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ABSTRACT

Glass with embedded metal and sulfides (GEMS) is a major component of chondritic porous interplanetary dust particles. Although
GEMS is one of the most primitive components in the Solar System, its formation process and conditions have not been constrained.
We performed condensation experiments of gases in the system of Mg—Si—O (MgSiO; composition) and of the S-free CI chondritic
composition (Si-Mg—Fe—-Na—Al-Ca-Ni-O system) in induction thermal plasma equipment. Amorphous Mg-silicate particles con-
densed in the experiments of the Mg—Si—O system, and their grain size distribution depended on the experimental conditions (mainly
partial pressure of SiO). In the CI chondritic composition experiments, irregularly shaped amorphous silicate particles of less than a
few hundred nanometers embedded with multiple Fe—Ni nanoparticles of <20 nm were successfully synthesized. These characteristics
are very similar to those of GEMS, except for the presence of FeSi instead of sulfide grains. We propose that the condensation of amor-
phous silicate grains smaller than a few tens of nanometers and with metallic cores, followed by coagulation, could be the precursor

material that forms GEMS prior to sulfidation.
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1. Introduction

Derived from comets, chondritic porous interplanetary dust
particles (CP-IDPs) are one of the most primitive materials
in the Solar System (Brownlee 1985). Glass with embedded
metal and sulfides (GEMS) are amorphous silicate grains of
~100 nm in size with embedded FeNi metals and Fe-rich sulfide
nanoparticles (Bradley 1994b). GEMS are a major component
of CP-IDPs and have also been observed in Antarctic microme-
teorites (Noguchi et al. 2008) GEMS-like material composed of
amorphous silicate grains containing nanometals and/or sulfides
has been observed in the matrices of primitive carbonaceous
chondrite meteorites that have not undergone extensive aque-
ous alteration (Leroux et al. 2015; Nittler et al. 2019; Matsumoto
et al. 2019). The difference between the primitive carbonaceous
chondrites and GEMS is that GEMS-like material in the matrix
of the primitive carbonaceous chondrites is composed of rela-
tively Fe-rich amorphous silicate with Fe sulfides, and no FeNi
metals have been observed except for in one meteorite (Nittler
et al. 2019). Therefore, understanding the formation of GEMS

* Movie is available at https://www.aanda.org
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and GEMS-like materials and their relationship could be the key
to understanding the processes in the early Solar System.

The GEMS in CP-IDPs are either remnants of amorphous
silicate dust in the interstellar medium (ISM) or non-equilibrium
condensates from the early solar nebula gas. Bradley & Dai
(2004) argued that GEMS are survivors of circumstellar dust
amorphized in the ISM based on the observation of olivine
crystal pseudomorphs in GEMS. This is also supported by the
similarity of the infrared (IR) spectra to those of silicate dust
observed in molecular clouds and around evolved stars (Bradley
et al. 1999). Conversely, Keller & Messenger (2011) proposed
that most GEMS were formed by condensation in early solar
nebulae as late-stage non-equilibrium condensates based on a
low abundance of presolar GEMS grains and the wide range
of chemical compositions of GEMS. The formation process and
the environment of GEMS remain controversial (Bradley 2013;
Keller & Messenger 2013).

Matsuno et al. (2021) succeeded in reproducing GEMS-
like material composed of amorphous silicate embedded with
metallic Fe—-Ni nanoparticles from gases of the GEMS-mean
composition (Mg—Fe—Si—-Ni—Al-Ca-0) in an induction thermal
plasma (ITP) system operated at 30 kW. The characteristics of
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Fig. 1. Schematic of ITP system for the reproduction of cosmic dust simulants (@) and illustrations and pictures of injection types of plasma-forming
gas (b). Tangential flow is a swirl gas flow inside the quartz tube, and radial flow is an axial gas flow between quartz and ceramic tubes.

the condensates closest to those of the GEMS texture (GM7-75)
were that (1) condensed amorphous silicate grains were spheres
of ~45 nm in size, and (2) ~10% of the condensed amorphous
silicate grains contain the inclusion of multiple Fe—Ni nanomet-
als with a median size of 16 nm that exhibit a multi-metal glass
structure, and the other condensates include amorphous silicates
with a single metal core (core-shell structure) and those without
metal cores.

Induction thermal plasma systems provide high-temperature
plasma for vaporizing refractory materials and high cooling rate
conditions to obtain amorphous and/or metastable nanoparticles.
A new ITP system (TP-40020NPS, JEOL Ltd.) of 6 kW was
installed to study the formation processes of various cosmic dust
simulants (Takigawa et al. 2019).

In the present study, we perform condensation experiments
using a simple system of MgO-SiO, and a sulfur-free CI chon-
dritic composition to reproduce GEMS-like grains from a gas.
The condensates synthesized in the ITP systems can be com-
pared with the circumstellar dust formation conditions by scaling
the experimental conditions in the ITP systems (Matsuno et al.
2021; Takigawa et al. 2019). The condensation conditions of
GEMS compared with those of the present experiments are
discussed based on nucleation and growth theory from vapor
(Yamamoto & Hasegawa 1977; Kozasa & Hasegawa 1987).

2. Methods
2.1. Experimental methods

A schematic illustration of the ITP system is shown in Fig. 1a.
The system consists of a plasma torch, a chamber, a quenching
part, and a powder feeder for injection of the starting materials.
The plasma torch, the wall of the chamber, and the quench-
ing part are cooled by running water. The ITP is generated and
sustained by the induction heating mechanism (Kim & Kim
2019). The heat energy generated via the Joule heating process
is sufficient for continuous dissociation and ionization of the
injected gas and thus for sustaining the plasma. The generated
high-temperature (~15000 K) plasma flame provides effective
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vaporization of the injected starting materials, and a steep tem-
perature gradient (10*~10° Ks~!) enables condensation of the
nanoparticles.

The input power was fixed at 6 kW. To generate a stable
plasma flame by inductively coupled discharge, Ar gas was used
as the main plasma-forming gas owing to its high electrical con-
ductivity. He gas was added to improve the heat transfer to the
starting material because of its high thermal conductivity, and
0O, gas was added to adjust the redox conditions in the system.

