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SPACE WEATHERING OF REGOLITH PARTICLES ON AIRLESS BODIES LEADS TO FORMATION OF 
NANOPHASE FE METAL AND AMORPHIZATION OF SILICATE MINERALS IN THE TOP ~100 NM 
OF THE GRAIN SURFACES [1]. SUCH CHANGES CAN HAVE A DRASTIC EFFECT ON THE OPTICAL 
PROPERTIES OF THESE BODIES, IN EFFECT MASKING THEIR TRUE MINERALOGY AND 
COMPOSITION. MAKING A QUANTITATIVE LINK BETWEEN THE ATOMIC-TO-NANOSCALE 
EFFECTS ON THE PARTICLES, AND THE MACROSCALE PROPERTIES IS ESSENTIAL FOR 
MAXIMIZING THE SCIENCE RETURN FROM EXPLORATION OF AIRLESS BODIES AND RETURNED 
SAMPLES. AS PART OF THE RIS4E COLLABORATION, WE ARE PERFORMING 
ABERRATION-CORRECTED SCANNING TRANSMISSION ELECTRON MICROSCOPY (STEM) ON 
ANALOG SAMPLES TO DETERMINE THE ATOMIC-SCALE STRUCTURAL AND CHEMICAL EFFECTS 
OF SPACE WEATHERING. WE WILL UTILIZE THE NEW NION ULTRASTEM 200 CURRENTLY 
BEING INSTALLED AT THE NAVAL RESEARCH LABORATORY, WHICH WILL PERMIT SINGLE 
ATOM DETECTION FOR ENERGY DISPERSIVE SPECTROSCOPY (EDS) AND SPECTRAL 
RESOLUTION OF 0.3 EV FOR ELECTRON ENERGY LOSS SPECTROSCOPY (EELS). THESE 
NANOSCALE MEASUREMENTS WILL BE COORDINATED WITH SYNCHROTRON X-RAY 
ABSORPTION NEAR-EDGE STRUCTURE (XANES) SPECTROSCOPY OF THE SAME SAMPLES TO 
EXTEND THE ANALYZED VOLUME TO THE MACROSCALE. 
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One effect of space weathering is the reduction and mobilization of Fe to form nanoscale beads within a 
~100 nm amorphous surface layer [1, 2]. Aberration-corrected TEM is a perfect technique to characterize 
these changes with both high spatial and spectral resolution. As the oxidation state of Fe changes, so do the 
energy levels of the valence d-shell electrons. By measuring the amount of electrons in the transmitted beam 
that lose energy as they interact inelastically with the sample, known as electron energy-loss spectroscopy 
(EELS), this shift in Fe oxidation state can be directly observed [3], as shown in FIGURE 1. Therefore, this 
measurement can be used as both a proxy for the amount of space weathering in the sample (as Fe is reduced 
to Fe0) and as an indicator for changes in infrared spectroscopy of the surfaces of airless bodies.

20 um

FIGURE 1. FE L-EDGE EELS FROM VARIOUS 
MINERALS WITH DIFFERENT FE VALENCE 
OXIDATION STATES. FIGURE TAKEN FROM [3].

FIGURE 2. EXPOSED COLUMN OF THE NION ULTRA-

STEM 200 UNDER CONSTRUCTION AT THE NION 
FACTORY, APRIL 2014.

BACKGROUND

The energy splitting between the Fe2+ and Fe3+ 
peaks is 1.7 eV, which is not resolved by most 
EELS-enabled TEM instruments with energy 
resolutions of ~1 eV. However, the new Nion 
UltraSTEM 200 [FIGURE 2], currently being 
installed at NRL, will have an energy resolution of 
0.3 eV, and will be used to independently measure 
the ratio of Fe valence states in both mineral 
standards, regolith analogs, and returned samples.

