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Introduction: Previous work has shown that sili-

cate inclusions in an extraterrestrial chrome-spinel can 
potentially help classify the meteorite from which it 
originated [1-2]. The classification of chrome-spinels 
from ordinary chondrites is relatively straightforward 
using chemistry and oxygen-isotope abundances, but it 
can be difficult to differentiate between H, L, and LL 
chondrites using these compositions. Alwmark and 
Schmitz [2] showed that the fayalite (Fa) and ferro-
silite (Fs) contents of olivine and Ca-poor pyroxene 
inclusions in chrome-spinels can help distinguish be-
tween ordinary chondrite subtypes. Alwmark and 
Schmitz also concluded that inclusions larger than ~3 
µm could be measured by SEM-EDS (15 kV) without 
fluorescing surrounding chrome-spinel and that smaller 
inclusions (1.5-3 µm) would need to be corrected for 
chrome-spinel fluorescence [2].  

In our study of inclusions in Jurassic chrome-spinel 
grains [1], we employed focused ion beam (FIB) and 
scanning transmission electron microscopy (STEM) 
techniques to look at inclusions smaller than 3 µm. The 
STEM analyses showed that inclusions can be more 
complex than what is initially perceived with SEM and 
EDS. Inclusions in Jurassic grains show evidence of 
chemical and mineralogical changes during their ter-
restrial residence [1]. We would like to see if similar 
changes are found in inclusions of extraterrestrial 
chrome-spinels from other time periods. Our study will 
also directly compare SEM-EDS- and STEM-EDS-
derived Fa and Fs contents of inclusions to assess how 
size and depth of an inclusion affects SEM-EDS meas-
urements. To do this, we analyze olivine and pyroxene 
inclusions from a chrome-spinel grain in the Ordovi-
cian-age Brunflo fossil meteorite [2-4] with both SEM-
EDS and FIB/STEM techniques.  

Methods: The Brunflo chrome-spinel grain used in 
this work was processed and mounted at Lund Univer-
sity, Sweden [2-3] (Fig. 1). The Brunflo meteorite was 
previously determined to be an L-chondrite based on 
chondrule-size measurements, chemistry of chrome-
spinels, and inclusion compositions [2-4].  

Silicate inclusions were screened to identify olivine 
and pyroxene grains using the UH FEI Helios 660 dual 
beam FIB-SEM. SEM-EDS analysis of major and 
minor elements was carried out at 15 kV on four oli-
vine inclusions and two pyroxene inclusions. The four 
olivine inclusions are roughly circular on the polished 
surface, with approximate diameters of 2.4 µm, 3.2 
µm, 2.8 µm, and 1.9 µm (Fig. 1). Spectral line scans 

(0.1 µm steps) were also taken across inclusions 1 and 
2 and inclusions 3 and 4 (Figs. 1 and 3).   

Following SEM-EDS characterization, target inclu-
sions were Pt coated to protect them during FIB sec-
tioning. A FIB section of inclusions 1 and 2 is being 
prepared using 30 kV Ga+ ion milling and FIB-
polished at 5 kV to reduce amorphous kerf. The UH 
FEI 80-300 kV Titan dual Cs-corrected and mono-
chromated (scanning) TEM will be used to image and 
analyze compositions at 300 kV. Compositions of the 
inclusions will be determined using a central-box area, 
clear of inclusion edges.  

 
Figure 1: Backscatter electron image of olivine inclu-
sions in a chrome-spinel from the Brunflo meteorite. 
The black lines represent locations of spectral line 
scans of inclusion pairs and surrounding chrome-
spinel. The dots indicate the beginning of each scan for 
data in Fig. 3.  

Results and Discussion: The compositions of the 
four olivine inclusions were measured using SEM-
EDS in the nominal center of each grain as exposed on 
the polished surface and in line scans across pairs of 
inclusions. The measured fayalite contents of the four 
olivines were 26.1, 21.1, 20.0, and 24.5, respectively. 
The fayalite content of the largest inclusion (#2) agrees 
with the published fayalite value for the olivine inclu-
sions in the Brunflo chrome-spinel (21.3 ± 1, [2]). 
Inclusion 3, the next largest inclusion, has a similar Fa 
content. Compositions of the smaller inclusions do not 
agree with the published fayalite value. This is most 
likely due to a contribution of Fe from the surrounding 
chrome-spinel.  