Plasma-forming gases in conventional ITP systems are
injected both inside and outside of the quartz tube at the torch.
In contrast, in the ITP system employed in this study, the direc-
tion of the plasma-forming gas was either inside or outside of
the quartz tube to form a distinctly different high-temperature
pattern in the plasma flame. We applied one of the two inject-
ing directions of the plasma forming-gases, called tangential and
radial flows, in each experiment (Fig. 1b). In the case of the tan-
gential gas flow, the plasma-forming gas was injected to swirl
inside the quartz tube and expand broadly upon exiting the torch
(Fig. 1b, left). The radial plasma-forming gas was introduced
vertically outside the quartz to generate a long plasma column
with vertical gas injection (Fig. 1b, right).

We performed two sets of experiments, which we refer to
as MS and CI experiments, with starting materials composed of
Mg/Si = 1 and of CI chondritic composition, respectively. The
experimental conditions are detailed in Table 1.

In the MS experiments, we performed six runs (MS-1 to
MS-6) in the system of MgO-SiO,, which is one of the sim-
plest systems that mimic the solid materials in the Solar System
to obtain the optimal conditions for evaporation and condensa-
tion by changing the operating conditions of the ITP system.
We used a mixture of micron-sized powders of periclase (MgO,
99%, <30 pm; Wako Pure Chemical Industries Ltd., Japan)
and quartz (SiO;, 99.9%, 4 um; Kojundo Chemical Lab. Co.,
Ltd., Japan) with an atomic ratio of 1:1, or enstatite composi-
tion. The following parameters were examined: application of an
additional slit gas (MS-1 and MS-2), reproducibility (MS-2 and
MS-3), reactor pressure (MS-3, MS-4, and MS-5), and injection
direction of the plasma-forming gas (MS-5 and MS-6). As the
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Table 1. Experimental conditions and mass of run products.

(Exp.

no.

Feeding

rate
(mg min~")

Pressure
(KPa)

Plasma Plasma

flame
flow

forming gas
(L min™")

(Pf)yY°

value
(kPa-mg min~!)

Weight of run product (mg)

Lower Total

wall

Upper
wall

Quenching
part

Ar 30
He 2.5
0,0.5

Ar 30
He 2.5
0, 0.5

Ar 30
He 2.5
0,0.5

Ar 30
He 2.5
0, 0.5

Ar 30
He 2.5
0,05
Ar 30
He 2.5
0,05

IMS-1 Tangential 33 61

MS-2 Tangential 30 68

MS-3 Tangential 30 57

MS-4 Tangential 50 18

MS-5 Tangential 70 39

MS-6 Radial 72 35

7973 2124 203.5 1213.2 564

1092 171 89 1352 570

907.8 115 113.8 1136.6 493

3223 404 3 365.7 293

6484 1123 20.7 781.4 731

174.8  414.8 108 697.6 681

CI-1 Ar 30

He 2.5

Ar 30
He 5.0

Ar 30
He 5.0

Tangential 30 174

CI-2 Tangential 70 71

CI-3 Radial 70 3

3280
(mixed)

1100.3  160.8

198 3478 1253

150 1411.1 1197

14.1 46.9 8.7 69.7 98

Notes. " The MS-1 to MS-6 experiments were performed in system MgO-SiO,, and the CI-1 to CI-3 experiments were performed in system Si—
Mg-Fe-Na-Al-Ca—Ni-O. @ Starting materials were injected with argon carrier gas at 3 L min~'. ®Oxygen slit gas (O,) was additionally injected

at 20 Lmin".

Table 2. Representative chemical composition of the amorphous silicate condensates determined by STEM-EDS.

(at. %)
Starting CI-1 CI-2 CI-3
material Mg-rich Si-rich Mg-rich Si-rich Mg-rich Si-rich
Na 0.06 0.01 0.00 0.00 0.00 0.07 0.02
Mg 1.03 1.52 0.31 2.46 0.69 2.17 0.61
Al 0.08 0.01 0.02 0.04 0.04 0.01 0.04
Si 1 1.00 1.00 1.00 1.00 1.00 1.00
Ca 0.06 0.01 0.02 0.08 0.04 0.08 0.03
Fe 0.85 0.46 0.01 0.23 0.06 0.84 0.08
Ni 0.05 0.01 0.00 0.02 0.00 0.09 0.02

plasma-forming gas, we used a mixed gas of Ar, He, and O, at
30, 2.5, and 0.5 L min!, respectively. To prevent the formation
of metal nanoparticles, O, gas was added.

The CI experiments (CI-1, CI-2, and CI-3) were performed
in the Si-Mg-Fe-Na—Al-Ca—Ni-O system. The elemental ratio
of the cations of the starting material was prepared as the CI
chondritic composition (Lodders et al. 2009) (Table 2). For
the starting material, we prepared a mixture of micron-sized
oxides and metallic powder reagents containing Si (>99.9%,
5 wm; Kojundo Chemical Lab. Co., Ltd., Japan), SiO,, MgO,
Fe (>99.9%, 3—5 pwm, Kojundo Chemical Lab. Co., Ltd., Japan),

v-Al,03 (>99.9%, 4 um; Kojundo Chemical Lab. Co., Ltd.,,
Japan), CaO (>99.95%, 4 pum; Strem Chemicals Inc., USA),
anhydrous Na,SiO; (<100 um; Nacalai Tesque Inc., Japan), and
Ni (>99.9%, 2-3 um; Kojundo Chemical Lab. Co., Ltd., Japan).
We adopted a ratio of Si/(SiO; + Si) of 0.3 for controlling the
O, content in the starting material to form both amorphous sili-
cates and Fe—-Ni metals (Matsuno et al. 2021). The mixture was
ground to particles of 4 pum.

The starting material was injected into the plasma flame with
Ar carrier gas at 3 Lmin~!' for 20 min in all runs. The same
plasma-controlling conditions of MS-2, MS-5, and MS-6 were
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adopted for CI-1, CI-2, and CI-3, respectively. Ar and He gases
were used as the plasma-forming gas. The flow rate of the He
was increased to 5 L min~' to improve the heat transfer in CI-2
and CI-3. The pressure was controlled at 30 kPa and 70 kPa in
CI-1 and CI-2, respectively, and different injection patterns of
the plasma-forming gas (i.e., tangential and radial) were applied
in CI-2 and CI-3 (Table 1).

