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aBstraCt

Experimental silicate glasses are often used as analog and calibration material for terrestrial and 
planetary materials. Measurements of Fe oxidation state using electron energy loss spectroscopy 
(EELS) in an aberration-corrected scanning transmission electron microscope (ac-STEM) show that 
a suite of experimental silicate (e.g., basaltic, andesitic, rhyolitic) glasses have spatially heterogeneous 
oxidation states at scales of tens of nanometers. Nano-crystals are observed in several of the glasses, 
indicating nucleation and incipient crystallization not seen at the scale of electron microprobe analysis 
(EMPA). Glasses prepared in air are uniformly oxidized while glasses prepared at the iron-wustite 
(IW) or quartz-fayalite-magnetite (QFM) buffers range from reduced to highly oxidized. EELS spectral 
shapes indicate that oxidized glasses have tetrahedral Fe3+. The nanoscale compositional and structural 
heterogeneities present in the experimental glasses mean that the suitability of such glasses as analogs 
for natural materials and calibration standards depends strongly on the scale of the measurements being 
done. The electron beam quickly damages silicate glass, but data showing changes in oxidation state 
among and within samples can be obtained with careful control of the beam current and dwell time. 
Determination of oxidation state in silicate glasses via STEM-EELS is very challenging, and accurate 
and reliable measurements of Fe3+/SFe require careful sample preparation and control of microscope 
conditions and benefit from comparison to complementary techniques.

Keywords: Iron oxidation, silicate glass, transmission electron microscopy (TEM), electron energy 
loss spectroscopy (EELS), beam damage

introDuCtion

Nanoscale measurements of terrestrial and planetary materials 
can provide unique information about formation and alteration 
processes. Variations in structure and chemistry at this scale are 
inherent to some alteration processes and important in dynam-
ics of initial crystallization and phase changes. Micro-X-ray 
absorption near-edge spectroscopy (m-XANES) has been used 
to map redox and speciation of Fe at ~10 mm scales in various 
minerals, glasses, and metamorphic rocks (Dyar et al. 2002, 
2016a, 2016b; Muñoz et al. 2006), while scanning transmission 
X-ray microscopy (STXM) has been used to map Fe3+/SFe at 
finer spatial scales (~20 nm) (Bourdelle et al. 2013a, 2013b; 
Elmaleh et al. 2015; Le Guillou et al. 2015). Energy-filtered 
imaging in conventional transmission electron microscopy 
(EFTEM) has also been used to map changes in valence state 
with a spatial resolution of a few nanometers (Golla and Putnis 
2001). For example, the nanoscale analyses of Fe oxidation state 
lend insights to studies of aqueous alteration processes in CAIs 
in carbonaceous chondrites (Elmaleh et al. 2015), alteration dur-
ing capture of comet Wild 2 grains and variability in precursor 
phases for Stardust tracks (Stodolna et al. 2013), and Fe2+ and 
Fe3+ partitioning behavior in diamond-anvil cell experiments 

(Prescher et al. 2014). The development of electron energy-loss 
spectroscopy (EELS) in the aberration-corrected scanning trans-
mission electron microscope (ac-STEM) is leading to significant 
improvement in both the spatial and energy resolution avail-
able for the analysis of such materials, as illustrated by recent 
measurements of nano-phase Fe-rich grains in space-weathered 
rims of lunar soil showing that individual Fe particles can vary 
significantly in their level of oxidation (Thompson et al. 2016).

The present work illustrates both the power and challenges of 
using very-high-resolution, sub-nanometer analysis techniques 
to relate bulk material properties to nanoscale features. The 
homogeneity of silicate glasses at the micrometer-scale make them 
ideal for many characterization methods with beam sizes down to 
~1 mm, but the non-random structure and compositional variations 
at smaller length scales becomes apparent in STEM measurements. 
Additionally, sensitivity to the electron beam leads to changes in 
composition and oxidation state that can be difficult to detangle 
from the inherent variability of the glass. Even so, EELS and EDS 
measurements in silicate glasses enable detection of nano-crystals 
and dynamic changes in glass structure not seen by other means.

BaCKgrounD

Synthetic and experimentally equilibrated glasses are 
among the standards used in many analytical techniques and 
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