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Introduction: Chondrule formation theories are 

still controversially debated and remain among the most 

discussed issues in studies concerned with planet for-

mation. The formation of chondrules by nebular light-

ning belongs to one of the most plausible scenarios. This 

theory was introduced more than 50 years ago [1] and 

revised by several studies [2-5]. For a time, it appeared 

that the nebular lightning theory was superseded by the 

shock wave model [e. g. 6] or a model postulating the 

formation of chondrules during planet formation [7]. 

However, a recently published study [4] proposed a new 

mechanism which could produce the required amount of 

lightnings in the solar nebular, thus addressing one of 

the weaknesses of the theory. In addition, a new study 

on the cooling rate of different chondrules types con-

cludes that lightnings could indeed explain several 

chondrule properties [8].  

Several chondrule formation experiments have been 

carried out in order to gain more information about the 

cooling rates and the formation of the different chon-

drule types [e. g. 5, 9–13]. These experiments include 

studies using electric discharges or plasma arcs to melt 

precursor material [e. g., 5, 13].  

The influence of gravity is always an important as-

pect which effects the outcome of planetary science ex-

periments. For these reasons, we developed an experi-

ment named EXCISS (Experimental Chondrule For-

mation aboard the International Space Station ISS) 

which was carried out at long-term micro gravity condi-

tions aboard the ISS. In this experiment, synthetic for-

sterite (Mg2SiO4) dust particles levitating in a glass 

sample chamber, were exposed to electrical discharges. 

The aim of these experiments was to explore if dust par-

ticles melt, fuse and/or form chondrule-like objects with 

the help of arc discharges [14,15]. Another decisive dif-

ference to previous experiments (e.g. [5]) is the use of 

relatively low energy discharges to avoid the fragmen-

tation of the samples. 

Experimental Details: The experiment was carried 

out inside a 1.5 U NanoRacks NanoLab aboard the ISS 

from Nov 2018 to Jan 2019. The sample material con-

sists of well characterized, porous synthetic forsterite 

dust particles with grain sizes between 80–120 μm. The 

sample chamber was manufactured of optically trans-

parent glass filled with Ar at 100 mbar pressure. W-

electrodes were fused into the glass. The experiments 

were filmed with a Raspberry Pi Camera V2 using a 

frame rate of 40 fps. 

In total, 81 arc discharges with energies between 

1 and 8 J were induced. After sample return in August 

2019, we commenced with the analysis of the products 

by scanning electron microscopy (SEM). Samples were 

hand-picked, embedded in epoxy, polished and carbon-

coated for the SEM analysis. 

 Results: An analysis of the videos showed the ac-

cumulation of particles between the electrodes. The first 

change of the particles was discernible after the 4th arc 

discharge, and further discharges led to the formation of 

aggregates from several particles and spherules.  

After sample return we identified about 80 objects 

which are clearly distinct from the initial sample mate-

rial. These objects vary from small droplet shaped enti-

ties to aggregates of more than 10 particles.  

The back-scattered electron (BSE) image in Figure 1 

shows a close-up of a typical aggregate consisting of 

parts which were completely molten and are now fused 

to unaltered grains with a smooth interface. Tungsten 

from the plasma was incorporated during melting, and 

as tungsten is incompatible with forsterite, it precipi-

tated along the grain boundaries on crystallization dur-

ing cooling. The grains are often arranged as bundles of 

parallel lamellae. Melting also caused the disappearance 

of the small, evenly distributed pores in the starting ma-

terial and the formation of larger voids.  

The individual melt droplets have a diameter of ap-

prox. 100 μm which is similar to the grain size of the 

starting material, while the agglomerates formed by the 

fusion of molten and unmolten material have diameters 

of up to 600 μm. Figure 2 shows a back scattered elec-

tron image of a single molten spherule, highlighting the 

disappearance of the small pores, the formation of larger 

voids, of a curved smooth surface without the ridges of 

the initial grains and the precipitation of tungsten along 

grain boundaries. 

Discussion and Conclusion: The results clearly 

show that in our experiment aboard the ISS we were 

able to completely melt 100 μm sized particles, i.e., 

melting was not only restricted to grain surfaces. Cur-

rently, we cannot discriminate whether melting oc-

curred in the plasma arc or nearby due to thermal radia-

tion. The coexistence of molten and unmolten grains re-

sembles the presence of precursor coarse olivine grains 

found in natural chondrules [11]. The experiment 

clearly showed that using low energy discharges lead to 

the formation of aggregates and chondrule-like objects. 
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The cooling rate is sufficiently slow to allow the for-

mation of crystals with edge lengths of more than 

15 μm.  
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 Fig. 1: SEM BSE image of an aggregate of approx. 5 

grains with olivine (grey) and tungsten (white). The im-

age reveals a completely molten area with precipitated 

tungsten at the grain boundaries (left) joined to unaltered 

grains with characteristic small pores.  

Fig. 2: SEM BSE image of a melt spherule. Tungsten 

(white lines) has precipitated along the grain bounda-

ries of forsterite crystals (grey). Instead of the evenly 

distributed small pores in the starting material signifi-

cantly larger voids are now present. 
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