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Abstract

Electron-beam studies of extraterrestrial materials with significantly improved spatial 

resolution, energy resolution and sensitivity are enabled using a 300 keV SuperSTEM 

scanning transmission electron microscope with a monochromator and two spherical 

aberration correctors.  The improved technical capabilities enable analyses previously not 

possible.  Mineral structures can be directly imaged and analyzed with single-atomic-

column resolution, liquids and implanted gases can be detected, and UV-VIS optical 

properties can be measured.  Detection limits for minor/trace elements in thin (<100 nm 

thick) specimens are improved such that quantitative measurements of some extend to the 

sub-500 ppm level.  Electron energy-loss spectroscopy (EELS) can be carried out with 

0.10-0.20 eV energy resolution and atomic-scale spatial resolution such that variations in 

oxidation state from one atomic column to another can be detected.  Petrographic 

mapping is  extended down to the atomic scale using energy-dispersive x-ray 

spectroscopy (EDS) and energy-filtered transmission electron microscopy (EFTEM) 

imaging.  Technical capabilities and examples of the applications of SuperSTEM to 

extraterrestrial materials are presented, including the UV spectral properties and organic 

carbon K-edge fine structure of carbonaceous matter in interplanetary dust particles 

(IDPs), x-ray elemental maps showing the nanometer-scale distribution of carbon within 

GEMS (glass with embedded metal and sulfides), the first detection and quantification of 

trace Ti in GEMS using EDS, and detection of molecular H2O in vesicles and implanted 

H2 and He in irradiated mineral and glass grains.
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Introduction
Electron microscopy is a key analytical discipline in meteoritics and planetary science, as 

well as in materials science, because of the unique capability to simultaneously measure 

structure (morphology, grain size, crystallography) and composition. In the late 1960s 

and 1970s, during and after Apollo, the meteoritics community made widespread use of 

the electron microprobe and scanning electron microscope (SEM) (e.g. Adler et al., 1970; 

Keil et al., 1970; Wood et al., 1970).   The transmission electron microscope (TEM) 

began to be widely utilized during the 1970s (e.g. Bibring et al., 1970; Buseck, 1977; 

Buseck and Veblen, 1978).  Each of these electron-beam instruments is optimized for 

specific types of analysis, although there is significant overlap in capabilities.  The 

electron microprobe is configured with crystal spectrometers for wavelength-dispersive 

x-ray spectroscopy (WDS) and mapping of thick-flat specimens, the SEM for secondary 

and backscattered electron imaging of bulk and thick-flat specimens in conjunction with 

EDS, and the TEM for imaging and diffraction studies of thin (electron transparent) 

specimens. 

The analytical scanning transmission electron microscope (STEM), a hybrid 

instrument that combines imaging and spectroscopic capabilities of SEM and TEM, first 

appeared in meteoritics in the early 1980s (e.g. Fraundorf, 1981).  It has since become the 

most widely used type of TEM in meteoritics (Bradley et al., 1983; Bradley et al., 1989; 

Germani et al., 1990; Keller and MacKay, 1997; Rietmeijer, 2002; Joswiak et al., 2009; 

Leroux et al., 2009).  Until recently, there had been no fundamental advances in the 

design of TEM/STEM instruments since the first commercial instruments were produced.  

The earliest TEMs were optimized for structural analysis (imaging and diffraction), and 

later instruments were also configured for microanalysis with focused nanoprobes and x-

ray and electron (energy-loss) spectrometers.  (At least one TEM was manufactured with 

crystal spectrometers).  Most instruments used tungsten (W) or lanthanum hexaboride 

(LaB6) electron emitters with useful probe sizes of ~10 nm, solid-state x-ray (EDS) 

detectors with relatively small collection angles (~0.1 steradians), illumination systems 

with serious aberrations and significant levels of stray radiation, poor vacuum systems 

susceptible to water vapor and hydrocarbon contamination, and unstable specimen 
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platform/goniometer stages.  Better vacuum systems enabled higher brightness field 

emission (FE) sources that are in widespread use today, but microanalysis with high 

spatial resolution is still compromised by specimen drift, contamination, and relatively 

low (x-ray) count rates.  Although dedicated STEMs (like the VG series of instruments) 

offered significantly better performance, the full analytical potential of TEM/STEMs was 

limited by their basic design.

A new generation of electron microscope known as SuperSTEM has recently become 

available for materials and meteoritics (Fig. 1).  The term SuperSTEM refers to a STEM 

instrument with a monochromator and at least one spherical aberration (Cs) corrector 

(Brown and Bleloch, 2000).  The SuperSTEM at Lawrence Livermore National 

Laboratory (LLNL), funded in part by NASA’s Sample Return and Laboratory 

Instrument Development Program (SRLIDAP), is an FEI high-base Titan equipped with 

dual (Cs) correctors, one for sub-Ångstrom TEM imaging and the other for sub-Ångstrom 

STEM imaging and spectroscopy using a sub-Angstrom (0.8 Å diameter) probe.  Other 

innovations include isolation of the microscope column in a climate controlled enclosure 

(Fig. 1b), a much improved dry vacuum system, a high stability specimen stage (<2 Å

drift/minute specification), a sub-Angstrom diameter electron probe, improved EDS 

capabilities and a high (energy) resolution electron energy-loss spectrometer/energy 

filter.

