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Abstract
We performed an experiment under long-term microgravity conditions aboard the International Space Station (ISS) to obtain 
information on the energetics and experimental constraints required for the formation of chondrules in the solar nebula by 
’nebular lightning’. As a simplified model system, we exposed porous forsterite (Mg

2
SiO

4
 ) dust particles to high-energetic 

arc discharges. The characterization of the samples after their return by synchrotron microtomography and scanning electron 
microscopy revealed that aggregates had formed, consisting of several fused Mg

2
SiO

4
 particles. The partial melting and fus-

ing of Mg
2
SiO

4
 dust particles under microgravity conditions leads to a strong reduction of their porosity. The experimental 

outcomes vary strongly in their appearance from small spherical melt-droplets ( ∅ ≈ 90 µm) to bigger and irregularly shaped 
aggregates ( ∅ ≈ 350 µm). Our results provided new constraints with respect to energetic aspects of chondrule formation and 
a roadmap for future and more complex experiments on Earth and in microgravity conditions.
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Introduction

Experiments performed under extreme conditions such as 
high pressures or high temperatures have been carried out 
in very large number during the last decades leading to a 
better understanding of, e.g. physical properties of miner-
als or phase relations. Another much less explored extreme 
condition is microgravity, which can be achieved by para-
bolic flights, drop-tower experiments or outside the Earth’s 
atmosphere. Currently, long-term microgravity is only 
available outside the Earth’s atmosphere, either aboard the 

International Space Station (ISS) or using other satellite-
based experimental platforms. As commercial payloads for 
the ISS were made accessible for researchers, we developed 
the first chondrule formation experiment, which was carried 
out in long-term microgravity aboard the ISS, with the acro-
nym EXCISS (Experimental Chondrule formation aboard 
the ISS) (Spahr et al. 2020).

Chondrules have been considered to be the building 
blocks of our solar system in most of the models for planet 
and planetesimal formation, but their formation process is 
debated controversially (Russel et al. 2018; Boss 1996; Kerr 
2013; Connolly and Jones 2016). Different scenarios for 
chondrule formation have been proposed, for example for-
mation by shock waves (Connolly and Love 1998; Ciesla and 
Hood 2002), by nebular lightnings (Whipple 1966; Horányi 
et al. 1995; Desch and Cuzzi 2000; Túnyi et al. 2003; Güttler 
et al. 2008; Johansen and Okuzumi 2018) or by collisions of 
planetesimals (Krot et al. 2005; Asphaug et al. 2011; John-
son et al. 2015; Lichtenberg et al. 2018). Since there is no 
single theory which can explain all chondrule characteris-
tics, different events could contribute to chondrule formation 
(Morris and Boley 2018).
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Experiments can help to test proposed formation con-
ditions and mechanism, but previous chondrule formation 
experiments only partially successfully reproduced proper-
ties of chondrules as they were affected by the gravity on 
Earth (Wdowiak 1996; Lofgren 1996; Connolly et al. 1998; 
Hewins et al. 2000; Hewins and Fox 2004; Güttler et al. 
2008; Morlok et al. 2012; Imae and Isobe 2017). Therefore, 
we developed the EXCISS experiment which was focused 
on the chondrule formation by ‘nebular lightning’. The long-
term microgravity conditions aboard the ISS enable us to 
expose the Mg2 SiO4 particles to arc discharges without the 
influence of gravity. The hypothesis of chondrule forma-
tion by nebular lightnings was recently supported by, e. g. 
Johansen and Okuzumi (2018). This study provided evi-
dence that the decay of short-lived 26 Al ( � = 7 × 105 years) 
may lead to the charging of dust particles in the solar nebu-
lar with subsequent discharges through lightning bolts. This 
finding implies that lightnings can provide enough energy to 
melt mm-sized particles, which is one of the main uncertain-
ties of the nebular lightning theory. The fast cooling rates 
assumed for the thermal history of chondrules formed by 
’nebular lightning’ contradict the previously expected cool-
ing rates for the formation of the most common chondrules. 
However, Libourel and Portail (2018) presented new con-
straints on chondrule formation and their thermal history, 
which may be consistent with cooling rates up to 106 K h−1.

