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Introduction: Synchrotron-based X-ray tomogra-

phy is a powerful method for three-dimensional non-
destructive analysis of meteorites. It permits accurate 
determination of pore volume, and volume fractions of 
individual phases, as well as texture relationships 
among phases, at scales down to the sub-µm [1].  How-
ever this spatial resolution is not sufficient to fully 
characterize the fine-grained matrix mineralogy of 
primitive meteorites. Determination of the 3D distribu-
tion of organic matter, nanoscale minerals, amorphous 
material and pore space can aid in the determination of 
the formation and alteration histories of these primitive 
materials. We seek to develop focused ion beam (FIB)-
based methods for tomographic analysis at the 50 nm 
or smaller scale, to improve our understanding of the 
matrix mineralogy in general, but more specifically for 
determination of the diversity of morphologies of or-
ganic matter and their relationship to matrix minerals. 
Although FIB tomography is inherently a destructive 
analysis method, it readily permits correlative analysis 
with scanning and transmission electron microscopy, 
for analysis at the 1-nm scale.  

Methods:  Matrix material from the Tagish Lake 
(TL) 5b sample described in [2] was chosen for the 
initial study because TL 5b contains abundant nano-
globules, and the powdery nature enables easy extrac-
tion of suitably-sized matrix fragments. We selected 10 
to 50 µm matrix fragments and attached them to a sili-
con support wafer with crystal bond adhesive. The 
samples were then examined with the FEI Nova 600 
FIB-SEM at the Naval Research Laboratory (NRL). A 
protective coating of carbon was deposited over the 
test particles to protect the top surface during ion beam 
milling.   

A tomographic image series was obtained using the 
slice-and-view method. A series of sequential 50-nm 
thick slices were milled in alternation with the acquisi-
tion of backscatter electron (BSE) images of the newly 
exposed face. The electron beam operating voltage was 
set at 5 kV in order to provide the atomic number con-
trast from the top ~ 100nm. The series of 100 images 
sampled a total depth of the particle of ~ 4 µm, begin-
ning at ~ 1 µm in from the front edge. At the depth of 4 
µm, an EDS map of the exposed face was obtained, 
and then a 1 µm thick section was extracted by in situ 

lift-out and thinned to electron transparency.  The TEM 
cross-section was examined with the JEOL 2200FS 
field emission scanning transmission electron micro-
scope at NRL. 

Results:  Figure 1 shows a plan view image of the 
test particle and five images from the tomographic se-
ries at 1 µm intervals. Some redeposition of sputtered 
material from the silicon support and carbon protective 
mask is visible, most notably in the first image of the 
series. Despite the redeposition artifacts, we clearly 
observe the evolution of internal pores, as well as large 
(µm-sized) and small (20-50nm) Fe-rich grains. We 
also observed diffuse local variation in the image con-
trast, which likely reflects variation in the water content 
of phyllosilicates. 

Figure 2 shows an EDS map from the exposed par-
ticle face at 4 µm depth, which confirms the Fe-rich 
nature of the large internal particles and the presence of 
silicate minerals throughout. Small hotspots in Mg, Si 
and C, indicating partially resolved nanoscale phases 
are also presented. 

Figure 3 demonstrates the value of the correlative 
TEM analysis, which extends the resolution of imaging 
and composition down to the 1 nm scale. Dark field 
STEM imaging clearly reveals the presence of na-
noscale sulfides, in addition to the large Fe-rich grains 
observed by SEM BSE imaging of the section face. 
The fibrous structure of the phyllosilicate phase which 
dominates this particle and interior nanoparticle phases 
are visible in bright field TEM images, and the compo-
sition of individual phases can be confirmed with EDS. 

Summary: The proof-of-concept work presented 
here is the first step towards obtaining a full 3D render-
ing of the phases in fine-grained matrix. We demon-
strated that the FIB tomography method can be applied 
to even beam-sensitive materials such as phyllosili-
cates. This method can be adapted to characterize  
~ 100 µm3 volumes of matrix extracted directly from 
thin sections. We plan studies of additional matrix 
samples to examine the spatial relationships between 
minerals and organic matter. 
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Figure 1.  Extracted BSE images from a focused ion beam (FIB) slice-and-view tomogram series at milling depths of  
0 to 4 µm. The emergence of internal void space and a Fe-rich grain are visible in the series.  The images are cor-
rected for the 52° imaging angle with respect to the milled face. 

 
Figure 2.  Example BSE image 
and EDS elemental maps ac-
quired during the tomographic 
series.  These images are uncor-
rected for the 52° imaging angle 
with respect to the milled face. 
At this 4 µm depth, the particle 
shows some internal Mg, Si and 
C rich subgrains. 
 
 
 
 
 
 

 
Figure 3.   Correla-
tion of the BSE im-
age of the terminal 
face of the tomo-
graphic series (right) 
with dark field 
STEM (middle), 
STEM-EDS and 
TEM (left) analyses 
of the final thinned 
section. White boxes 
indicate the areas of 
EDS collection. 
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