In this paper, we describe the current capabilities of a modern SuperSTEM installed 

at LLNL.  We also describe examples of how these new capabilities have been and are 

being applied to the analysis of extraterrestrial materials, in particular, complex fine-

grained materials, amorphous materials, implanted materials and inclusions. Finally, we 

discuss how thee capabilities may be integrated with other analysis techniques to provide 

a more complete and detailed understanding of the nature of the finest-grained 

extraterrestrial materials.

Advances enabled by SuperSTEM
In this section we describe the following attributes of the LLNL SuperSTEM: the 

monochromator, spherical aberration (Cs) correctors, EDS and electron energy loss/ 

EFTEM capabilities.
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The electron gun monochromator: The monochromator is a device that reduces 

energy spread in the primary electron beam.   Two types of monochromator, the Wien-

filter and Omega filter, are now used in STEM (Brink et al., 2003; Mukai et al., 2007).  

Both disperse electrons emitted from the tip perpendicular to the optic axis. An energy 

slit is used to limit the energy distribution of the electrons, such that the energy spread in 

the beam is controlled by the strength of the dispersion and the width of the slit. The 

most important impact of the monochromator is the improvement in energy resolution for 

electron energy-loss spectroscopy (EELS) and electron energy-loss near edge structure 

(ELNES) analysis (Fig. 2).  EELS and ELNES are particularly sensitive to detection of 

light elements (Li, Be, C, N, O).  ELNES is analogous to (synchrotron) x-ray absorption 

near edge structure (XANES), in that it can be used to determine the valence state(s) and 

electronic structure of specific atoms in a specimen.  However, ELNES offers 2-3 orders 

of magnitude better spatial resolution than XANES allowing higher precision analyses on 

fine-grained phases, although energy spread in the electron beam, lens aberrations and 

high-voltage instabilities have historically limited ELNES energy resolution to the 0.5-

2.0 eV range, depending on the type of electron source.  XANES, in contrast, is capable 

of 0.1 eV energy resolution.   Energy resolution using these spectroscopies is critically 

important because the intrinsic fine structure of absorption/ionization edges is on the 

order of ~0.1 eV (Egerton, 1996).   The advent of the monochromator has provided 

relatively routine ELNES energy resolution of ~0.1 eV like that of XANES (Mook and 

Kruit, 2000; Botton et al., 2003; Dai et al., 2005; Erni et al., 2005).   We have achieved 

EELS energy resolution of 70 meV (0.07 eV) at 200 keV and 160 meV at 300 keV using 

the monochromator and (Gatan) high-resolution energy filter (HRGIF) (Fig. 2). 

Figure 3 compares high-resolution (HR) EELS and XANES data acquired at similar 

energy resolution (0.1- 0.15 eV).  The monochromator enables examination of energy-

loss near edge fine structure with ~0.1 eV resolution, although  a significant drawback of 

the monochromator is a decrease in beam current and edge signal strength resulting from 

the energy slit in the beam path.  At energy losses below ~500 eV the EELS and ELNES 

are not significantly degraded, but at losses above 500 eV longer acquisition times are 

required to offset the lower monochromated beam currents.    Longer acquisition times 

mean lower energy resolution (Fig. 2c).
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The spherical aberration  (Cs) corrector:   Lens aberrations are one of the biggest 

obstacles in improving image resolution and forming high-brightness, sub-Ångstrom 

diameter electron probes for spectroscopic analysis. During the past decade, improved 

understanding of electron optics theory, more robust computational capabilities, 

computer control of electron optical columns and better power supplies have led to the 

first commercially available spherical Cs correctors for imaging and analysis. There are 

several Cs corrector designs (for both objective and condenser lenses) most of which use 

combinations of magnetic lenses (quadruples, octapoles, sextapoles, and additional 

lenses) fitted between the second condenser and objective lens of the microscope (Freitag 

et al., 2005; Sawada et al., 2005).  The practical effects of Cs correction include better 

spatial resolution, smaller probes, higher probe intensities, greater contrast, stronger 

spectroscopic signal and greater sensitivity.  Examples of the improved spatial resolution, 

direct structural imaging at the sub-Ångstrom scale, and spectroscopy, single-atomic-

column (HR) EELS and EDS measurements, are shown in Figures. 4 & 5).  The principle 

disadvantage of a Cs-corrected probe is that the higher probe intensities can cause rapid 

irradiation damage in specimens, especially organic materials. 

Energy-dispersive X-ray spectroscopy: EDS detectors are an integral component of 

most electron-beam instruments (electron microprobe, SEM, TEM and STEM).   They 

are the most rapid and convenient method for measuring and mapping the compositions 

of specimens (Figs. 5b & 6 & 7).  EDS of thin (S)TEM specimens offers superior spatial 

resolution over bulk or thick-flat specimens (typically examined using SEM or electron 

microprobe) because electron beam spreading is minimized in thin specimens such that 

(x-ray) spatial resolution approaches the diameter of the incident electron probe.  

