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Introduction:  Spatially-resolved X-ray-based ana-

lytical techniques are valuable in establishing the tex-
ture, mineralogy, crystal structure, and chemical state 
of returned materials and offer in-situ and non-
destructive capabilities [1,2]. These techniques can be 
integrated with microstructural observations obtained 
using FIB-TEM techniques [3] to provide a compre-
hensive approach to the coordinated analysis of re-
turned samples. We are developing high-energy, syn-
chrotron-based analytical methods applicable to 
picogram (~µm3) quantities of returned material, the 
mass sensitivity typically required to obtain data on 
single-phase aliquots.  

X-ray absorption fine structure (XAFS) spectrosco-
py methods (notably, X-ray absorption near edge struc-
ture - XANES) are being used for measuring multiple 
redox states involving multivalent elements to con-
strain oxidation state. The value of this approach is that 
conventional mineralogic oxybarometers are difficult 
to apply to these minute materials and the accessible 
redox couples are each sensitive to a different oxygen 
fugacity (fO2) regime so that together they provide ac-
cessibility to a wide range of oxidation state condi-
tions. 

Our work specifically focuses on valences of the 
first-row transition metals Ti, V, and Cr, multivalent 
elements selected because these elements have redox 
couples that span the suspected range of fO2 experi-
enced by the igneous components of these materials 
[4,5].  The relevant redox couples are Ti3+↔Ti4+, 
V2+↔V3+(possibly ↔V4+) and Cr2+↔Cr3+. We use FIB 
methods to produce mono-mineralic samples for analy-
sis. Previously, [6] had reported Ti and Cr results for 
Semarkona (LL3.00) olivine that showed negligible 
FIB effects on valence determinations. Our new meas-
urements have extended these results to V and pyrox-
enes and added olivines from Kainsaz (CO3.2). 

Methods:  Beginning with a thin section, candidate 
regions for FIB sample extraction were identified by 
SEM and XANES valence analyses were obtained 
within a few tens of µm of these spots prior to FIB 
sample preparation (Figure 1). Four XANES spectra 
were obtained on each spot, each with the thin section 
rotated by a 90° increment about the thin section nor-
mal, an approach that was intended to average out 
spectral differences that may arise due to X-ray pleoch-

roism. The four spectra were merged for each spot to 
produce orientation corrected valences. Valences were 
determined following the methods of [7], [8], and [9] 
for Ti, Cr and V, respectively. 

FIB sections (typically 10 x 20 x 1 µm) were then 
produced from these regions using conventional FIB 
sample preparation techniques. Sections were mounted 
to V-slots in Cu lift-out grids (Figure 2), which in turn 
were clamped in SEM-compatible aluminum vices. 
XANES analyses were collected on the FIB sections in 
this configuration. This approach allowed us to evalu-
ate the effect of FIB milling [10] by comparing valence 
results for the FIB sections with those for the associat-
ed pre-FIB spots. For the FIB sections, the synchrotron 
beam analyzed a volume of olivine ~ 2 x 2 x 1 µm = 4 
µm3, which is a mass of ~ 10 pg. 

For each FIB section, an XRF map was first col-
lected to locate the olivine material (Figure 3). A 
XANES traverse was then collected scanning the sam-
ple stage position from one side of the FIB section to 
the other and collecting XANES spectra every few 
microns (e.g., red line in Figure 4).  The resulting pro-
files of element content (fluorescence intensity) were 
used to identify the primary silicate region in each 
traverse (Figure 4) and the valences results were aver-
aged over this region. Each XANES spectrum in this 
region was processed individually for this averaging. 
These averages for the FIB sections were then com-
pared to the pre-FIB thin section valences and the dif-
ference computed (Table 1).   

Results: Our new work has extended this compari-
son to vanadium in olivine and pyroxene in Semarkona 
and all three elements in olivine of a more oxidized 
chondrite (Kainsaz 3.2). Table 1, summarizing our 
results to date, shows the valence determinations for 
Ti, Cr, and V for FIB sections and associated pre-
extraction thin section spots. The valence differences 
between pre-extraction (TS) and FIB were calculated 
(FIB-TS).  For Semarkona, the valence differences 
were -0.08, +0.06, and -0.05, for Cr, Ti, and V, respec-
tively. For Kainsaz, the differences were +0.11, +0.13, 
and +0.43, respectively.  All of these differences are 
considered to be within experimental error (0.05 to 
0.13) of zero except for V in Kainsaz olivine which 
yielded more oxidized V in the FIB section by +0.43. 
This larger difference might be due to low V sig-
nal/noise from these sections but it’s more likely to be 
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due to highly localized, low temperature secondary 
alteration effects, rather than oxidation from FIB mill-
ing, since alteration veins were observed by TEM in 
these regions. 

 
Table 1: Valence Results for Thin Sections and FIB 

Sections (values in parentheses indicate number of FIB 
sections or thin section analytical spots averaged) 

 

Sample Valence FIB-TS Valence FIB-TS Valence FIB-TS

Semarkona 
(LL3.00) 
Olivine

2.16 (6) FIB 
2.22 (6) TS -0.06

3.29 (4) FIB 
3.18 (5) TS 0.11

2.39 (1) FIB 
2.38 (9) TS 0.01

Semarkona 
(LL3.00) 

Pyroxene

2.06 (4) FIB 
2.08 (10) TS -0.02

3.47 (4) FIB 
3.52 (10) TS -0.05

2.46 (4)  
FIB 2.52 
(10) TS

-0.06

Kainsaz 
(CO3.2) 
Olivine

2.91 (2) FIB  
2.80 (1) TS 0.11

4.02 (2) FIB 
3.89 (1) TS 0.13

2.95 (2)  
FIB 2.52 (1) 

TS
0.43

Chromium Titanium Vanadium

 
 
Conclusions: For Semarkona olivine and pyroxene 

and Kainsaz olivine, FIB sample preparation has negli-
gible effects on Ti, Cr, and V valence. High-quality 
XANES spectra were obtained for all three elements 
for our analyzed FIB masses of ~10 pg and usable 
spectra down to the pg level are achievable. These sen-
sitivities were achieved for elements that are present in 
the samples at concentrations <~0.3% wt% further 
demonstrating the sensitivity of the techniques and 
their likely applicability to minute mono-mineralic 
grains returned by sample-return spacecraft.  
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