As the thermal plasma torch is located above the chamber
(Fig. 1a), the gas temperature is highest at the top of the cham-
ber and steeply decreases due to a high fluid velocity, resulting
in the condensation of small particles. Most of the condensates
are transported along with the plasma gas and coagulate on the
walls of the chamber; some of the condensates, together with
evaporation residues, fall down onto the quenching part, which
is directly below the plasma torch, due to gravity. The run prod-
ucts were separately collected at the upper and lower walls of the
chamber (Fig. 1a) because of the anisotropic temperature gradi-
ents in the chamber (Shigeta & Watanabe 2005). The exception is
run CI-1, in which the condensates in the upper and lower walls
of the chamber were collected as a mixture. We also collected
samples at the quenching part to obtain the total mass of the
products. The feeding rate of the starting material is calculated
from the total mass of the produced powder and the experimental
duration (Table 1).

2.2. Analytical methods

The phases of the starting materials and run products were
examined using powder X-ray diffraction (XRD; SmartLab,
Rigaku, Kyoto University) and Fourier transform infrared (FT-
IR) spectroscopy (MFT-680; JASCO, Kyoto University). X-ray
diffraction with Ni-filtered CuKe radiation (1 = 1.5418 A) was
performed at an accelerating voltage and tube current of XRD of
40 kV and 40 mA, respectively. The run products were mounted
on a reflection-free sample holder of a Si single crystal for detect-
ing amorphous materials. The scan range was 4°-95° 26; the
scan step was 0.02° count; and the scan speed was 0.3° min~'.
For FT-IR analysis, each sample and KBr powder were mixed at
a mass ratio of 1:200 and were pressed to form a 10 mm ¢ pel-
let. The absorbance of the pellets was measured at a wavelength
range 1.6-25 um. For observation using a field-emission scan-
ning electron microscope (FE-SEM; JSM-7001F, JEOL, Kyoto
University) with an energy dispersive X-ray spectrometer (EDS;
XMax-150, Oxford, Kyoto University), each run product was
embedded into resin and was polished. A small amount of
each run product was put on a copper mesh transmission elec-
tron microscope (TEM) grid coated by a carbon film and was
observed using FE-TEMs (JEM-2100F, JEOL, Kyoto University;
JEM-2800, JEOL, University of Tokyo) with energy dispersive
X-ray spectroscopy EDS (JED-2300T, JEOL, Kyoto University;
X-Max50, Oxford, University of Tokyo) at 200 kV accelerat-
ing voltage. Scanning TEM (STEM) images and STEM-EDS
maps were obtained to determine the textures and phases of
each grain in the condensates. In addition, STEM tomography
was performed to obtain three-dimensional (3D) textures of the
amorphous silicate grains with embedded metallic nanoparticles
synthesized in CI-2. For STEM-EDS tomography, the nanopar-
ticles were mounted on carbon thin film attached to copper
mesh, and TEMography (System In Frontier Inc., Japan) was
used for acquisitions and analysis. Dark field (DF) STEM and
EDS images were acquired for every 8° of the sample stage rota-
tion between —63.5° and +62° for 20 min, and 17-18 images in
total were used for the tilt series. Each image contained 256x
256 pixels at a pixel size of 2-4 nm. After semi-manually
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Fig. 2. FT-IR absorbance of run products collected from the upper wall
in MS-1-6. Blue, green, and yellow arrows indicate peaks attributed to
amorphous silicate, forsterite, and amorphous silica, respectively.

estimating the rotation axis, we reconstructed the tilt series using
the simultaneous iterative reconstruction technique (SIRT) algo-
rithm and obtained tomographic images. The volume rendering
image was drawn by giving an appropriate transmittance to the
pixel values of the tomographic image and was observed in 3D.

3. Results
3.1. MS experiments in the MgO-SiO, system

Scanning electron microscope and XRD analysis showed that
collected samples are dominated by condensates of amor-
phous Mg silicates and contain crystalline and glassy coarse
grains, which are unvaporized residues of the starting materi-
als (Figs. A.1 and A.2). Figure 2 shows the FT-IR spectra of the
starting material and run products collected from the upper wall
of the chamber. The broad peaks of the products at ~9.6 pm and
18.7 um indicate that most of the condensates are amorphous Mg
silicates. The peaks are attributed to Si—O stretching and O-Si—
O bending modes of the amorphous Mg silicates, respectively.
The observed peak at ~9.6 um is clearly different from that of
~9.3 um for the amorphous silicates with Mg/Si ratios of 0.7-1
synthesized by a sol-gel method (Jdger et al. 2003), which may
be due to different atomic structures of amorphous silicate and
also affected by evaporation residues. The peaks of amorphous
silica at ~9.0 um and 20.8 pum (Koike et al. 2013) are relatively
strong in MS-1. Shoulders at 11.2 pm attributed to crystalline
forsterite (Koike et al. 2010) also occurred in MS-1 to MS-3.
These crystals are not condensates but unvaporized residues of
starting materials.

The TEM observation showed that fine-grained materials
correspond to condensed products composed of nanoparticle
aggregates (Fig. 3). Spherical grains of 10—100 nm with clear
grain boundaries are dominant in the condensates at the lower
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Fig. 3. TEM-BF images of run products collected from the upper wall
in MS-1 (a), the lower wall in MS-2 (b), the upper (c¢) and lower (d)
walls in MS-5, and the upper (e) and lower walls (f) in MS-6.

wall in MS-1-5 and from the upper and lower walls of the cham-
ber in MS-6. On the other hand, small particles <50 nm obtained
from the upper wall in MS-1-5 are nonspherical with rough sur-
faces and less-clear grain boundaries (Figs. 3a,b). The selected
area electron diffraction (SAED) of the nanoparticles indicate
amorphous state (Figs. 3c,e); no crystalline phase was detected
in the condensates of MS-1-6.

For the experiments using tangential gas flow (MS-1-5), the
largest sizes of the nanoparticles are smaller at the upper wall
than those at the lower wall (Figs. 3c,d). No clear size differ-
ence was noted in the particles from the upper and lower walls
of the chamber in experiments that used radial gas flow (MS-6;
Figs. 3e,f).