Practical STEM EDS detection limits for most elements are on the order of ~1000 ppm 

under optimal experimental conditions, although high precision quantitative 

measurements at <2000 ppm are rare.   The x-ray detector on the LLNL SuperSTEM (and 

other modern STEM instruments) offers significantly improved performance as a result 

of the better, cleaner vacuum system that enable longer spectral acquisition times with 

less specimen contamination. An X-twin pole-piece also enables the detector to be 

positioned closer to the specimen (9 mm as opposed to 14 mm) providing a higher solid 

angle (0.3 steradians rather than 0.16 steradians).  Other SuperSTEM attributes that 
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positively impact EDS are the larger active detector surface area (30 mm2 as opposed to 

10 mm2), the high stability, actuator-controlled specimen stage and the Cs-corrected sub-

Ångstrom nanoprobe.  The LLNL SuperSTEM is capable of atomic-scale EDS 

measurements for major (and even minor) elements under the appropriate experimental 

conditions (e.g. Fig. 5c).   Quantitative EDX measurements can be performed down to the 

250-500 ppm level (Fig. 7, Table 1).  This regime of quantification has traditionally been 

the domain of WDS using the electron microprobe and x–ray fluorescence (XRF).  EDS 

will never compete with synchrotron XRF at the level of ~200 ppm and below, in part, 

because electrons excite Bremsstrahlung that leads to high backgrounds even in thin films 

(e.g. Fig. 7).

Energy-filtered (EF) imaging.  The energy filter (electron energy-loss spectrometer) 

is a device that filters electrons transmitted through a thin specimen as a function of their 

energy (Brink et al., 2003).  Using a slit of variable width, the energy-filtered electrons 

can be selected for imaging with a specific energy loss and energy bandwidths.  Contrast 

in EFTEM images can reflect compositional variation (e.g. Fig. 8), similar to the contrast 

observed in x-ray maps (e.g. Fig. 6).  EFTEM offers several advantages over x-ray 

mapping.  First, in addition to its sensitivity to the light elements, image acquisition time 

is usually less than one minute, allowing chemical imaging at high magnification and 

with spatial resolution better than 1 nm.  Because of the short acquisition times, the 

requirement of high specimen stability that is a prerequisite for x-ray maps, acquired over 

minutes or hours, is less important with EFTEM imaging.  Second, just as EELS can 

probe the local electronic structure of specimens, energy-selected images showing 

variations in local electronic structure can be formed (Batson et al., 1994; Kimoto et al., 

1999; Wang et al., 1999).  Third, quantitative chemical images with spatial resolution of 

~1 nm and sensitivity for some elements at the ~1% level are possible (Elbert et al., 

2001).  However, contrast in energy-filtered images can be more difficult to interpret than 

x-ray maps because of the dynamical nature of the process itself; contrast can be altered 

by energy shifts, energy resolution and high exponential background underlying 

ionization edges, as well as specimen thickness and plural scattering (Hofer et al., 2003; 

Schaffer et al., 2006). 
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Applications of SuperSTEM to meteoritics
Optical properties:  The monochromator on a modern SuperSTEM reduces the width of 

the zero-loss peak in an electron energy-loss spectrum (Fig. 2) so that features with 

energy losses as low as ~ 0.2 eV can be detected.  The so-called “low-loss region” 

between 0 and 20 eV contains information about band gaps, intra band and inter band 

transitions, including optical transitions in ultraviolet (UV) and visible spectral regions. 

The ability to perform optical spectroscopy using low-loss EELS is important because, 

(a) it is one of the few spectroscopic measurement methods common to observational 

astronomy and laboratory studies of meteoritic materials (Bradley et al., 1992; 2005), and 

(b) optical data can be obtained from the finest grained meteoritic materials down to the 

atomic scale. 

In one example of the use of low-loss EELS to link observational astronomy and 

laboratory studies, the UV spectral characteristics of IDPs were investigated using low-

loss EELS (Bradley et al., 2005).  We detected a 5.7 eV (2175 Å) feature associated with 

carbonaceous organic matter and GEMS) in IDPs (Fig. 9). The position of the feature 

corresponds to the astronomical 2175 Å extinction feature, or “blue bump”, the strongest 

spectral signature of interstellar dust observed by astronomers.  Several of the grains we 

analyzed have non-solar isotopic compositions suggesting that they were derived from 

the presolar molecular cloud or interstellar medium (ISM). The grains responsible for the 

2175 Å feature in the ISM are believed to be carbonaceous, so the finding of a 

carbonaceous carrier in IDPs was not unexpected.  However, detection of a similar 

feature in glass-rich GEMS in IDPs was unexpected. We suggested that these GEMS may 

contain organic carbonaceous components.  Acid dissolution experiments showed that 

GEMS contain significant quantities of carbonaceous matter, but the experiments could 

not distinguish whether the carbonaceous matter was within or on the surfaces of GEMS 

as coatings (Brownlee et al., 2000; Dai et al., 2002).  Compositional mapping using the 

SuperSTEM reveals that carbonaceous material is indeed carried within the interiors of 

GEMS (Fig. 6). 