SEM-EDS analyses of an inclusion may sample 
some of the surrounding chrome-spinel below the 
surface if the inclusion is smaller than the interaction 
volume of the electron beam. The dimensions of the 
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inclusions below the surface are generally unknown. 
FIB techniques take a section of the inclusion perpen-
dicular to the surface, showing the depth of an inclu-
sion. The advantage of STEM-EDS analysis is that it 
circumvents the issue of fluorescing unwanted nearby 
material. This is possible because the FIB section used 
for STEM is so thin that the interaction volume is 
greatly reduced. 

The effect of SEM-EDS electron-beam interactions 
with surrounding chrome-spinel is illustrated schemat-
ically in Fig. 2. Three inclusions with the same surface 
diameter and different depths are compared with the 
electron-beam interaction volume. The top panel 
shows a Cr line scan across the three inclusions. If the 
Cr content of an inclusion goes to zero or levels out 
(even if non-zero), then the inclusion is most likely 
larger than the interaction volume (Fig. 2a). If there is 
significant Cr in the line scan and the scan does not 
level out, then the inclusion is most likely smaller than 
the interaction volume, and surrounding chrome-spinel 
contributes to the measurement (Fig. 2c).  

 
Figure 2: Hypothetical line scans of inclusions (black 
outlined objects in bottom panel) with the same diame-
ter at the surface (similar to sizes in Fig. 1) but with 
varying depths. The electron-beam interaction volume 
is shown by the red dashes. The line scans in the top 
panel assume the inclusions are Cr-free. Inclusions 
(a), (b), and (c) have depths greater than, equal to, and 
less than the interaction volume, respectively.  

The two line scans for the Brunflo olivine pairs 
show a decrease in Cr and increase in Si content at the 
olivine boundaries (Fig. 3). Inclusions 2 and 3 show a 
leveling out at low Cr K-alpha X-ray counts within the 
inclusions (“bottoming out”). The Cr signal in the 
centers of inclusions 2 and 3 are most likely due to a 
small amount of Cr present in the silicate inclusion. 
Inclusions 1 and 4 show higher counts of Cr at their 
center compared to inclusions 2 and 3, and the Cr 
signal does not “bottom out”, suggesting contribution 
from the surrounding chrome-spinel due to their small 
size, similar to Fig. 2c. It is possible that inclusions 1 
and 4 contain more Cr, but inclusions in close proximi-
ty should have very similar compositions.  

 
Figure 3: Line spectra taken with SEM-EDS for oli-
vines 1 and 2 (top) and olivines 3 and 4 (bottom). The 
zero point of the distance axis corresponds to the black 
dot on the ends of the lines in Fig. 1.  

FIB/STEM analyses of inclusions 1 and 2 will 
show how the inclusion shapes change at depth and 
will give their compositions without contributions 
from surrounding chrome-spinel. The interaction vol-
ume of SEM-EDS measurements will be compared to 
inclusion depths observed in FIB sections to determine 
the extent of chrome-spinel contamination. The STEM 
analyses are expected to confirm that “bottoming out” 
of Cr on the inclusion 2 line scan is due to the inclu-
sion depth being greater than the interaction volume.  

Comparisons between SEM- and STEM-EDS will 
show if SEM-EDS line scans are a way to determine if 
an inclusion is large enough for reliable SEM-EDS 
measurements alone. If line scans are shown to be a 
reliable determinant of large inclusion size, then the 
true composition of the inclusion can be extracted from 
the lowest-Cr spectra in the line scan. FIB/STEM tech-
niques should then be utilized for reliable compositions 
if large enough inclusions are not available in a sam-
ple, such as the Jurassic grains [1].  

 STEM techniques could also support composition 
corrections for small inclusions in [2]. Further studies 
may help develop an accurate correction for small 
inclusions when FIB/STEM techniques are not availa-
ble.  
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