In the EXCISS experiment, freely floating forsterite 
(Mg2SiO4 ) dust particles were exposed to high energetic 
arc discharges which can reach electron temperatures up to 
kBTe ≈ 6900 K (Spahr et al. 2020). We chose Mg2SiO4 as a 
model system for our experiments as it is the most abundant 
phase in natural chondrules and has a relatively high melting 
point of ≈ 2200 K (Russel et al. 2018; Bowen and Schairer 
1925). The experiments were observed by a camera and 
the sample material was analyzed after sample return. The 
analysis of the video material revealed the particle behav-
ior of agitated particles in electric field in long-term micro-
gravity environment (Koch et al. 2021a). In this study, we 
have shown that the electric fields influence the aggregation 
process, the aggregate morphology and the internal struc-
ture. These observations can help to understand different 
aggregation processes in the early Solar System. The exper-
iment also caused the formation of fused aggregates and 
melt spherules. In our investigations on the small spherical 
melt droplets, we have shown that the sample material can 
be completely melted by arc discharges into melt spherules 
(Koch et al. 2021b). The analysis of these droplets with scan-
ning electron microscopy and electron-back-scattered dif-
fraction showed, that the micro-textural properties of these 
spherules, such as crystal sizes and orientations, morpholo-
gies and metal inclusions, are very similar to those observed 
in natural chondrules. The microstructure is probably the 
result of crystallization under microgravity conditions. In 

addition, the fused aggregates show similarities to different 
types of Ca,Al-rich inclusions, the oldest material of our 
Solar System (Koch et al. 2022). These results imply that 
a (flash-)heating event with subsequent aggregation could 
have been involved in the formation of different morphologi-
cal CAI-characteristics.

In the study presented here we investigated the behavior 
of Mg2SiO4 dust particles exposed to high energetic elec-
trical discharges under long-term microgravity conditions. 
In contrast to the test experiments on Earth (Spahr et al. 
2020) the Mg2SiO4 particles levitated without gravitational 
influence in the sample chamber during the whole experi-
mental procedure aboard the ISS. Mg2SiO4 dust particles or 
already formed aggregates may then be exposed to multiple 
discharges, which was not possible in the test experiments. 
We used synchrotron based X-ray microtomography as a 
tool to study the density contrast in fused dust aggregates 
and melt-droplets received from experiments aboard the ISS 
after sample return. Furthermore, we visualized their inner 
structures and grain-grain boundaries. The microtomogra-
phy data were complemented by high-resolution scanning 
electron microscopy images and the phase content was stud-
ied by Raman spectroscopy.

Materials and experimental methods

Sample material

The initial Mg2SiO4 pellets were obtained by high-temper-
ature synthesis using pressed pellets of the oxides as start-
ing material, resulting in a sintered Mg2SiO4 ceramic. The 
pellets were then ground in an agate mortar and sieved. The 
chemical composition and the phase purity of the resulting 
powder was confirmed by scanning electron microscopy and 
Rietveld refinement on the X-ray powder diffraction data, 
respectively. The Mg2SiO4 particles selected after the grind-
ing by sieving had a mean diameter of 126(23) µm and hence 
can easily be observed by the microscope camera in the 
experimental setup (Spahr et al. 2020). The high porosity of 
the initial dust particles allows to unambiguously determine 
if a melting process took place and which amount of the 
initial grains was molten. After sample return from the ISS 
the sample chamber was opened and Mg2SiO4 dust aggre-
gates and melt-droplets were hand-picked from the received 
powder and sorted under a microscope.