Detection of gases and water:  Gasses and liquids trapped in tiny quantities in meteoritic 

materials are challenging to analyze by any method.  Although gases and liquids are 

volatile and susceptible to mass loss under electron irradiation, it is possible to 
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spectroscopically detect them using the SuperSTEM.  The features manifest themselves 

in the low-loss region where low beam currents and spectral acquisition times (< 2 

seconds) are required to avoid signal oversaturation.  Monochromated low-loss EELS 

was used to detect oxygen and water (H2O) within IDPs (Fig. 10). Oxygen and water 

were detected in fluid inclusions within vesiculated alumosilicate glass in an IDP 

W7013E-17 (Erni et al., 2005).  The glass contains nanometer-sized voids that were 

likely formed by heating during atmospheric entry (Fig. 10a).   Despite their probable 

secondary origin, the vesicles enable us to demonstrate that low-loss EELS is capable of 

detecting molecular oxygen and water in fluid inclusions in geological materials.  Low-

loss spectra reveal a peak at 8.6 eV and absorption bands between 12 and 16 eV 

reflecting vibrational excitation states, i.e. excitons of O2 molecules (Fig. 10b).  The 

presence of oxygen gas is supported by the corresponding oxygen K-edge fine structure 

(Fig. 10c).  Peaks at 539 and 542 eV are caused by 1s2p* transitions and additional 

small peaks at 534 and 536 eV can be assigned to H2O * peaks (Fig. 10d).  

Characterization of silicate glasses:  Silicate glasses are commonly present in 

meteorites, (e.g. within chondrules), micrometeorites, IDPs and in the comet 81P/Wild 2 

(“Wild 2”) sample returned to Earth by the Stardust mission.  The provenance of glasses 

can be extremely difficult to assess because, unlike crystalline silicates, there are fewer 

constraints on their compositions and mechanisms of formation.  The SuperSTEM at 

LLNL is being used to intensively examine glasses in GEMS (glass with embedded metal 

and sulfides).  A brief introduction to GEMS, their astronomical relevance and the 

questions surrounding them are presented here prior to descriptions of SuperSTEM 

analyses that provide better characterization of these astrophysically important objects.  

GEMS are submicrometer amorphous silicate grains that are abundant constituents of 

the most cosmically primitive class of meteoritic materials, chondritic porous (CP) IDPs.  

There is widespread interest among meteoriticists and astronomers in GEMS because 

most of the condensed atoms in the solar system were carried within amorphous silicate 

grains immediately prior to the collapse of the solar nebula.  Amorphous silicates are 

among the most abundant grains in the ISM (Sandford, 1996; Draine, 2003).  They are 

believed to originate primarily in the circumstellar outflows of oxygen-rich stars.  During 

their lifetimes in diffuse and dense regions of the ISM, they are subjected to a variety of 
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processes (e.g. shocks, irradiation, accumulation of organic mantles, coagulation) leading 

to amorphization and, frequently, complete destruction.  Amorphous silicate dust grains 

with optical properties similar to those of interstellar silicates have recently been 

observed concentrated within the outer accretion disks of other young stars (Van Boekel 

et al, 2004).  This dust is likely interstellar dust that has escaped the significant heating,

recrystallization, vaporization and condensation that occurs within hotter, inner disk 

environments.  GEMS are suspected to be examples of this outer accretion disk material 

from our own solar nebula.  It has been confirmed, via laboratory isotope measurements, 

that some GEMS in CP IDPs were interstellar amorphous silicates incorporated into dust 

in our solar system (Messenger et al., 2003; Floss et al., 2006; Min et al., 2008). Indeed, 

recent modeling comparisons to astronomical silicate dust spectra show remarkable 

agreement between contemporary ISM dust and GEMS that were incorporated into CP 

IDPs long ago (Min et al., 2007; 2008; Bradley & Ishii, 2008). 

The details of how the glasses in GEMS formed and were processed remains the 

subject of debate largely due to the challenges of interpreting composition and 

morphology of amorphous materials.    Several different scenarios have been proposed 

for the formation of GEMS, and SuperSTEM analyses including low-loss EELS, high 

sensitivity EDX and petrographic mapping are being applied to determine which of these 

hypotheses is most consistent with GEMS’ characteristics.  Bradley (1994) proposed a 

single population of GEMS that have been exposed to grain processing, predominantly 

irradiation, since their formation in circumstellar environments and their ~108 year 

lifetimes in the ISM.  Others have proposed that there are multiple populations of GEMS, 

some formed in presolar circumstellar environments, but most formed in the solar nebula 

(Keller & Messenger, 2004; 2007; 2008; Keller et al., 2005).  They propose solar system 

formation of GEMS by late stage, non-equilibrium condensation or shock melting 

followed by transport to the comet forming regions by, for example, bipolar outflows 

(Keller & Messenger, 2004).  These formation scenarios are unlikely because heating 

experiments indicate that GEMS were formed at relatively low temperatures (Brownlee 

et al., 2005). Further complicating matters, laboratory experiments have shown that 

“GEMS-like” material can be produced by multiple processes including irradiation 

(Bradley 1994; Keller & MacKay, 1997), impact and shock (Ishii et al., 2008), and vapor 



11

phase condensation (Rietmeijer et al. 2002, Davoisne et al. 2006).  Any or all of these 

processes, as well as other processes like grain sticking and coagulation, are implicated in 

the formation of dust as it passes through interstellar and molecular cloud environments.  

GEMS would have been subjected to the same processing. 

