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Introduction:  Amorphous silicates are dominant sol-
ids in the interstellar medium, the outer regions of ac-
cretion disks around some young stars, and in chondrit-
ic porous interplanetary dust particles (CP IDPs) that 
are believed to be from small, cold outer solar system 
bodies.  Thus, amorphous silicates include some of the 
most chemically and isotopically primitive objects 
available for laboratory investigations, but ironically, 
they also lie at the frontier of meteoritic materials 
characterization.  The challenge amorphous silicates 
present is that, compared to crystalline silicates, there 
are far fewer indicators of how they formed. In the 
absence of specific indicators, non-equilibrium con-
densation is the often-assumed formation mechanism.    
   X-ray absorption near-edge structure (XANES) and 
extended x-ray absorption fine structure (EXAFS) are 
powerful synchrotron-based techniques for examining 
valence band structure, local bonding and atomic ar-
rangements in amorphous silicates [1].  Analogous 
electron energy-loss near-edge structure (ELNES) and 
extended energy-loss fine structure (EXELFS) are also 
used to probe the properties of amorphous silicates [2].  
These electron beam methods offer orders of magni-
tude better spatial resolution, but their application has 
been limited in the past by ~10× poorer energy resolu-
tion, ~1 eV for ELNES and EXELFS versus ~0.1 eV 
for XANES and EXAFS.   Using a (scanning) trans-
mission electron microscope (80-300 keV FEI high-
base Titan STEM) equipped with a monochromator,  
high-resolution electron energy loss spectroscopy 
(HREELS) measurements with ~0.1 eV energy resolu-
tion are now possible [3-5]. We are using monochro-
mated STEM to characterize and compare the proper-
ties of amorphous silicates formed by astrophysically 
relevant mechanisms, including shock, non-
equilibrium vapor phase condensation, irradiation ex-
posure and precipitation from liquids and fluids.   Here 
the properties of amorphous silicates produced by va-
por phase condensation and irradiation of crystalline 
silicates are compared with those of amorphous sili-
cates (GEMS) in IDPs.    
 
   Experimental:   Amorphous silicates (MgSiOx) 
condensed from the vapor phase under non-
equilibrium conditions were produced in the condensa-
tion smokes apparatus in J. Nuth’s laboratory at NASA 
Goddard, where gas-phase precursors such as silane 
(SiH4) are introduced into an atmosphere dominated by 
hydrogen at ~90 Torr at temperatures between 500 and 
1500K.  Magnesium metal is introduced in a graphite 
crucible and an oxidant is introduced separately. The 

starting materials undergo combustion and, upon exit-
ing the furnace, they are rapidly quenched and con-
dense onto a metal plate [6]. 
   Condensed amorphous silicates were embedded in 
epoxy and thin-sectioned using an ultramicrotome 
equipped with a diamond knife.  The properties of the 
amorphous silicates were compared with amorphous 
silicates known as GEMS (glass with embedded metals 
and sulfides) in several CP IDPs.  End-member 
MgSiOx rather than (Mg,Fe)SiOx condensates were 
selected for the comparison because the amorphous 
Mg-silicate matrices of GEMS are essentially iron free 
[7,8]. 
   Thin sections were examined using the monochro-
mated and aberration-corrected STEM.  The composi-
tions of the non-equilibrium condensates were meas-
ured using energy-dispersive x-ray spectroscopy 
(EDX) and structural and electronic properties of the 
samples were investigated using high-resolution elec-
tron energy-loss spectroscopy (HREELS).  Two ener-
gy-loss regions were examined with energy resolution 
between 0.1 and 0.5 eV, the 100-150 eV regions that 
contains the Si-L2,3 core scattering edge and the low-
loss 0-35 eV containing the zero-loss, valence band 
and plasmon scattering regions.  
 

 
Figure 1:  Silicon L core scattering edges (back-
ground-subtracted and smoothed) from (a) non-
equilibrium MgSiOx vapor phase condensates, (b) 
GEMS in CP IDP U220A19 for various Mg/Si ratios. 
 
   Results:  Silicon L-edges from condensed MgSiOx 
grains with a range of Mg/Si atomic ratios are plotted 
in Figure 1a.  In all cases, onset of the edge is at ~105 
eV and there is little variation in the near edge struc-
ture.  Silicon L-edges from the GEMS are significantly 
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different (Figure 1b).  Onset of the edges is ~2 eV 
lower than the vapor condensed silicates, and both the 
fine structure and broadness of the peaks change with 
Mg/Si ratio.  (The edges also show a slight shift to 
lower energies with decreasing Mg/Si ratio).  
 

  
Figure 2:  Low-loss features from (a) two non-
equilibrium MgSiOx vapor phase condensate grains, 
and (b) two GEMS in CP IDP U220A19. 
 
 

 
 

Figure 3:  Derivative spectra of the 5-25 eV plasmon 
region of (a) a GEMS grain in CP IDP U220A19, and 
amorphous silicates produced by exposing San Carlos 
olivine to (b) 5 keV H2+ at a fluence of ~1019/cm and 
(c) 5 keV He+ ions at a fluence of ~1018/cm2 
 

  The low-loss features of non-equilibrium vapor phase 
condensates and GEMS are shown in Figure 2.  The 
most notable feature of the GEMS plasmons is a de-

creased broadness with decreasing Mg/Si ratio (Fig. 
2a).  In contrast, the broadness of the plasmon peaks 
from the vapor phase condensates is relatively insensi-
tive to Mg/Si ratios (Fig. 2b). 
   There are other differences in the plasmon peaks 
from GEMS and vapor phase condensate grains exam-
ined to date:  Plasmon peaks from the condensates are 
featureless, but those from several GEMS examined 
thus far exhibit detailed fine structure.  Figure 3a 
shows a derivative spectrum of the low-energy (5-25 
eV) side of the plasmon peak of a low-Mg (Mg/Si 
<0.5) GEMS.  Superimposed on the plasmon are fine 
structures with peaks at ~8.5, 10.25, 12.5, 14.4, 19.2 
and 21 eV. Interestingly, matching features are present 
in amorphous silicates produced by H and He-
irradiation of San Carlos olivine (Figs 3b & c). 
 
    Discussion:   The Si L2,3-edge results from dipole 
allowed transitions from a core 2p state to unoccupied 
states with s- and d-like character [9]. For the vapor 
phase condensates, the positions and shapes of the Si 
L2,3 edges (Fig. 1a) and plasmon peaks (Fig. 2b) appear 
to be typical of amorphous Mg silicates in general 
[2,9].  The edges and plasmons from GEMS are more 
complicated (Figs 1b & 2a).  Changes in the Si L2,3 
edges imply that local atomic arrangments and degree 
of short-range order vary with Mg/Si ratio in GEMS 
(Fig. 1b).  In irradiation-produced amorphous silicates, 
Mg/Si ratios decrease with increasing damage [10]. 
Fine structure peaks on the plasmon peaks from GEMS 
analyzed to date are also observed on irradiation-
produced amorphous silicates [4,11], strongly sugges-
tive of irradiation in the histories of GEMS.  Ongoing 
HREELS studies will lay the groundwork for distin-
guishing these and additional mechanisms for amor-
phous silicate formation. 
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