Experiments aboard the ISS

The experimental setup and its calibration is described 
in Spahr et al. (2020) in great detail. The experiment was 
carried out inside a 10 × 10 × 15  cm3 sized NanoRacks 
NanoLab aboard the ISS. The Mg2SiO4 dust particles were 
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freely levitating inside a glass sample chamber while they 
were exposed to high energetic electrical discharges with 
an adjustable energy between 3.1 J and 21 J. The sample 
chamber was made of quartz glass and we used tungsten 
electrodes with a diameter of 1 mm and a spark gap of ≈
2–3 mm for the discharges. The chamber was loaded with 
30(1) mg of the Mg2SiO4 powder and the argon gas pres-
sure inside the chamber was adjusted to be 100(1) mbar. 
The arc discharges between the W-electrodes can have a 
duration between 400 and 600 µs and reach electron tem-
peratures up to kBTe ≈ 6900 K with electron densities up to 
ne ≈ 2 × 1016 cm−3 . The changes in particle size and mor-
phology after the discharges were recorded with a Raspberry 
Pi camera. Figure 1 shows frames recorded with a high-
speed camera of a typical arc discharge in the sample cham-
ber during the test experiments on Earth. The first frame 
shows the weak ignition spark. The time interval between 
the frames is 20 µs. The released energy during this arc dis-
charge was ≈ 8 J.

Aboard the ISS the EXCISS experiment was operated 
for 30 days. It was connected by USB to the ISS for power 
supply and data transfer. During this time the initial Mg2

SiO4 dust particles in the sample chamber were exposed 
to 81 arc discharges. Based on our previous calibration the 
estimated energy of the released arc discharges was between 
5 J and 8 J. Figure 2 shows the field of view in the sample 
chamber aboard the ISS after 30 arc discharges. The light 
transmission through the sample chamber is reduced due to 
the formation of a thin film of tungsten, deposited on the 
inner glass surface after being sputtered from the electrodes. 
The aggregates, which were freely levitating in microgravity 
and later found on the bottom of the sample chamber without 
sticking to the inner walls or electrodes, were used for the 
subsequent microtomography, SEM and Raman analysis. 
The tips of the electrodes are eroded by the arc discharges.

Synchrotron microtomography

Synchrotron microtomography was performed on the 
microtomography beamline P05 (Wilde et  al. 2016; 
Ogurreck et  al. 2013), operated by Helmholtz-Zentrum 
Geesthacht at PETRA III (DESY) in Hamburg, Germany. 
All data were collected using a 15 keV beam and the double 
crystal monochromator. The high quality absorption contrast 
tomograms were acquired using a 24× objective lens with 
a CMOS camera resulting in a 1.8 × 1.8 mm2 field of view. 
A CdWO4 single crystal scintillator with 100 µm thickness 
was employed for the X-ray to visible light conversion. We 
used an acquisition time of 350 ms per frame. A binning 
factor of 2 × 2 pixel resulted in a binned pixel size of ≈ 
0.61 × 0.61  µm2 and the spatial resolution was estimated 
to be 1 µm. Data pre-processing, including tomographic 
reconstruction was performed using MATLAB scripts pro-
vided by Moosmann et al. (2014). The microtomography 
reconstructions were visualized with the volume explora-
tion software tool Drishti (Limaye 2012). The samples were 
embedded in Araldite epoxy resin and afterwards dried at 
333 K under vacuum for 24 hours to ensure their stabil-
ity during transport and measurement. The high density 
contrast between the Araldite epoxy ( � ≈ 1 g cm−1 ) and the 
forsterite ( � ≈ 3.3 g cm−1 ) prevented a deterioration of the 
tomographic reconstruction of the embedded aggregates. All 
objects were embedded and measured individually.

