominated by relatively large forsterite crystals
(approximately 20 um) and few large spherical pores,
which is clearly distinct from the microstructure of the
initial particles. This implies that the complete particles
were melted. Furthermore, crystallization resulted in a
strong crystallographic preferred orientation of the [010]
axes perpendicular to the spherule surface. This
microstructure differs from that of spherules produced
in previous flash heating experiments, which mostly
display a more radial texture (Blander et al. 1976;
Poppe et al. 2015; Mishra et al. 2020). Recent
crystallization experiments on Earth using laser heating
of Mg,SiO, spherules which were levitated on a gas jet
led to the formation of a dendritic microstructure,
which is clearly different from the fabric observed here
(Mishra et al. 2020). Consequently, the observed
microstructure seems to be the result of crystallization
in microgravity without any contact to sample chamber
walls, which would imply that this feature probably
cannot be observed in experiments on Earth.

Preferred orientation of [010] has been observed in
natural  porphyritic and metal-rich  porphyritic
chondrules (Dodd and Teleky 1967; Jones et al. 2018;
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Fig. 10. Calculated cooling histories of the melt spherules after the arc discharge. a) Temperature of the melt spherules plotted
against time after arc discharge for different spherule diameters. b) Corresponding cooling rates versus time after heating event.

(Color figure can be viewed at wileyonlinelibrary.com.)

Libourel and Portail 2018) and also interpreted as the
result of crystallization under microgravity conditions
(Dodd and Teleky 1967). The orientations of [100] and
[001] of the synthetic samples differ from those of
natural chondrules; however, known to the authors,
there are no published comprehensive orientation
analyses of chondrules required for a detailed
comparison.

The molten edge region of one spherule of the fused
object in Fig. 8 displays palisadic crystal morphologies
which have also been observed in porphyritic
chondrules (e.g., Libourel and Portail 2018; Jacquet
et al. 2021). However, the most important structural
difference of the melt spherules compared to natural
chondrules is the absence of glassy mesostasis, typical
for natural porphyritic chondrules. This observation can
likely be attributed to the use of pure forsterite as
starting material, and consequently, future experiments
could benefit from a mixture of olivine and plagioclase
as initial material.

Furthermore, we observed one object, which
resembles in a broad way compound chondrules since it
consists of two partially molten spherules, and another
one which seems to be the result of collisions of molten
and initial material. However, their textures are not
comparable to those of compound chondrules and
incomplete melting is not typically observed in natural
porphyritic chondrules. Some chondrules show evidence

for repeated heating or chondrule recycling (e.g.,
Baecker et al. 2017; Krot et al. 2018; Schrader et al.
2018; Villeneuve et al. 2020; Jacquet et al. 2021), which
would also contribute to complete instead of partial
melting. Whether half-melted particles transformed with
repeated melting to completely molten particles could
not be determined in our experiment.

The limited spatial dimensions of the heating flash
in our experiment caused only a very low amount of
completely molten droplets, and consequently, the
possibility of collisions between completely molten
droplets was unlikely. Complete melting may have been
prevented in many cases by the distance between a
particle and the arc discharge or by large particle
diameters. Due to the experimental conditions aboard
the ISS, it was not possible to observe the distance
between the particles and the arc discharge for specific
samples. Future experiments could benefit from the
usage of high-speed cameras.

In our experiment, the cooling rate of a single melt
spherule is dominated by thermal radiation and is
> 10° K h™' within the first seconds, which is in
accordance with the cooling rates predicted for the
nebular lightning hypothesis (Morris and Desch 2010).
The cooling rate is of special interest in chondrule
formation experiments because it is interpreted to be
responsible for the formation of the different chondrule
textures (detailed review in Jones et al. 2018). High
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cooling rates have been one of the counterarguments
against the formation of chondrules by nebular
lightning or other flash-heating formation scenarios
(Hewins et al. 2000; Desch et al. 2012), since they are
not in accordance with the thermal path of the most
common chondrule texture type, porphyritic chondrules.
Consequently, there are two possibilities for future
microgravity experiments: either change the thermal
history by employing a new technical approach or work
with high cooling rates and change the sample material.
The latter is supported by the idea that the cooling rate
is not one of the decisive factors for the formation of
different chondrule texture types.