The return of the Stardust mission in 2006 stimulated further interest in GEMS 

because glassy silicates resembling GEMS are abundant in the impact tracks in Stardust 

aerogel.  Since GEMS are the most abundant silicate in CP IDPs, their presence or 

absence in the comet Wild 2 sample is a key arbitrator of whether there is a relationship 

between CP IDPs and Wild 2 grains.  Initially, it appeared that GEMS were abundant in 

the Stardust sample (Keller et al., 2006; Zolensky et al., 2006), but subsequent TEM 

measurements, in conjunction with light gas-gun shots using Stardust grain analogues, 

suggest that much if not all of this “GEMS-like” material may have been produced by 

melting, ablation and mixing of Wild 2 grains with aerogel during hypervelocity capture 

(Ishii et al., 2008).  Other glasses in the impact tracks may be indigenous to comet Wild 2 

and related to chondrule mesostasis in chondritic meteorites (Tomeoka et al., 2008).

Irradiation effects:  Space is a harsh environment and extraterrestrial materials are 

subject to a number of space weathering processes including irradiation.  Evidence of 

irradiation in small particulate extraterrestrial samples is often taken as an indication of 

residence time in space.  Hydrogen and helium are highly abundant in the solar system 

and comprise the dominant implanting species in many energy regimes.  

If GEMS were indeed exposed to prolonged periods of irradiation in space, one of the 

theories for their processing history, then they should contain implanted H and He, 

assuming they are not subsequently lost due to frictional heating during atmospheric 

entry.  Noble gas measurements have shown that IDPs contain saturation doses of 

implanted He (Pepin et al., 2001).  Using monochromated low-loss EELS we have taken 

the first steps to determine whether implanted H and He can be detected in individual 

GEMS by irradiating polished thick-flat specimens of San Carlos olivine with 5 keV H2
+

and He+ ions at fluences of ~1X1019 H+/cm2 and 7.5X1018 He+/cm2.  In both cases, 

irradiation exposure produced a bubble-rich amorphous rim 75 to 100 nm thick (Figs. 11a 

& 11b).   Low-loss spectra from the H+-irradiated rim show a H-K core loss edge at 12 

eV as well as additional features attributable to H2O and OH- (Fig. 11c), whereas the 
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spectra from the He-irradiated rim only show a He-K edge at ~22 eV (Fig. 11d).  Low-

loss spectra from GEMS grains in relatively unheated IDPs are being collected by 

SuperSTEM at LLNL.

In addition to implantation, irradiation imparts changes in the relative cation abundances 

in silicate minerals.  For example, Mg and Ca depletions have been observed in solar 

wind irradiated amorphous surfaces on lunar soil silicate grains and IDPs (Bradley, 1994; 

Topanni et al., 2006: Keller and MacKay, 1997).  Ion implantation experiments 

duplicating the irradiation regimes typical of the solar wind and supernova shocks in the 

ISM confirm both amorphisation and/or chemical changes.   For example, when silicates 

like olivine, pyroxene and some feldspars are irradiated Mg, Al, Ca and Ti segregate 

within the irradiated surface: Irradiation of crystalline pyroxenes produces an amorphous 

glass that is depleted in Mg and Ca and enriched in Al and Ti relative to the un-irradiated 

pyroxene, while irradiation of (Al and Ca-free) olivine produces glass that is depleted in 

Mg (Bradley et al., 1996; Topanni et al., 2006; Davoisne, 2008).  Under most 

geochemical conditions (e.g. shock melting and condensation) Mg, Al, Ca and Ti are 

expected to follow one another.  Atomic mass differences and solid state environment 

(e.g. coordination and bond strengths) are likely responsible for the differential response 

of refractory cations under (0.1- 10 keV) irradiation conditions typical of the solar wind 

and supernova shocks.  However, the magnitude of chemical effects depends on the 

irradiation regime.  For example, under (MeV) irradiation conditions typical of galactic 

cosmic rays we found that olivine (forsterite) rapidly amorphizes without any significant 

change in composition (Bringa et al., 2007).

New quantitative EDS measurements of Mg, Al, Ca and Ti abundances in GEMS are 

consistent with a history of radiation exposure.  The bulk compositions of GEMS are 

within a factor of 2-3 chondritic (solar) but Mg and Ca are systematically depleted 

(Keller and Messenger, 2004; Bradley and Ishii, 2008).   Table 1 lists the compositions of 

seven GEMS.  These SuperSTEM data differ from previous EDS measurements from 

GEMS in that there are several orders of magnitude more counts in the spectra; at least 

105 counts in the Al peaks, 106 counts in the Si peaks, 104 counts in the Ca peaks and 103

counts in the Ti peaks.  S, Cr, Mn, Fe and Ni are within 40% of solar abundances, in 

accordance with previous GEMS measurements.   Fe, S (and Ni), that are carried in FeNi 
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metal and sulfide inclusions, are all systemically depleted from solar abundances by 

similar magnitudes (60-80%).  Mg, Al, Ca, Ti, Cr and Mn are carried in the glass 

matrices of GEMS. Relative to solar abundances, Cr and Mn are within 30%, Mg and 

Ca are depleted (60% and 40% respectively) and Al and Ti are enriched (190% and 220% 

respectively).  (Ti is the most heavily depleted refractory element in the gas phase in the 

diffuse ISM (O’Donnell and Mathis, 1997), indicating that it is concentrated in grains.  