Scanning electron microscopy

We used a Phenom World ProX desktop SEM equipped with 
an back-scattered Electron detector (BSE) for scanning elec-
tron microscopy (SEM). The samples were used as received 
and mounted without coating using sticky carbon tape on 
aluminum stubs. They were measured under low vacuum 

Fig. 1   High-speed photographs of an arc discharge where ≈ 8  J are 
released into the spark gap. The first picture shows the weak ignition 
spark. The time interval between the frames is 20 µs

Fig. 2   Field of view aboard the ISS after 30 arc discharges. Big-
ger agglomerated objects stick to the electrodes and are levitating in 
between
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conditions to reduce charging effects on the sample with 
10 kV for imaging. We used the software Helicon Focus 
7 Pro (Kozub et al. 2018) from Helicon Soft to combine 
multiple BSE images acquired with different focal planes 
to obtain images with an improved depth of field. We used 
the depth map rendering method with radius = 8 (size of 
the analyzed area around each pixel) and smoothing = 4 
(value determines how depth map will be smoothed out). 
Energy-dispersive X-ray spectroscopy (EDX) was carried 
out using 15 kV and the obtained data were analyzed using 
the Phenom Pro Suite software.

Raman spectroscopy

Raman spectroscopy was performed using an OXXIUS S.A. 
LaserBoxx LMX532 laser ( � = 532.14 nm) in combination 
with a Pixis256E CCD camera mounted on a Princeton 
Instruments ACTON SpectraPro 2300i spectrograph. The 
Raman setup is described in Bayarjargal et al. (2018) in 
more detail and the Raman spectra were background cor-
rected using the software Fityk (Wojdyr 2010).

Results

Starting material

The Mg2SiO4 dust particles which were used as starting 
material for the ISS-based experiment had a mean diameter 
of 126(23) µm (Fig. 3a). The SEM and synchrotron microto-
mography images (Fig. 3) show that they were irregularly 
shaped and have rough surfaces. In addition, the microto-
mography reconstruction also shows a homogeneous den-
sity distribution inside the grains confirming the structural 
and chemical homogeneity of the starting material (Fig. 3b). 
The high porosity of the dust particles can also be observed 
which is in good agreement with our earlier investigations 
(Spahr et  al. 2020). In addition, the expected chemical 

composition was confirmed by EDX analysis within the 
experimental uncertainties and no unexpected elements 
were detected.

Aggregates formed aboard the ISS

Synchrotron microtomography

Aboard the ISS we successfully melted Mg2SiO4 dust par-
ticles or fused them together to bigger objects. We used 
synchrotron microtomography as a tool to study their 
inner structure and density distribution. After the sample 
return, the samples display a morphological diversity as 
we obtained small and spherical melt-droplets (Fig. 4) and 
fused aggregates which can have many different shapes 
(Fig. 5). The spherical objects or melt-droplets ( ≈ 90 µm) 
have a smooth surface and a strongly reduced porosity in 
comparison to the initial dust particles (Fig. 3). The melt-
droplets must have been melted by the lightnings induced in 
the experiment and afterwards cooled down without gravi-
tational influence. The melt-droplet (Fig. 4) shows a region 
with strongly increased density (orange). This is probably 
caused by an impact of a very hot tungsten particle from 
the electrode. Other parts of the melt-droplet show a lower 
density, which can be explained by unmolten regions with 
pores. The scale bar of the reconstructed absorption contrast 
tomograms was adjusted to show only objects with a density 
larger than the surrounding Araldite epoxy resin. Hence, the 
3D-reconstruction of the surface of the particles and aggre-
gates is assumed to be the area where the density is higher 
than the epoxy.

We found by SEM and EBSD analysis in a related study 
(Koch et al. 2021b) that microtextural properties of the melt-
droplets partially resemble those of natural chondrules, e.g. 
with respect to crystal sizes, crystal orientations, or mor-
phologies. They seem to have a texture comparable to por-
phyritic chondrules which is the most abundant chondrule 
type (Russell et al. 2018). Very recent studies reveal that 