To discuss the grain size difference more quantitatively, we
obtained size distributions of the run products using the TEM
images of the condensates obtained from the lower wall in MS-
1-4 and from the upper and lower walls in MS-5 and MS-6
(Fig. 4). The grain size of the condensates from the upper wall in
MS-1-4 was not measured owing to their unclear grain bound-
aries (Fig. 3a). The grain size distribution also depended on the
gas flow direction (Fig. 4a). The condensates from the lower wall
of the chamber in MS-1-5 are similar but are clearly smaller
than those in MS-6 (Fig. 4a). Figure 4b compares the size dis-
tributions of condensates from the upper and lower walls of
the chamber in MS-5. The median sizes of particles from the
upper and lower wall are 13.4 and 29.4 nm, respectively. The
condensates from the lower wall are twice the size and have
a broader size distribution than those of the upper wall. In
MS-6, the median particle size from the upper and lower cham-
bers is similar, at 32.9 and 39.0 nm, respectively, and is larger
than those in MS-5 (Fig. 4c). The chemical compositions of
nanoparticles in the upper wall are homogeneous, whereas those
from the lower wall are clearly heterogeneous and have Mg-
rich cores and Si-rich rims (Fig. A.3) This discrepancy could be
attributed to the immiscibility gap of silicate melts, as discussed
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Fig. 4. Size distribution of run products collected from the lower wall
in MS-1-6 (a), the upper and lower walls in MS-5 (), and the upper and
lower walls in MS-6 (c).

subsequently. The optimal condition was obtained for evapo-
ration and condensation in the MgO-SiO, system and it was
applied to the CI experiments (Appendix B).

3.2. Cl experiments in the Si-Mg—Fe—Na—-Al-Ca—Ni—-O
system

3.2.1. Bulk analysis

Analysis of SEM, XRD, and FT-IR showed that the conden-
sates are mainly amorphous silicates and Fe-Ni metals and
silicides. Unvaporized residues of the starting materials are
mainly observed in the quenching part in the CI experiments.
Figure 5 shows the XRD patterns of the starting material
and run products in CI-1-3. The run products show halos at
20°-40° with weak peaks from crystals, indicating that most
of the condensates are amorphous silicates in the experiments.
Samples from the quenching part show strong peaks of unva-
porized residues of the starting materials such as periclase,
quartz, silicon, corundum, metallic Fe, and lime. Forsterite is
the crystallization product from unevaporated melt, as in the MS
experiments. For the samples collected from the chamber walls,
peaks from unvaporized residues are weak in CI-1 and negligi-
ble in the sample in CI-2 and CI-3. The proportion of evaporation
residues decreases with increases in the reactor pressure. The run
products are mostly composed of condensates in CI-3, where the
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radial plasma flame pattern was chosen (Fig. 5d). Most of the
metallic Fe, Fe;Si (gupeiite), and (Fe, Ni) (kamacite, hereafter
FeNi) detected in the XRD patterns are condensation products,
as indicated by the TEM observation described subsequently.
The IR spectra of the run products collected have broad peaks
at ~10.0 um in CI-1 and CI-2, whereas the peak is shifted to
~9.7 um in CI-3 (Fig. 6). These peaks are derived from Si-O
stretching vibrations in amorphous Mg(Fe)-silicates. The differ-
ence in the peak positions could reflect the Mg/Fe and Mg/Si
ratios in the amorphous silicates.

3.2.2. Particle analysis

Figure 7 shows bright field (BF) TEM images of the run prod-
ucts in CI-1-3. High-angle annular dark field (HAADF) STEM
images and STEM-EDS maps of the condensates in CI-1 and
those from the upper wall in CI-2 and CI-3 are shown in Fig. 8.
The results of the TEM observation are summarized in Table 3.

In the run products of CI-1, in which condensates from
the upper and lower walls were mixed, amorphous sil-
icates of <100 nm in diameter accompanied by Fe-rich
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nanoparticles <~20 nm were observed (Figs. 7a and 8a). Rel-
atively large (>30 nm) amorphous silicate grains are perfectly
spherical and show a clear grain boundary. The nanoinclusions
are mainly metallic FeNi and Fes;Si nanoparticles (Fig. 8a),
which could correspond to the kamacite and gupeiite observed
in the XRD patterns, respectively (Fig. 5). Not more than one
nanoparticle is present in each amorphous silicate grain. This
texture is similar to that reported in the previous work as a core-
shell microstructure (Matsuno et al. 2021). The Fe/(Fe + Mg) of
amorphous silicates from the upper wall in CI-1 is ~0.2 (Table 2).

The amorphous silicates collected from the lower wall in
CI-2 are larger than those from the upper wall and have spherical
shapes with clear grain boundaries. No more than one metallic
sub-grain is embedded in each amorphous silicate grain from
the lower wall in CI-2 (Fig. 7¢) as in the run products in CI-1.
For the CI-2 run products collected from the upper wall, most
amorphous silicate particles greater than tens of nanometers are
irregularly shaped with no clear grain boundaries with multi-
ple metallic inclusions (Fig. 7b). They are aggregates of small
<~20 nm amorphous silicate grains with and without a single
metallic core. The rough surface and no clear grain bound-
aries indicate either that nonspherical grains were originally
condensed and aggregated, or that spherical nanoparticles con-
densed and coalesced and then surface atoms diffused to modify
the grain shapes. The Fe content in the amorphous silicates is
relatively low, at (Fe/(Fe + Mg) = ~0.09; Table 2). The embed-
ded nanoparticles are composed of FeNi and Fe;Si; multiple
nanoparticles are present in the amorphous silicate grains from
the upper wall (Figs. 7b and 8b). The XRD pattern indicates that
FesSi is dominant over FeNi (Fig. 5¢).

In the run products of CI-3, the condensates from the lower
wall are similar in texture and size to those from the upper wall
(Figs. 7d and e) and those from the upper wall in CI-2 (Fig. 7¢).
The amorphous silicates from the lower wall in CI-3 are enriched
in Fe (Fe/(Fe + Mg) = ~0.3; Table 2), and some grains contain
inclusions of mostly FeNi and, to a lesser extent, FesSi (Fig. 8c).
The experimental condition may be more oxidized in CI-3 than
in CI-2 because considering that the TEM observation showed
abundant nanoparticles of FeNi and Fes;Si and Fe-poor amor-
phous silicate particles in CI-2, whereas metallic nanoparticles
were rare, and the amorphous silicate was Fe-rich in CI-3.

