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Introduction: Glass with embedded metal and sulfides (GEMS) is a major component of chondritic-porous inter-

planetary dust particles (CP-IDPs) [1] and also found in micrometeorites [2], which are thought to be one of the most 

primitive materials in the solar system. Materials similar to GEMS are also observed in the matrices of primitive 

carbonaceous chondrite meteorites [3,4,5]. Several formation models based on observation of GEMS are proposed, 

but they are still under debate [6,7]. Synthetic experiments are performed to form GEMS analog particles [8,9]. These 

experiments, however, did not examine the effect of sulfur, which is one of the major elements in GEMS. In this study, 

synthetic experiments are performed in the system Fe-Mg-Si-O-S, with the systematic change in redox condition, to 

understand the GEMS forming condition. 

Methods: Induction thermal plasma (ITP) system was used for the condensation experiment. This system creates 

a high-temperature plasma (around 104K) which evaporates injected starting materials. Fine particles then condense 

in rapid cooling environments. Plasma gas is Ar and He, with a chamber pressure of 70 kPa. The starting material is 

a mixture of powder regents (SiO2, Si, MgO, Fe, FeS2) with the GEMS mean composition [7]. Redox condition was 

controlled by changing the SiO2/Si ratio and feeding rate of the starting material. Products were analyzed using X-ray 

diffraction, scanning electron microscope, and transmission electron microscope. 

Result and Discussion: The condensed products were amorphous silicates with Fe-bearing nano-inclusions with 

various textures and chemical compositions depending on the experimental conditions. The condensed grains were 

categorized into five types based on the Fe content and the existence of liquid immiscibility of the amorphous silicate 

and the phase of the nano-particles, which showed correlation with the redox conditions. In oxidizing conditions, Fe 

is mostly included in amorphous silicate as FeO, with FeS nano-particles. In intermediate redox conditions, the FeO 

content in amorphous silicate decreases and Fe metal and FeS nano-particles are present. In reducing conditions, 

amorphous silicate contains little FeO and Fe3Si, FeS and MgS nano-particles appears. FeO-poor amorphous silicates 

showed texture indicating two-liquid immiscibility, which strongly suggests that the amorphous silicate particles con-

densed as melt phase and was transferred to the amorphous state by rapid cooling. The shape and peak position of the 

IR spectrum of the condensate in the present experiments is similar to those of GEMS [10]. Spectral feature showing 

the two-liquid immiscibility can be recognized in GEMS but not clearly seen in interstellar dusts. This suggests that 

GEMS formed by condensation in the early solar nebula. 

The formation model on each type of the condensed grains was proposed by considering the timing of the nuclea-

tion of Fe metal nano-particle and glass transition of from the silicate melt, transportation of the Fe particles into 

silicate melt, and reaction of the Fe nanoparticles with S-rich gas. The condensation condition of typical GEMS may 

have occurred in intermediate or slightly reducing condition of the present experiments, with more Fe-rich and/or Si-

poor condition than the present experiments. 

Condensates of Fe-rich amorphous silicates with FeS nano-particles in oxidizing runs have similar textures to 

GEMS-like materials in the matrices of primitive carbonaceous chondrites [3,5]. This indicates the possibility of the 

formation of the GEMS-like material by direct condensation from nebula gas. FeO-rich features of amorphous silicates 

in the GEMS-like materials is not only the result of aqueous alteration causing Fe-enrichment of amorphous silicates 

by oxidation of Fe metal nanoparticles but also the result of direct condensation of oxidative grains [11]. 

References: [1] Bradley J. P. (1994) Geochim. Cosmochim. Acta, 58, 9, 2123-2134. [2] Noguchi T. et al. (2015) 

Earth and Planetary Science Letters, 410, 1–11. [3] Leroux H. et al. (2015) Geochim. Cosmochim. Acta, 170, 247-

265. [4] Nittler L.R. et al. (2019) Nature astronomy, published on April 15. [5] Matsumoto M. et al., Meteoritics & 

Planetary Sciences 53, Issue S1. 6100. [6] Bradley J.P. and Dai Z.R. (2004) The Astrophysical Journal. J. 617, 650–

655. [7] Keller L.P. and Messenger S. (2011) Geochim. Cosmochim. Acta, 75, 5336-5365. [8] Matsuno J. (2015) Ph.D. 

thesis. [9] Kim T. et al. (2017) ISPC, Abstract, 23, P2-33-7. [10] Bradley J. P., et al. (1999) Science, 285, 1716–1718. 

[11] Tsuchiyama A. et al. (2019) This meeting. 

6133.pdf82nd Annual Meeting of The Meteoritical Society 2019 (LPI Contrib. No. 2157)