The Al and (new) Ti data showing enrichments, together with the Mg and Ca data 

confirming depletions, provide additional evidence in support of prior irradiation 

exposure histories for GEMS with at least three important caveats.  First, the starting 

(pre-exposure) Mg, Al, Ca and Ti compositions of GEMS are assumed to have been solar 

but are, in fact, unknown. Second, Table 1 contains high-precision  Al  and  T i  

measurements from only 7 GEMS, but a much larger population of GEMS needs to be 

measured before firm conclusions can be drawn about the significance of minor and trace 

element abundances.  Third, the response of sulfide minerals to irradiation has not yet 

been experimentally investigated.  Table 1 (and Figure 7) establish that quantitative 

measurements of minor and trace elements like Ti are feasible, and future SuperSTEM 

measurements on a larger populations of GEMS are likely to generate an improved 

understanding of the processes involved in their formation and evolution.   

Petrographic mapping:   Understanding the petrography of mineral assemblages is a 

cornerstone of geochemistry in general and of meteoritics in particular.  Nanoscale 

mapping is assuming an important role in the largely unexplored area of IDP and 

meteorite petrography (Figs. 6 & 8), as well as in the petrography of other fine-grained 

meteoritic materials (Dai and Bradley, 2005; Floss et al. 2004; Floss et al. 2006).   

Mapping with micrometer-scale resolution is a common capability of electron 

microprobes and SEMs.  Mapping with nanometer-scale resolution is possible using 

STEM, but it requires a very clean high-vacuum environment, a stable specimen stage 

(ideally < 10 Å drift/minute) and a high-brightness nanoprobe. Mapping with spatial 

resolution of single atomic columns (< 5Å) has been demonstrated using the 

SuperSTEM.

The nature of carbon and organic matter in IDPs and other meteoritic materials is highly 

relevant to astrobiology. Synchrotron XANES and now HREELS are providing useful 
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information about the molecular speciation of meteoritic organics (Fig. 3)  Figure 6 

shows an example in which compositional mapping at the nanometer scale yielded 

hitherto unknown information about petrographic distribution of carbon that reveals an 

astronomically intriguing feature.  This “single” GEMS grain is revealed to be composed 

of at least three grains, each having acquired a carbonaceous mantle prior to coagulation 

into the object shown in Fig. 6a.  In other words, carbon mapping has revealed evidence 

of an aggregation/coagulation episode that predates the origin of the GEMS grain.   

Phenomena like accumulation of organic mantles, grain-grain collisions and coagulation 

are believed to be central to the processing of grains in the interstellar medium and 

molecular cloud environments (Draine, 2003; Stepnik et al., 2003; Jones, 2005), 

suggesting that GEMS with such mantles formed prior to the collapse of the solar nebula.  

Petrographic maps are  obtained using energy-filtered imaging, x-ray mapping or both 

(Figs. 6 & 8).  Energy-filtered imaging offers higher collection efficiency, rapid image 

acquisition (1-60 seconds), and high sensitivity for light elements (C, N and O); however, 

quantitative information is challenging, but entirely possible, to extract.  Extended data 

acquisition times (30-60 minutes) are required for X-ray mapping because of low x-ray 

collection efficiency.  In addition, higher electron irradiation doses are required and 

sensitivities for light elements (B, C, N, O) are lower.  Sample degradation can be a 

major issue using a Cs-corrected probe and specimen drift compensation software is 

mandatory. The highest spatial resolution x-ray maps are typically acquired with lower 

counting statistics, while those with counting statistics sufficient for quantitative x-ray 

mapping are typically acquired at lower spatial resolution.   The choice of a particular 

petrographic mapping method depends on the stability and grains size of the material to 

be analyzed.

Summary and future developments 

SuperSTEM enables electron-beam studies of meteoritic materials with improved 

resolution and sensitivity. Mineral stucture can be directly imaged and spectroscopically 

analyzed with atomic resolution, optical properties can be measured at the atomic scale 

and liquids and implanted gases can be detected.  Electron spectroscopy can be 

performed with energy resolution comparable to synchrotron XANES (~100 meV) but 
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with atomic scale sensitivity and spatial resolution.  EDS detection limits are improved 

and petrographic mapping is extended down to the atomic scale using EDS and EFTEM.  

The increase in analytical capabilities is accompanied by an increased total beam dose 

and potentially more electron irradiation damage to some geological materials. However, 

unprecedented computer control of gun and lens operating parameters mean that Cs-

corrected instruments like the SuperSTEM can be configured for low-dose microscopy 

without significantly compromising overall analytical performance (Evans et al., 2008).  