The chemical compositions of the Mg- and Si-rich domains
of amorphous silicates were extracted from the STEM-EDS
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Fig. 7. TEM-BF images of run products from the upper and lower walls
in CI-1 (a), the upper (b) and lower walls (c) in CI-2, and the upper (d)
and lower walls (e) in CI-3.

maps (Table 2). In all run products of CI-1-3, many amorphous
silicate grains had Si-rich cores and Mg-rich rims (Figs. 8a—c),
as was the case of the MS experiments.

Figure 9 shows BF-STEM and HAADF-STEM images of
two typical assemblages of grain collected from the upper wall
in CI-2. The texture of multiple metal nanoparticles in somewhat
irregularly shaped amorphous silicate grains in CI-2 is very sim-
ilar to GEMS except for the presence of Fe;Si and the absence of
FeS (Keller & Messenger 2011). The 3D texture of this run prod-
uct obtained by STEM and EDS tomographies shows that Fe;Si
and FeNi nanoparticles were embedded in the amorphous sili-
cate rather than attached to the surface (Fig. 10; movie available
online).

4. Discussion
4.1. Condensation process

Fine particles of ~10—100 nm are gas condensates composed of
amorphous silicates in the MS experiments (Fig. 5) and those
embedded with nanoparticles of FeNi or Fe;Si in the CI exper-
iments (Figs. 8 and 10). No crystalline silicate was detected
among the fine particles.

Spherical grains with clear grain boundaries, which were
generally observed for grains on the lower wall of the cham-
ber, have chemically separated textures (Figs. 8 and A.3). These
characteristics indicate that they have formed via nucleation of
metastable liquid melts.

The amorphous silicate grains with Si-rich and Si-poor (Mg-
rich) regions are known to form due to liquid immiscibility in
the systems of MgO-SiO, (Greig 1927) and MgO-FeO-Si0O,
(Osborn & Muan 1960). In our experiment, melt droplets seem
to nucleate and grow from vapor as a metastable state as seen
in previous experiments (e.g., Wu et al. 1993; Jung et al. 2005;
Ishizuka et al. 2016), and then separate into two liquids phases
above the glass transition temperature of ~800 K (Avramov
et al. 2005). These melt grains finally solidified as spherical
amorphous grains with two distinct chemical compositions. Sil-
icate melt condensation can occur prior to the condensation of
metallic Fe because the temperature of homogeneous nucleation
of metallic Fe is lower than that of silicate (Matsuno et al.
2021). The Fe-bearing nanoparticles (Fe;Si and FeNi) inside
the amorphous silicate grains observed by the STEM tomog-
raphy (Fig. 10; movie available online) were likely formed by
surface-tension-driven migration of metallic nanoparticles from
the surfaces of amorphous silicate grains toward the inside
(Matsuno et al. 2021).

The irregularly shaped amorphous silicates (Figs. 3a and 7a,
b, d, and e) are aggregates of ~10 nm sized particles. The unclear
grain boundaries and rough grain surfaces indicate either that
(1) irregular shaped small particles condensed from gases and
coagulated or (2) very small spherical grains as seen in Fig. 3b
condensed and then surface atoms diffused to modify grain
shapes and blur grain boundaries to form irregular shapes by
the heat of plasma flame. Similar irregularly shaped nanopar-
ticles were observed by condensation experiments of amorphous
Si nanoparticles in high quenching gas (Zhang et al. 2021).
The high cooling rate may be a cause of the irregular shaped
grains because the quenching rate of the grains at the upper
wall of the chamber is higher than that at the lower wall. How-
ever, the STEM elemental maps (Fig. 8) show that both of the
spherical and irregular shaped grains have Si-rich cores and
Mg-rich rims. Thermodynamic calculations of equilibrium con-
densation predict that Mg-silicates such as forsterite condense at
high temperatures and Mg content in silicates decreases at lower
temperatures (Grossman 1972). The exact temperatures of con-
densation of metastable amorphous silicates are different from
those of crystalline silicates but the order of condensation should
be similar. Thus, these Si-rich core and Mg-rich rim structures
are unlikely to form by condensation of amorphous grains. The
difference of the grain shapes collected at the upper and lower
walls of the chamber is explained by the difference in the heating
after condensation in addition to the quenching rate. The upper
wall is only ~200 mm from the plasma torch (Figs. 1a,b). The
condensed solid particles attached to the upper wall were heated
at higher temperatures than those at the lower wall and might
have been sintered slightly to form ambiguous grain boundaries
(Figs. 3a and 7). In experiment CI-3, the samples from both of
the upper and lower walls of the chamber are irregularly shaped.
This is because the radial plasma gas flow forms a long plasma
flame (Fig. 1a) and heated the lower wall of the chamber more
than a tangential plasma gas flow.

As shown in Table 1, more than 65% of the products were
collected from the upper wall in the MS experiments using tan-
gential gas flow (MS-1-5), while only ~25% collected on the
lower wall in MS-6, where the radial gas flow was applied. This
difference indicates that the starting materials remained longer in
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Fig. 8. HAADF-STEM images and STEM-EDS maps of run products synthesized in CI-1 (a), CI-2 (upper wall) (b), and CI-3 (upper wall) (c).

Table 3. Summary of synthesized GEMS-like materials.

CI-1 (mixture of upper and lower)

CI-2 (upper) CI-3 (upper)

Amorphous Size (nm) 20-50 10-100 50-100
silicates Fe/(Mg+Fe) in Mg-rich domain 0.2 0.09 0.3
Phase and size (nm) FeNi Common Rare Common

(10-30) (<10) (10-40)
Inclusions Fe;Si Rare Common Rare
(10-20) (<15) (<10)
Number density Medium High Low

Morphology Spherical Nonspecific ~ Nonspecific
(core-shell) (GEMS)

the radial plasma flame than in the tangential gas flame and that
the main grain formation occurred later in the radial gas flow, as
shown in Fig. 1b.