For example, the cooling rate of spherules in our
experiment is consistent with the results of experiments
by Greenwood and Herbst (2021), who were able to
reproduce porphyritic textures with chemical zoning
with very high cooling rates. The forsterite crystals
observed in our melt spherules formed by arc discharge
aboard the ISS do not display chemical zoning since the
starting material was pure forsterite, but this is an
aspect that could be addressed in future experiments
using more chemically complex starting material.

Another important parameter that may influence the
chondrule formation is the interaction of melt with the
surrounding gas (Tissandier et al. 2002; Libourel et al.
2006; Marrocchi and Chaussidon 2015; Villeneuve et al.
2015; Baecker et al. 2017; Marrocchi et al. 2018; Libourel
and Portail 2018). The recent analytical work of Libourel
and Portail (2018) and experiments from Villeneuve et al.
(2015) proposed that the precursor material may have
been heated well above the liquidus temperature and
started crystallizing at high temperatures around 1800 K
in reaction with the surrounding gas. The duration of the
interaction lasted up to a few tens of minutes, with
subsequent fast cooling at rates of up to 10° K h™'
(Libourel and Portail 2018). They suggested that
lightning and impact splash scenarios rather than shock
waves seem better suited to realize the thermal history
proposed in their model.

The melt spherules formed in the experiment also
provide information about the incorporation of metal
and gas-solid interactions during the experiment. There
are different theories about the origin of Fe-Ni
inclusions in chondrules. Libourel and Portail (2018),
for example, concluded that liquid metal droplets were
incorporated into the chondrule melt during chondrule
formation and served as nuclei for porphyritic textures,
whereas other studies proposed that metal blebs are
relicts of chondrule precursors (Marrocchi et al. 2019).
The tungsten precipitation and inclusions observed in
our melt spherules are due to tungsten evaporation
from the electrodes prior to its interaction with the
molten spherules. Although their incorporation is not
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directly comparable to the proposed origin of natural
Fe-Ni inclusions in chondrules, they demonstrate an
interaction of the complete spherule with the
surrounding W-bearing gas at high temperatures during
crystallization. Even though this period was much
shorter (approximately several 100 ps) than the long
duration experiments on gas—-melt interactions
(Villeneuve et al. 2015; Libourel and Portail 2018), it
shows that interaction of gas and liquid is possible in
this type of experiment and this topic could be studied
with an improved experimental setup.

CONCLUSION

We carried out the first chondrule formation
experiment under long-term microgravity conditions
aboard the ISS. We have shown that freely floating
Mg,SiO4 dust particles can be completely melted by
arc discharges into melt spherules that can be
considered to be chondrule analogs. Some
microtextural properties, such as crystal sizes and
orientations, morphologies, and metal inclusions, are
very similar to those observed in natural chondrules.
The cooling rates of the melt spherules in our
experiments are much higher than the previously
established cooling rates of the majority of chondrules,
but consistent with recent results (e.g., Greenwood and
Herbst 2021), which implies that the parameters of the
experiment could be used for similar studies. The
absence of mesostasis in the experimentally formed
spherules can be attributed to the restricted initial
composition, which was pure Mg,SiO4. This clearly
prevents a more detailed comparison of our samples to
natural chondrules.

Chondrule formation experiments under long-term
microgravity conditions are still in a very early stage,
but our experiments have provided novel experimental
constraints for the formation of the first solids formed
and processed in the early few million years of our solar
system. As the feasibility of this experimental approach
to study chondrule formation under long-term
microgravity conditions is now established, more
advanced experiments can be developed to study
chemically more complex systems.
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