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Introduction: Amorphous silicates produced by 

space weathering are observed among lunar and aster-
oid regolith grains and on the surfaces of interplanetary 
dust particles (IDPs) [1-3].  Interstellar (IS) amorphous 
silicates, some of which are preserved within IDPs, are 
also likely products of space weathering [4,5]. Amor-
phous silicates are among the least understood meteor-
itic materials, and there is longstanding uncertainty and 
controversy about mechanisms of formation [3,6,7]. 
We are using valence electron energy-loss spectrosco-
py (VEELS) in conjunction with monochromated 
STEM [8] to study amorphous silicates formed by var-
ious space weathering relevant mechanisms, irradiation 
damage, vapor phase condensation, shock melting and 
quenching.  Here we report VEELS results on amor-
phous silicates in lunar soil grains and IDPs and from 
irradiated and vapor phase condensed silicates pro-
duced in the laboratory. 

VEELS is widely used in electron microscopy to 
probe the electronic structures of materials [8-11]. The 
low-loss VEEL region of an energy-loss spectrum is 
dominated by bulk and surface plasmons with super-
imposed fine structures due to interband and intraband 
transitions (Figs. 1 & 2).  These features contain in-
formation about the electronic structure of a material, 
density of states, band gaps, short-range order, atomic 
bonding states, physical density and nanoporosity.  
Key advantages of monochromated VEELS are that 
high signal-to-noise spectra can be obtained using min-
imal electron doses together with ~0.1 eV energy reso-
lution comparable to STXM and XANES.   

Figure 1 shows an example of VEELS applied to 
the class of amorphous silicates found in CP IDPs 
known as GEMS.  Spectra were recorded using 0.02 
and 0.05 eV/channel dispersion, 1-5s acquisition times 
and 0.1-0.25 eV energy resolution (ZLP FWHM on 
specimen).  VEEL features were verified by collecting 
a spectrum followed by a second spectrum with the 
zero-loss peak offset by 1 eV. Features are identified in 
conjunction with corresponding fine structures on core 
scattering edges (e.g. Si-L and O-K), EDX count rates 
and element abundances, and specimen thickness and 
density measurements. 

GEMS are among the more well studied amor-
phous silicates, and although the O isotopic composi-
tions of some of the largest GEMS confirm their pre-
solar interstellar source, questions remain about how 
they formed.  Two mechanisms have been proposed: 
irradiation damage during IS space weathering and 

non-equilibrium vapor-phase condensation [12,13]. 
Although both mechanisms can produce amorphous 
silicates, they are fundamentally different phenomena:  
Condensation is bond-forming, i.e. new solid-state 
bonds are formed, and irradiation damage is bond-
breaking, i.e. existing bonds are broken or disrupted. 
VEELS is capable of distinguishing intact and disrupt-
ed bonding in solids.   

 

 
Figure 1:  Second derivative VEEL spectra of amor-
phous silicates formed by (a) non-equilibrium vapor 
phase condensation [14] and (b) proton irradiation of 
San Carlos olivine [15].  (c) VEEL spectrum from 
GEMS in CP IDP U220A19.   
 

VEEL spectra from vapor-condensed amorphous 
silicates typically exhibit minimal fine structure rela-
tive to those produced by irradiation damage. (cf. Figs. 
1a &1b). Amorphous silicates produced by irradiation 
damage are typically underdense (nanoporous) as a 
result of sputtering, and the fine structures in Figures 
1b & 1c reflect nanoporosity, chemical changes and 
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disrupted bonding typical of H+ irradiation damage 
[16].  The features at ~4.3 and ~5.7 eV are attributable 
to reduced silicon (Si0) valence transitions to Si 2p3/2 
and 2p5/2 states and a Si0 pre-edge feature is also ob-
served on the Si-L edge. The 8.1 eV feature is con-
sistent with (non-silicate) oxygen species, and the 10.5, 
12.6 and 14.9 eV features are surface plasmons that are 
prominent in extremely thin and nanoporous materials 
where a large fraction of the bound electrons are asso-
ciated with surface states. Figures 1a-1c clearly impli-
cate irradiation damage rather than vapor phase con-
densation as the mechanism of formation of the na-
noporous amorphous silicate matrices of GEMS. 

 

 
Figure 2:  (a) Low-loss and (b) 2nd derivative VEEL 
spectrum from a lunar glass sphere exhibiting surface 
plasmon features (arrowed). (c) & (d) derivative spec-
tra from other amorphous silicates in lunar soil 10084. 
 

Lunar soil sample 10084 is a mix of about 66% 
local basalt, 5% red brown glass, 20% anorthosite, 8% 
KREEP component and 1% meteorite [17].  The amor-
phous silicates include high and low-Ti volcanic glass-
es, impact glass beads, frothy, cinder-like glasses (ag-
glutinates) as well as rims on the surfaces of most 
grains.  VEEL spectra exhibit a range of fine structures 
(Fig. 2), some similar to irradiated amorphous silicates, 
consistent with multiple mechanisms and conditions of 
formation of amorphous silicates known to be active 
on the lunar regolith.  Significance of VEEL features 
will be discussed in more detail. 

We are evaluating zero loss peak removal decon-
volution algorithms with the goal of extending detec-
tion of VEEL features into the infrared spectral region 
(~0.5 eV/2500 nm).  Figure 3 shows the low-loss 
VEEL region of a spectrum from a GEMS grain before 

and after zero loss peak deconvolution.  Additional 
features at 1.7 and 2.3 eV are evident in the decon-
volved (blue) spectrum. 

 

 
Figure 3: Low loss VEEL spectra from GEMS before 
(red) and after (blue) zero loss peak deconvolution.  
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