The condensation process was discussed in a model of
homogeneous nucleation and growth from vapor (Yamamoto
& Hasegawa 1977; Matsuno et al. 2021). In this model, a
dimensionless parameter, A, is defined as

A =vr/(h/kgTe — 1), (1)
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where v, 7, h, kg, and T, are the gas collision frequency, cool-
ing timescale, evaporation latent heat, Boltzmann constant, and
equilibrium condensation temperature, respectively. The colli-
sion frequency is given by v = 4rag?asny(kgNaTe/ 2)1/ 2 where
ay is the radius of vapor molecules, ag is the sticking probabil-
ity, Na, is Avogadro constant, M is molecular weight, and vy is
the number density of vapor molecules (vy = PXyrp/kgT) calcu-
lated from the total pressure, P, of 7 X 10* Pa and the abundance
of condensate, Xirp, of 4 x 10™* by adopting the Si/(Ar + He)
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HAADF-STEM

50 nm

Fig. 9. BF-STEM and HAADF-STEM images of two typical conden-
sates with GEMS-like textures synthesized in CI-2 and collected from
the upper wall.

Fig. 10. Cross-sectional images of DF-STEM and elemental map for
x—y and x—z axes to estimate the metallic inclusion of GEMS-like
nanomaterial synthesized in CI-2 by TEM tomography. Movie available
online.

ratio using the feeding rate of 100 mgmin~'. The value of A
in the present ITP experiments, Ajrp, is estimated to be ~4 X
103, which is comparable to that estimated for the 30 kW ITP
system by Matsuno et al. (2021), at 103=10*. In the calculation,
we assume the key species as SiO, a sticking probability of 1, a
cooling timescale (tipp) of ~2.5 X 10! s, equilibrium temper-
ature of 2500 K estimated using HSC Chemistry commercial
software (Outotec Research Oy.), latent heat of condensation of
31700 K, and 2.6 x 1071 m radius of vapor molecules (Kozasa
& Hasegawa 1987; Miura et al. 2010).

4.2. Grain size

Kozasa & Hasegawa (1987) proposed that the grain size, d,
is proportional to A%/%. The feeding rate of the starting mate-
rial, f, is proportional to Xirp; then, we obtained the following

relation:
d o (Pf1)/S. (2)

From this model, the grain diameter of silicate, represented by
MgSiO; (Kozasa & Hasegawa 1987), is estimated as ~20 nm
assuming the experimental conditions of the CI experiments
(Table 1). This is consistent with the size of amorphous silicate
grains obtained in the CI experiments in magnitude order.

Based on the nucleation and growth model, the grain size, d,
is almost proportional to the reactor pressure, P, feeding rate, f,
and cooling timescale, 7, as shown by Eq. (2). If we assume that T
is the same in the tangential flow without the slit gas, the value of
P#>/% increases from MS-4 to MS-3 to MS-2 to MS-5 (Table 1),
which is consistent with the difference in median grain size of
products collected from the lower wall (Fig. 4a). In addition, the
grain size in MS-1, in which an additional O, gas was introduced,
is smaller than those in MS-2-5. The condensates in the radial
gas flow (MS-6) are larger than those in MS-2-5. These results
indicate that the cooling timescale became smaller in MS-2 due
to the additional gas flow, and larger in MS-6 due to the radial gas
flow, respectively. In addition, the grain size at the upper wall of
MS-1-5 is smaller than that at the lower wall (Figs. 4b,c). This
suggests that the cooling rate in the upper wall is larger (7 is
smaller) than that in the lower wall under the tangential gas flow
conditions. The coexistence of fine grains (~10 nm) with coarse
grains in the lower wall suggests that heterogeneous condensa-
tion conditions in the reactor and that grains of different sizes
were finally mixed together. In the CI experiments, no signifi-
cant difference in particle size was noted in CI-1-3. The value
of Pf>/ is much smaller in CI-3 than that in CI-1 and CI-2
(Table 1), although 7 in the radial gas flow is larger than that
in the tangential gas flow, as observed in the MS experiments.
Although the values of 7 could not be estimated quantitatively
in this study, similar grain size was obtained by compensation of
Pf and 7 in the CI experiments.

4.3. Comparison with GEMS-like nanopatrticles synthesized
in higher power ITP

Matsuno et al. (2021) also produced spherical amorphous sil-
icates embedded with multiple metal sub-grains similar to
GEMS. Those grains are, however, constituted only part of
the condensates; the remaining grains were amorphous silicate
grains, either without inclusions or with a single metal core.
However, in the present study, the condensates from the upper
wall in CI-2 are composed mainly of irregularly shaped amor-
phous silicate with multiple metallic inclusions similar to GEMS
(Fig. 9). These differences could have been caused by differ-
ent temperature gradients and locations of the sample collection
in the ITP systems. The higher power ITP system of 30 kW
used in Matsuno et al. (2021) provided a larger volume of high-
temperature gases than the present ITP system of 6 kW. The
condensates were collected >1 m from the plasma torch in the
30 kW ITP system. The small fraction of the amorphous sili-
cates embedded with multiple metal sub-grains in Matsuno et al.
(2021) indicates that amorphous silicate grains with and without
multiple metal inclusions formed in different locations and dif-
ferent conditions in the 30 kW ITP system and were collected
together.

Matsuno et al. (2021) argued that the spherical shape of the
amorphous silicates embedded with multiple metallic inclusions
synthesized in the 30 kW ITP system are formed by either (1)
heterogeneous condensation of metals on the silicate melt sur-
face followed by incorporation of metals into the silicate melt
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before solidification or by (2) coalescence of silicate melt grains
before solidification, each of which had a single metallic core.

On the contrary, as discussed in Sect. 4.1, our study showed
that the condensed solid particles attached to the upper wall
were heated because of the short distance from the plasma torch
and were sintered slightly to form ambiguous grain boundaries
without crystallization. The irregularly shaped amorphous sili-
cates with multiple metallic inclusions collected from the upper
wall in CI-2 are explained by solidification of small amorphous
silicate grains of less than a few tens of nanometers with a
metallic inclusion (core-shell grains) followed by coagulation
and annealing of those grains.

4.4. Implication for GEMS formation

The textures of multiple metallic nanoparticles embedded in
irregularly shaped amorphous silicate grains of ~10—100 nm pro-
duced in the CI experiments are similar to those of GEMS in
CP-IDPs (Bradley 1994a,b; Keller & Messenger 2011) and chon-
dritic porous micrometeorites (CP-MMs) (Noguchi et al. 2008,
2015; Duprat et al. 2010; Dobricé et al. 2012; Hirowatari et al.
2014). Mid-IR spectra of condensates in the CI experiments well
reproduce peak positions of GEMS and circumstellar amorphous
silicates (e.g., Bradley et al. 1999). In addition, the signatures
of the liquid immiscibility (SiO,-rich and poor compositions in
amorphous silicates) can be recognized in GEMS (e.g., STEM-
EDS images in Fig. 1 of Keller & Messenger 2011) and possibly
the IR spectrum of GEMS (Bradley et al. 1999). As discussed in
Sect. 4.1, this liquid separation texture was likely formed by con-
densation as a melt state at a relatively high temperature above
the glass transition temperature.