Software for low-dose microscopy is being contemplated for the LLNL SuperSTEM with 

the goal of using low-dose microscopy routinely to examine beam-sensitive meteoritic 

materials like organic compounds and silicate glasses.   Both are important constituents 

of chondritic materials (Bradley, 2004; Matrajt et al., 2008) 

Continuing improvements in EELS and ELNES are enabling new kinds of 

measurements, for example, quantitative determination of the Ti3+/Ti4+ ratio the comet 

Wild 2 CAI “Inti” (Chi et al., 2009).   These improvements may be particularly useful in 

the low-loss (0-20 eV) region where the monochromator enables detection of the lightest 

elements (H and He) as well as features related to the optical and electronic properties of 

specimens (e.g. Figs. 9-11).  Because ionization cross sections are ~102-104 higher in the 

low-loss region, considerably lower beam currents are needed, which is a major 

advantage with beam sensitive materials.  However, the low-loss region is dominated by 

plasmon scattering that is highly sensitive to changes in physical and chemical 

(electronic) properties of the specimen.  As such, features of interest are typically 

superimposed on a dynamically changing background (Egerton, 1996). Detailed 

modeling of the low-loss spectrum in conjunction with the use of standard samples are 

required to enable us to fully exploit low-loss spectroscopy. For example, with 

development of background management algorithms, it should be possible to map the 

petrographic distribution of implanted H and He using low-loss spectroscopy and 

EFTEM.

The capabilities of SuperSTEM will have the most impact in combination with other 

analytical techniques.  We are increasingly emphasizing an integrated analytical approach 

to the characterization of meteoritic materials, whereby a single specimen is sequentially 

analyzed using a combination of methods, e.g. SEM, SuperSTEM, nanoSIMS and 
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synchrotron spectroscopy (Bradley et al., 2005; Floss et al., 2006). One of the key 

enabling technologies for integrated microanalysis is the Focused Ion Beam instrument 

(FIB) that enables “site-specific” sampling of bulk and particulate specimens (Graham et 

al., 2008).  The FIB also enables nanoscale etching, patterned deposition of metal masks 

and machining to stabilize or isolate specific regions of a specimen for subsequent 

analyses (Ishii et al., 2009; Matzel et al., 2009).  Integrated microanalysis that includes 

SuperSTEM will maximize the mineralogical, elemental, isotopic, and spectroscopic 

information extracted from a single specimen.  For particulate extraterrestrial samples 

such as IDPs and Stardust grains where the total amount of available mass is very small, 

this is especially advantageous.
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Figure Captions

Figure 1: The 300 keV Titan SuperSTEM at Lawrence Livermore National Laboratory 

funded by NASA’s SRLIDAP program.  (a) Electron optical column with monochromator 

and dual spherical aberration (Cs) correctors (~3.5 m in height).   (b) During operation the 

column is enclosed in a vibration-free, climate controlled “box”.  Temperature variation 

within the room is limited to less than ±1o C/hour. (c)  The microscope is isolated from the 

user and operated remotely from an adjoining room.

Figure 2: Electron energy-loss spectroscopy using a monochromator.   (a)  Zero-loss peak 

at 300 keV and acquisition time of 1 second.  (b) Zero-loss peak at 200 keV with 1 second 

acquisition time.  (c)  Dependence of energy resolution on spectrum acquisition time at 

200 keV.  

Figure 3: Comparison of (HR)EELS and XANES C-K edges obtained at ~0.1 eV energy 

resolution.  (a)  200 keV high resolution (HR) EELS carbon-K edges obtained from IDP 

“Pupi” (U220GCA) using the monochromator and high-resolution energy filter.  (b)  

XANES carbon-K edges obtained from amorphous carbon (top red trace), IDP L2009*E6 

(middle black traces) and ordered graphite (lower red plot).  XANES data from Wirick et 

al., 2009.  (c) – (e) Exemplar brightfield TEM images showing locations from which 

HREELS spectra 1, 3 and 5 in (a) were obtained. 

Figure 4: (a) Cs-corrected 300 keV image of silicon in [211] orientation showing “Si 

dumbbells” spaced 1.4 Å apart.  (b)  Fast Fourier Transform of image of (a) 

demonstrating sub-Ångström resolution.  (c)  [-12-10] atomic resolution image of a 

pyrrhotite grain in a Stardust track in aerogel.  Dashed line shows unit cell and arrows 

show bright Fe-rich atomic columns. S-rich atomic columns are less intense and grey 

while the higher-Z Fe-rich columns are white. (d) Schematic diagram of atom columns 

projected along the [-12-10] crystallographic direction for pyrrhotite.
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Figure 5: Demonstration of atomic-resolution imaging, electron spectroscopy and (EDS) 

chemical profiling of a defect in a synthetic perovskite (SrTiO3) standard.  (a) Z-contrast 

dark field STEM image of a dislocation core in SrTiO3.  (b) High-resolution (HR) EELS 

spectra from single atomic columns.  ELNES examination shows only Ti4+ (4 peaks 

attributable to Ti4+ ligand field splitting) in bulk SrTiO3 (blue trace), and predominantly 

Ti3+ (2 peaks) within the dislocation core (red trace).  The decrease in fine structure on 

the O-K edge (red trace) within the dislocation core is attributable to depletion of Sr2+.  

(c) Single atomic column resolution x-ray line profile across alternating Ti and Sr 

columns in SrTiO3 (Burban et al., 2009). 

Figure 6:  Brightfield (a and e) and darkfield (c) images of GEMS in CP IDPs with 

corresponding C-K edge x-ray maps (b, d and f) showing the distribution of carbon 

associated with the GEMS.