SAMPLES AND METHODS
The initial sample analog suite consists of 132 glasses synthesized with chemical 
compositions matching all major igneous rock types under four different oxygen fugacity 
conditions. For our preliminary examination, we selected six basaltic glasses synthesized 
under atmospheric oxygen fugacity. The bulk Fe2+:Fe3+ ratio has been measured for three of 
these samples by Mossbauer spectroscopy [TABLE 1].
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 BAS-1  Basalt    70 nm  110 nm    7.07   87
 BAS-2  Basalt    40 nm    57 nm  10.54   -- 
 BAS-3  Basalt    40 nm    84 nm  11.66   89
 BAS-4  Basalt    40 nm    65 nm  10.24   85
 BAS-5  Basalt    40 nm  235 nm  10.14   --
 BAS-6  Basalt    60 nm    93 nm  11.24   --

TABLE 1. GLASS SAMPLES IN THIS STUDY

FIGURE 3. TEM IMAGE OF SAMPLE BAS-3. 
ALTHOUGH THE GLASS IS CHATTERED AND 
DISPERSED, THERE IS ENOUGH MATERIAL SPANNING 
HOLES IN THE SUPPORT FILM TO PERFORM EELS 
ANALYSIS.

t/λ = ln(I
t
/I0)

Single grains (< 1 mm) were embedded in epoxy and sectioned using an ultramicrotome with a 45° diamond knife and placed on Quantifoil holey carbon TEM grids. Since the 
UltraSTEM requires very thin samples, 30-40 nm sections were desired, rather than typical 70-100 nm sections. Because the glasses are brittle, all of the sections contained “chattered” 
shards [FIGURE 3], although this is acceptible for the present analog study. Thinner sections may be achievable using a 35° diamond knife.

Preliminary analyses were performed with a JEOL 2200FS TEM at NRL. This microscope includes an in-column imaging filter, which can be used to disperse transmitted electrons 
according to their energy, generating EELS spectra. The cold field emission electron gun in this microscope gives an achievable energy resolution of 1.0-1.2 eV. The EELS resolution was 
measured by the full-width half-maximum of the zero-loss peak as 1.19 eV [FIGURE 4]. Spectra were acquired using a 250 eV/mm dispersion field on the in-column filter and an entrance 
aperture limiting the convergence semi-angle to 10 mrad (giving an effective analysis spot size of 150 nm). Smaller spot sizes are achievable by aquiring spectra at higher magnification.

SAMPLE THICKNESS MEASUREMENT
Actual thickness of individual shards of ultramicrotome 
samples can vary considerably. Thickness was estimated 
by acquiring a low-loss EELS spectrum including the 

FIGURE 4. EELS SPECTRUM INCLUDING BOTH ZERO-LOSS AND LOW-LOSS REGIONS. 

larger than the expected thickness [TABLE 1]. However, any thickness 
less than the average mean free path will be adequate for EELS analysis. 

I0
t/λ = 0.93

FWHM = 1.19 eV

VALENCE STATE MEASUREMENT
All six basaltic glass samples contain similar Fe L2,3 
absorption edge features in their EELS spectra [FIGURE 5]. 
The position of the L3 peak is located at higher energy loss 
(~709 eV) indicating a predominance of Fe3+. Some 
intensity is present at lower energy loss (~708 eV) due to 
Fe2+, but the spectral resolution of the measurement is 
low enough that the two peaks cannot be robustly 
distinguished (compare with the hematite spectrum in 
FIGURE 1). Using the new Nion UltraSTEM, the two 
peaks can be resolved, and the peak splitting can be 
modeled with two Gaussian distributions, giving a 
measurement of the local Fe oxidation state at the nm 
scale. 

zero-loss, unscattered beam [FIGURE 4]. The ratio of the total intensity of the complete spectrum I
t
 to the intensity 

in the zero-loss peak I0 is related to the thickness of the sample t and the average “mean free path” λ.

The mean free path length of a material can be estimated from its bulk composition and microsope parameters [4]. 
For basaltic glass under illumination by 200 keV electrons, λ = 134 nm, which gives sample thicknesses slightly  

ELECTRON ENERGY-LOSS SPECTROSCOPY WITH THE NEW ABERRATION-CORRECTED NION 
ULTRASTEM 200 WILL ALLOW DIRECT AND ACCURATE MEASUREMENT, AT THE SUB-100 
NM SCALE, OF THE OXIDATION STATE OF FE IN SYNTHETIC IGNEOUS GLASSES, WHICH ARE 
ANALOGS FOR AMORPHOUS SURFACES ON SPACE-WEATHERED REGOLITH PARTICLES. THIS 
TECHNIQUE WILL BE APPLIED TO MINERAL STANDARDS, ARTIFICIALLY SPACE-WEATHERED 
SAMPLES, AND LUNAR/ASTEROIDAL PARTICLES.

FIGURE 5. FE L2,3 EELS 
SPECTRA OF SIX BASALTIC 
GLASSES WITH AN FE2+:FE3+ 
OF 0.11-0.17.