The size of the amorphous silicate spheres in the CI exper-
iments was somewhat smaller than that of the GEMS grains.
However, some GEMS grains appear to be aggregates of sub-
grains, based on their TEM images (Keller & Messenger 2011).
The texture of the irregularly shaped amorphous silicate grains
with embedded multiple nanoparticles produced in CI-2 (Fig. 9)
is very similar to GEMS except for the presence of Fe;Si and
the absence of FeS. The Fe;Si nanoinclusions observed in the
CI experiments are not observed in GEMS. This indicates that
the redox conditions of the GEMS formation are more oxidized
than those in the CI experiments. In addition, we cannot dis-
cuss Fe sulfide nanoinclusions observed in GEMS because the
experiments were performed in the S-free system. Sulfidation
may occur at low temperatures simultaneously with annealing
of amorphous silicates.

Although the discussion using A values can apply only to the
grain size of condensed particles and not to textures or phases
of the condensates, we compared the condensation process in
the ITP system with GEMS formation, which occurred in the
primordial Solar System or the circumstellar environments of
evolved stars. The condensation parameter of Ayrp of ~4 X 103 is
comparable to those around Type II-P supernovae (SNe), outflow
of asymptotic giant branch stars, and bow shock regions in proto-
planetary disks but is not similar to those of slow-cooling gas of
protoplanetary disks at 0.1 AU (cooling timescale of ~3 x 108 s)
or around Type IIb SNe, as proposed by Matsuno et al. (2021). It
should be noted that the values of Arp are essentially the same
among the experiments in this study, which indicates the possi-
bility of GEMS-like texture forming in the other environments.
If condensation of amorphous silicate of tens of nanometers with
a metallic core followed by coagulation and slight annealing
discussed in the previous section is the key process in forming
GEMS, lower A environments such as Type IIb SNe are possible
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candidates for GEMS formation as well because of the relation
A oc @°/%. In that case, such small grains need to coagulate prior
to destruction by shock waves from SNe.

5. Conclusion

We performed vaporization and condensation experiments in
the Mg—Si—O and Si-Mg-Fe—Na-Al-Ca—-Ni—O systems under
nonequilibrium conditions in the 6 kW ITP system.

Vaporization and condensation conditions (condensation
location, cooling rate, reactor pressure, and plasma flame pat-
tern) in the ITP system were examined by experiments in the
Mg-Si-O system (MS experiments). The condensates collected
at the upper wall are smaller than those at the lower wall in
most MS experiments owing to the difference in the paths of
the gas flow, which reached the different locations in the cham-
ber and changed the temperature and density gradient of the
gas molecules. The grain size distributions in the MS exper-
iments clearly depended on the plasma conditions and are
well explained by nucleation and growth theory (Yamamoto &
Hasegawa 1977; Kozasa & Hasegawa 1987).

In the condensation experiments of gases of the CI chon-
dritic composition in the system of Si-Mg—Fe—Na—Al-Ca-Ni—
O, amorphous silicates of a few tens of nanometers with multiple
metallic sub-grains were collected at the upper wall in CI-2, and
their textures appear very similar to the characteristic textures of
GEMS, except for the presence of Fe;Si grains instead of sulfide
grains. These GEMS-like materials are formed via condensation
of small liquid grains of less than a few tens of nanometers with
metal cores followed by the aggregation of condensed grains
and a slight annealing without crystallization by heat from the
hot regions. The Fe content in amorphous silicate grains in the
CI experiments increased with a decrease in the feeding rate of
the starting materials, likely because the redox conditions were
affected by the background oxygen in the chamber.

We compared the condensation conditions in the ITP sys-
tem with circumstellar environments using the nucleation and
growth theory. The formation of amorphous silicate grains of a
few tens of nanometers in size in the protoplanetary disk requires
local thermal events such as chondrule formation. Circumstel-
lar environments, such as Type II-P SNe, Type IIb SNe, and
the outflows of AGB, are also possible environments. A slightly
oxidized condition for preventing the formation of silicide and
the sulfidation of metals at low temperatures may be required to
more effectively reproduce the GEMS mineralogy.

The formation processes for reproducing GEMS textures
proposed in the present study are (1) the condensation of silicate
melts followed by a heterogeneous condensation of metal onto
them, (2) surface-tension-driven migration of metallic nanopar-
ticles from the surfaces to the inside of silicate melts, (3)
solidification and coagulation of the spherical amorphous sili-
cate grains, and (4) slight annealing and diffusion of the surface
atoms to form irregularly shaped amorphous silicate with multi-
ple nanoinclusions. Although the conditions for the annealing
of amorphous silicates to form irregular grain shapes are not
constrained from the present study, the heating of amorphous
silicates at temperatures lower than their crystallization tempera-
ture does not conflict with later sulfidation after the condensation
of amorphous silicate and nanometal or isotopic homogeneity
between the GEMS grains.
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Appendix A: Unvaporized and melted residues

Figure A.1 shows backscattered electron (BSE) images of the run
products collected from the upper wall in MS-1, MS-5, and MS-
6. Matrix regions in Fig. A.1 consist of condensates of <100 nm
in size. Large spherical and nonspherical grains of about one
to a few tens of micrometers in size are embedded in the con-
densates (matrix). The large grains observed in SEM are not
condensates but unvaporized or unmelted residues of the start-
ing materials because the particles cannot grow to a micron size
in typical ITP systems at an extremely high cooling rate (Kim &
Kim 2019). Also, the grain size estimated in Sect. 4.2 showed
that condensates should be <100 nm in size. Large grains of
periclase and quartz (>5 um) are vaporization residues because
they have similar shape, texture, and size as those of the starting
reagent grains. Micron sized spherical grains are clearly larger
than the condensates and the grain shape indicates that they are
produced by melting of the starting materials. Their composi-
tions show variety in MgO/SiO; ratios and are sometimes similar
to forsterite (Mg,SiO4) and enstatite (MgSiO3). Forsterite and
enstatite were crystallized from the melts during cooling. The
proportion of these evaporation residues (both unevaporated and
melted) increases from MS-1 to MS-6 (Fig. A.1) and is higher in
the quenching part than that in the upper and lower walls of the
chamber.