Figure 7:  Minor/trace element analysis in the SuperSTEM using advanced solid-state 

detector technology. Energy dispersive x-ray spectrum from a GEMS grain in CP IDP 

U2070A-2B.  The spectrum was collected at an energy resolution of 130 eV (defined at 

the Mn K edge) with 80% dead time over 100 minutes. (a)  Full 0-10 keV GEMS 

spectrum.  Cu peaks are systems peaks (from the TEM grid and unrelated to specimen 

composition.  (b)  Vertically expanded spectrum showing Ca, Ti, Mn, Cr and Ni peaks. 

(c) Spectrum from NBS 610 thin-film standard glass (61 elements at 500 ppm) collected 

at maximum energy resolution (130 eV at Mn K-) with 80% dead time over 100 

minutes.  Considerably shorter acquisition times are feasible with lower dead times and 

lower energy resolution.

Figure 8:  (a)  Brightfield TEM image of an oxide grain boundary region in a Ni alloy 

electrode material.   (b)  Ni-M2,3 core scattering edge.  (c) Residual (net) Ni-M2,3 edge 

following background subtraction.  (d) Energy-filtered image formed from the residual 

Ni-M2,3.  Spatial resolution is ~ 1 nm, image acquisition time was 3 seconds.
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Figure 9:   Comparison of astronomical UV extinction features with laboratory UV and 

low-loss EELS features.   (a) The 2175 Å interstellar extinction feature from two stars 

and  Persei.  (b) The profile as derived from 13 stars.  Continuous line is the best fit 

Lorentzian.  (c) Photo-absorption spectrum from partially-recrystallized hydroxylated 

amorphous magnesium silicate (Mg2SiO4[OH]n).   (d)  Low-loss EELS spectrum from 

(electron) irradiation damaged talc (Mg3Si4O10[OH]2).  (e)  Low-loss EELS spectrum 

from (organic) carbon in IDP L2047 D23.  (f)  Low-loss EELS spectrum from GEMS in 

W7013 E17.  Vertical scale in (a) is magnitude, and in (b) through (f) normalized 

logarithmic.   Data from Bradley et al., 2005. 

Figure 10:  (a)  High-angle annular darkfield (HAADF) image of a vesiculated alumino-

silicate glass grain in IDP W7013E-17.  (b)  Low-loss spectra from silicate glass and one 

of the voids in the glass.  The feature at ~8.6 eV is consistent with molecular O2 in the 

void, and the fine structure between 12 and 20 eV is due to oxygen excitons.  Weak 

features at 534 and 536 eV are due to H2O, and the feature at ~21.5 eV may be due to 

helium. (c)  Oxygen core-loss K-edge spectra from glass matrix and a vesicle. (d) The 

EELS difference spectrum from the spectra (c) compared with a low-energy inner shell 

EELS O2 spectrum (from Hitchcock and Mancini (1993).  Data from Erni et al., 2005.

Figure 11.  (a) and (b)  200 keV brightfield images of the surface of San Carlos olivine 

irradiated with H and He ions.   (c) and (d)  Low-loss EELS spectra collected sequentially 

from within the bulk olivine substrate (blue traces) into the irradiated rims (green and red 

traces).  In (c), features due to OH-, H2O and H2 are evident in the spectra from the H2
+

irradiated rim.  There is also a pronounced shift (~ 2 eV) in the position of the volume 

plasmon maxima.  In (d), the He-K edge feature at ~22 eV is evident in the spectra from 

the He+ irradiated rim.  There is a minimal shift in the position of the volume plasmon. 
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Table 1.

Quantitative energy-dispersive x-ray analyses (element/Si) of 7 GEMS in 2 CP IDPs

Sample 
# Mg Al Si S Ca Ti Cr Mn Fe Ni

CP11 
Beta 0.648 0.070 1.000 0.297 0.041 0.003 0.010 0.008 0.689 0.046
CP11 
Beta 0.793 0.094 1.000 0.410 0.054 0.004 0.013 0.009 0.715 0.044

U2070A 
2B 0.271 0.175 1.000 0.436 0.019 0.006 0.011 0.003 0.540 0.027

U2070A 
2B 0.243 0.258 1.000 0.189 0.019 0.006 0.027 0.005 0.672 0.051

U2070A 
2B 0.787 0.163 1.000 0.321 0.013 0.004 0.009 0.009 0.677 0.021

U2070A 
2B 0.247 0.159 1.000 0.415 0.019 0.007 0.012 0.005 0.587 0.031

U2070A 
2B 0.299 0.188 1.000 0.186 0.018 0.007 0.020 0.005 0.548 0.035

Average 0.470 0.158 1.000 0.322 0.026 0.005 0.015 0.006 0.633 0.036

Solar 1.06 0.085 1.000 0.5 0.0625 0.0024 0.0127 0.009 0.95 0.048

%solar 60 190 100 60 40 220 120 70 70 80

* Estimated relative errors, based on counting statistics and peak fitting and analysis of 

NIST 610 thin-film trace element standard, are within 1% for Mg, Al, Si, S, Ca, Cr, Mn, 

Fe and Ni, and within 5% for Ti.

**  From Anders and Ebihara, 1982.
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Figure 2.
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Figure 3.  
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Figure 4.
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Figure 5.
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Figure 6
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Figure 7.  
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Figure 8.



42

Figure 9.
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Figure 10.
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Figure 11.