Fig. 3   a SEM image of different 
Mg

2
SiO

4
 particles after the 

sample preparation process. b 
Synchrotron microtomography 
on representative Mg

2
SiO

4
 

dust particles with a 3D-recon-
struction of the surface (1) and 
virtual cross-section through the 
grains (2)
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porphyritic textured chondrules may be obtained by experi-
ments with very high cooling rates (3000–6000 K h −1 ) 
(Greenwood and Herbst 2021), in agreement with the very 
fast cooling rates in our discharge experiment. A columnar 
crystal morphology was observed in some parts of the melt-
droplets (Koch et al. 2021b) which has also been observed in 
natural porphyritic chondrules (Libourel and Portail 2018). 
However, due to the use of a the single phase Mg2SiO4 start-
ing material, the glassy mesostasis typical for porphyritic 
chondrules was not observed in our experiments.

The size of the melt droplets is significantly smaller 
than from the fused dust aggregates formed of several 
Mg2SiO4 grains. Their size ranges from ≈ 150–350 µm 
depending on the number of participating Mg2SiO4 dust 
grains and on their shape. Figure 5 shows four representa-
tive aggregates. Aggregate #1 consists of 2–3 Mg2SiO4 
dust particles. Half of this aggregate was completely 
molten and shows an increased density while in the rest 
of the aggregate regions with low density and high poros-
ity can be identified. The very high density (orange) is 
probably caused by the impact of a hot/molten tungsten 
particle from the electrodes. Other aggregates consist of 
more initial dust particles. Aggregate #2 is much bigger 
with ≈ 350 µm diameter. This aggregate is still irregularly 
shaped but molten areas on the surface can clearly be iden-
tified. Furthermore, the virtual cross-section through the 

Fig. 4   Synchrotron microtomography image of a spherical melt-drop-
let formed aboard the ISS: a 3D-reconstruction of the surface (left 
top) and three virtual cross-sections through the same melt-droplet. b 
Close-ups of selected regions in the cross-sections

Fig. 5   Synchrotron microto-
mography images of differently 
shaped and sized aggregates 
#1–4 formed aboard the ISS 
(a), corresponding virtual 
cross-sections (b) and close-ups 
of selected regions in the cross-
sections (c)
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aggregate clearly shows an increased density (green) on 
the grain boundaries of the former dust particles which 
corresponds to molten regions. In this area, the high poros-
ity of the starting material has disappeared. Small regions 
with very high density (orange) indicate tungsten contami-
nation from the electrodes.

Aggregate #3 is not completely spherically shaped 
but has the shape of a hemisphere. The whole surface is 
smooth and rounded, which indicates that the surface was 
completely molten. In the surface reconstruction (a) the 
initial Mg2SiO4 dust particles cannot be identified any 
more. However, the virtual cross-section (b) shows that 
the inner part in the upper region is still unmolten while 
the bottom part of the aggregate was molten. In addition, 
larger pores grow during the melting process. Enlarged 
pores can also be observed in the cross-section of aggre-
gate #4. These pores were surrounded by molten regions 
with higher (green) density. In the surface reconstruction 
of aggregate #4 the increased density can also be observed 
in the region where the former Mg2SiO4 melted together, 
but here the initial Mg2SiO4 can still be identified. These 
observations are in good agreement with our test experi-
ments on Earth (Spahr et  al. 2020) were we observed 
increased density on the contact points between grains or 
in the regions where tungsten from the electrodes impacts 
into Mg2SiO4 grains.

The relatively small differences in the density contrast 
(Fig. 5 aggregates #2–#4) are caused by the homogene-
ous chemical composition of the starting material. This 
confirms that the fused aggregates were chemically uni-
form and not formed e. g. around hot tungsten particles 
as observed for aggregate #1 or during the Earth based 
experiments (Spahr et al. 2020). Small changes in the 
contrast only occur due to a slightly increased density in 
the molten regions, confirming that the aggregates were 
formed in the arc discharge and not by the impact of hot 
tungsten particles. The role of a small amount of tungsten 
vapor from the electrodes, which cannot be detected by 

microtomography, during the melting and fusing process 
of the aggregates is unknown.