The matrices are composed of fine grains (<100 nm). A sim-
ilar fine grain size was observed in the condensation products
created by rapid quenching of gases in previous ITP experiments
(e.g., Takigawa et al. 2019); thus, those in the present study
are condensation products. SEM-EDS analysis showed that the
chemical composition of the matrix is uniform and depleted in
Mg compared with that in the bulk starting materials (Mg/Si =
1), which is explained by incomplete vaporization of Mg-rich
materials. The ratio of Mg/Si in the bulk nanoparticles increases
from ~0.7 to ~1 from MS-1 to MS-6.

Figures A.1c and A.1d compare the run products at high reac-
tor pressures (~70 kPa) with different plasma flame patterns of
tangential and radial for MS-5 and MS-6, respectively. The run
products are composed mostly of fine condensates, particularly
in MS-6. Most evaporation residues are partially melted and re-
crystallized sub-rounded MgO particles and Mg-rich amorphous
silicate spheres, suggesting that the SiO, was almost completely
evaporated under these conditions. The Mg/Si ratios of the fine
matrix are ~1 and ~0.8 in MS-6 and MS-5, respectively, sug-
gesting that the vaporization efficiency was higher by the radial
plasma flame (MS-6) than the tangential flame (MS-5).

Figure A.2 shows the XRD patterns of the starting material
and run products in MS experiments. All XRD patterns of run
products have a 26 halo at about 20°-40° by amorphous sili-
cates, which were contributed mainly from condensates and to
a lesser extent from quenched silicate melts. Crystalline peaks
were assigned to periclase and quartz (evaporation residues) and
forsterite and protoenstatite (MgSiO3) as crystallization products
from melts by quenching, as shown in the SEM observations
(Fig. A.1). The small intensities of quartz peaks in MS-1 in con-
trast to the abundant SiO; particles in the SEM images (Fig. A.1)
suggest that most of the quartz particles were melted and became
amorphous. The amount of evaporation residues compared with
those of amorphous silicates are highest in the quenching part
(Fig. A.2), and that of amorphous silicates increases from MS-1
to MS-6.

The incomplete vaporization is mainly attributed to the low
power of the present ITP system (6 kW) compared with the
previous experiments at 30 kW (Matsuno et al. 2021; Taki-
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gawa et al. 2019). In particular, MgO was more difficult to va-
porize than SiO, because of the high melting/boiling temper-
atures (2,852/3,600 °C for MgO and 1,650/2,230 °C for SiO,
(Haynes 2011)). The crystallinity of unvaporized and melted
residues could reflect the viscosity of the melts. Melted MgO
grains recrystallized during cooling because of the very low vi-
scosity of the MgO melt. In contrast, the SiO, melt hardly crys-
tallized by rapid quenching because of its very high viscosity;
thus, we obtained many amorphous silica residues (Figs. 2 and
A.2). If grains of different materials were in contact with each
other, eutectic melting would have occurred at lower temper-
atures to form multi-component melts (e.g., MgO-SiO; melt).
During cooling, forsterite and enstatite crystallized from such
melts and the residual melts became amorphous.

Fig. A.1. BSE image (a) and elemental map (b) of a polished section
of run products in MS-1. BSE images of MS-5 (c) and MS-6 (d). These
samples were collected from the upper wall.

Appendix B: Optimal conditions for evaporation in
the experiments

We examined the (1) presence of slit gas, (2) reproducibility, (3)
reactor pressure, and (4) plasma flame patterns in the MS ex-
periments to obtain the optimal conditions for minimizing the
amount of evaporation residues (Table 1).

The experimental conditions of MS-1 and MS-2 were the
same except for the presence of the O, slit gas (Table 1). The slit
gas provides a faster quenching rate of the vapor prior to thermal
expansion. The intensity ratio between the amorphous halo and
the periclase peaks in the XRD patterns is larger in MS-2 than
in MS-1 (Figs. A.2b-d), indicating that application of the slit
gas negatively affected the vaporization of the starting material.
Reproducibility of the experiments was confirmed by MS-2 and
MS-3, in which the experiments were performed under essen-
tially the same conditions, and the characteristics of the obtained
condensates were very similar.

The reactor pressure was set at 30, 50, and 70 kPa in MS-3,
MS-4, and MS-5, respectively (Table 1). The ratio of amorphous
silicate and periclase increased with pressure (Figs. A.2b—d). A
higher reactor pressure lowered the flow velocity and shortened
the plasma flame. A slow plasma velocity can lead to a long
residence time of the starting material at the high-temperature
region, thus improving the vaporization efficiency.
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Fig. A.2. XRD patterns of starting material (a) and run products collected at the upper wall (b), lower wall (c), and quenching part in MS-1-6 (d)

(MgO-SiO; system).

Fig. A.3. DF-STEM images and STEM-EDS maps of run products
synthesized in MS-6 collected from the upper wall (a) and lower wall

(b).

The run products of MS-6, which adopted the radial flow of
the plasma-forming gas, have strong amorphous halos with very
weak periclase peaks in both the upper and lower walls (Figs.
A.2-d). The tangential flow facilitated rapid quenching due to

the widespread flame (e.g., MS-5), whereas the radial flow pro-
vided a longer and narrower plasma flame owing to the verti-
cal gas injection (Fig. 1b). This improved the residence duration
of the starting materials at the high-temperature region of the
plasma flame and yielded high vaporization efficiency.

The current results indicate that reactor pressure was the
most influential parameter for the evaporation efficiency fol-
lowed by the flow pattern of the plasma-forming gas. The opti-
mal condition for minimizing the vaporization residue was high
pressure with the radial flame, such as that used in MS-6. We
conducted the CI experiments based on the results and found a
similar optimal condition of 70 kPa with the radial flame in CI-3.
The gas flow pattern was not restricted to the radial flow because
the amount of vaporization residue was not as high at high pres-
sure of ~70 kPa even in the tangential flow (MS-5 in Fig. A.2
and CI-2 in Fig. 5b).
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