Scanning electron microscopy

We used scanning electron microscopy to obtain high-
resolution images of the surfaces of the fused aggregates 
(Fig. 6). With lower magnification (a) the initial Mg2SiO4 
dust particles can be identified in some regions of the aggre-
gates, but it is obvious that the dimensions of the dust aggre-
gates formed during the experiment (up to 400 µm) are much 
bigger than of the starting material.

Aggregate #5 is elongated in one direction and in the 
outer part the Mg2SiO4 dust particles seem to be pristine. In 
contrast to the enlarged part in the center of the aggregate 
where a large amount of melt covers at least the surface of 
one or two Mg2SiO4 grains and connects them to the sur-
rounding particles. The surface of aggregate #6 is smooth 
and rounded in many regions. These areas of the aggregate 
were molten before, and in the left part of the aggregate the 
initial Mg2SiO4 grains and their contact points cannot be 
identified any more. Furthermore, a spherical melt-droplet is 
part of the aggregate. The melt-droplet connects the left and 
molten part with a nearly unchanged Mg2SiO4 grain on the 
opposite side. The surface of this melt-droplet varies widely 
from the surfaces of the other aggregates. A similar melt-
droplet within an aggregate was also found in our test experi-
ments on Earth (Spahr et al. 2020). In aggregate #7 only a 
few parts are molten and with increased magnification it can 
be observed that some regions of the initial Mg2SiO4 grains 
were completely molten and rounded while other parts of the 
same grain were untouched. Aggregate #7 is held together 
by the molten areas of a few grains which connects them to 
the surrounding unmolten particles. In contrast to aggregate 
#7, in aggregate #8 large parts of the aggregate were molten. 
The bottom part is covered with a coherent layer of molten 
material. In some parts the layer is incomplete and unveils 
an inside look on the unmolten bottom layer.

Fig. 6   SEM images of differ-
ent aggregates #5–8 formed 
aboard the ISS with lower (a) 
and higher (b) magnification. 
Characteristic pristine and melt 
regions are marked
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The EDX measurements on the aggregates reveal, that the 
expected chemical composition of the Mg2SiO4 dust parti-
cles does not change during the melting process. In contrast 
to the starting material, we found a slight tungsten contami-
nation in some regions of the fused dust aggregates. This is 
in good agreement with the small regions having a very high 
density, observed by microtomography.

Raman spectroscopy

We used Raman spectroscopy to determine the mineral 
phases occurring in the dust aggregates. Figure 7 shows line 
measurements through selected aggregates. A picture sec-
tion of the corresponding SEM image (Fig. 6b) shows the 
position where the Raman spectra were acquired. It is clear 
to see that even in the molten regions crystalline forsterite is 
present, the predominant phase and has not decomposed. No 
significant peak broadening can be observed in the molten 
regions and all Raman modes of the pristine areas can still 
be observed. Only minor peaks of an additional phase can 
be observed in a few Raman spectra.

Discussion and conclusion

As we successfully demonstrated that melting of Mg2SiO4 
dust particles is possible with our experimental setup within 
the chosen experimental conditions, we cross-checked the 
required energy for melting our Mg2SiO4 precursor par-
ticles. The discharge energy was adjusted up to the ≈ 8 J, 
while below no significant changes in the particle texture or 

morphology had been observed with the integrated camera. 
After several discharges with energies between 5 J and 8 J 
first changes were observed in the particle texture and mor-
phology (Fig. 2). Therefore, we chose to not further increase 
the energy of the arc discharge. The precursor dust parti-
cles with a diameter of d = 0.126(23) mm and a density of 
� = 3.2 g cm−3 have a mass of mdust ≈ 2.5 × 10−5 g approxi-
mating them as spheres. We calculated the required melt-
ing energy ( Qmelt ) for the chosen precursor material using 
the enthalpy of fusion ( ΔHfus = 114(20) kJ mol−1Navrotsky 
et al. 1989) and the molar mass ( M = 140.7 g mol−1 ) of Mg2
SiO4:

The required melting energy is ≈ 0.02 J per dust particle for 
a complete melting in the arc discharge. The highest energy 
used for the discharge experiments aboard the ISS was ≈ 8 J 
and the volume heated by the arc discharge can be approxi-
mated to be ≈ 1.6 mm3 resulting in an energy density of 
w = 5 J mm−3 in the arc (Spahr et al. 2020). With the known 
size of the precursor dust particles the provided energy per 
grain in an arc is ≈ 0.04 J. Therefore, it is plausible that the 
arc discharges provided the required energy Qmelt for a com-
plete melting of the dust particles.

We demonstrated that our experimental setup for a 
chondrule formation experiment aboard the ISS worked as 
planned. With this experimental setup we were able to obtain 
dust aggregates with very different sizes and shapes. In con-
trast to the pristine starting material we observed a strongly 
reduced porosity of the experimental outcomes. A quan-
titative interpretation of the porosity may be achieved by 
small-angle scattering techniques such as SANS (Kahle et al. 
2004) in future investigations. With the analyses on eight 
different aggregates presented here we extended our analy-
sis of micro-structure of the small ( ∅ ≈ 90 µm) melt drop-
lets by investigations on much bigger and complex shaped 
fused aggregates with lateral dimensions up to ∅ ≈ 350 µm 
(Koch et al. 2021b). Our results show that using relatively 
low discharge energy of 5–8 J, which is much lower than the 
energies employed in the chondrule formation experiments 
of e. g. Wdowiak (1996) (5000 J) or Güttler et al. (2008) 
(123–490 J), leads to the formation of fused aggregates 
instead of their destruction.

In comparison to our pre-experiments on Earth (Spahr 
et al. 2020) the fused aggregates obtained aboard the ISS 
show an increased amount of molten regions which do not 
only dominate the surface of the Mg2SiO4 grains. Molten 
regions, i. e. reduced porosity, missing grain boundaries and 
higher density in the contact points of the Mg2SiO4 particles 
reveal that the melting processes aboard the ISS affect also 
the insides of the aggregates, which was not observed during 

(1)Qmelt = ΔHfus ⋅
mdust

MMg2SiO4

.

Fig. 7   Raman spectra measured at different points of aggregate #6 in 
comparison to those of pristine Mg

2
SiO

4
 dust particles. A section of 

the corresponding SEM image (Fig. 6b) for the Raman line is shown
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the test experiments on Earth. In addition, some parts of the 
aggregates were molten completely and hence are almost 
round. This was not observed during the Earth based experi-
ments, were the aggregates only stick together by molten 
layers covering several Mg2SiO4 particles or were fused 
together by the impact of hot tungsten from the electrodes. 
It is possible that the aggregates formed aboard the ISS 
were exposed to more than one discharge while levitating 
between the electrodes. Therefore, very different morpholo-
gies and structures of the aggregates can be observed. This 
was only possible due to the long-term microgravity condi-
tions aboard the ISS. Here, Mg2SiO4 particles and already 
formed aggregates can be exposed to repeated heating events 
without suffering from gravity influence. The video record-
ings obtained from the ISS give evidence that the free levi-
tating dust particles and yet formed aggregates (Fig. 2) are 
in position between the electrodes and therefore hit by the 
arc discharges without any contact to the inner walls of the 
sample chamber, while during the test experiments on Earth 
these results could not be obtained due to gravitational influ-
ences. Implications of the formation of the aggregates for 
the relation to early Solar System processes are provided by 
Koch et al. (2022).

In summary, we have obtained further information on the 
energetics and experimental constraints required for chon-
drule formation experiments under microgravity conditions 
aboard the ISS. This provides a roadmap for future experi-
ments on Earth and in microgravity, as it now seems timely 
and relevant to address the role of the chemical complexity 
in chondrule formation by lightning experiments by extend-
ing the chemical simplicity of the Mg2SiO4 model system.
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