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Introduction: The unique ungrouped carbonaceous
chondrite Acfer 094 is to date one of the most pristine
meteorites available for study. The major component in
this primitive chondrite is the fine-grained matrix (grain
size << 10 ym). This matrix consists of an unequilibrat-
ed mixture of anhydrous silicates, sulfides, metal grains,
and amorphous silicate material [1]. This amorphous
silicate material is the major component of the fine-
grained matrix and indicates very low thermal and
aqueous alteration effects, which would have led to
recrystallization of the amorphous material. Further-
more, the high reactivity of this amorphous phase
makes it a sensitive indicator for small-scale aqueous
alteration effects, which cannot be observed in bulk
sample analysis.

The origin of the amorphous silicate matrix is not
yet clear. The main scenarios include either primary
processes before accretion of the parent body, e.g.
disequilibrium condensation from a fractionated solar
gas, or secondary processes on the parent body, e.g.
aqueous alteration of a precursor material [1]. Linking
changes in the chemical composition and the oxidation
states of Fe in the amorphous silicate matrix to petro-
graphic observations could reveal information about
alteration effects and possible formation scenarios of
amorphous silicate matrix. Here we report on analytical
transmission electron microscopy (TEM) investigations
of six electron-transparent Acfer 094 matrix samples to
put constraints onto these issues.

Samples and methods: The six TEM lamellae of the
amorphous silicate matrix in Acfer 094 have been pre-
pared from a polished thin-section using focused ion
beam techniques (FIB) for previous investigations on
presolar grains in the matrix [2].The chemical composi-
tions in the three samples 3113, 2520, and 2106 were
determined using a Jeol JEM-3010 TEM (300 kV) with
an Oxford Isis EDX system. Experimentally determined
and published Cliff-Lorimer-k-factors were used to
measure the chemical composition of 25 to 30 spots in
each of the three samples [3].

The oxidation states of Fe in the six samples were
measured using a Zeiss Libra 200FE TEM (200 kV) with
an in-column Q-energy filter for Electron Energy Loss
Spectroscopy (EELS). For each sample, 14 EEL spectra
at the Fe-Ly; edge were acquired at different sample
regions to improve the reproducibility and accuracy.
The Fe*'/ZFe ratios were calculated using the modified
integral intensity ratio technique [4]. In both approach-
es, the amorphous areas in the samples were carefully

selected using the TEM diffraction mode prior to
EDX/EELS analyses to exclude contribution from crys-
talline grains, i.e., silicates or nanosulfides. The texture
of each sample was also examined by Z-contrast imag-
ing (high angle annular darkfield, HAADF) in scanning
TEM mode.

Results: Mineralogical and textural differences in
the samples can be observed on a sub-pumscale (Fig. 1).
The amount of sulfide and metal grains vary in the
samples. Moreover, differences in the porosity of the
samples are visible. The sample 3113 represents an un-
equilibrated mineral assemblage with widespread po-
rosity (Fig. 1B). In contrast, sample 2106 has nearly no
porosity and very low amounts of sulfide and metal
grains. Within the amorphous matrix of 2106 small
bright veins indicate secondary recrystallization effects
(Fig. 1A).

Figure 1: STEM-HAADF micrographs of sampls

2106(A) and 3113(B).

The EDX results display inhomogeneities in the
Fe/Si, Ca/Si, and S/Si ratios of the three samples. Com-
pared to published values [1] the generally low and
invariable Mg/Si ratios in constrast to variable Fe/Si
ratios stand out (Fig. 2). Compared to the solar abun-
dances, the results show a high depletion in Mg and S
in the amorphous matrix

The results of the EELS analyses are summarized in
Fig. 3. All six investigated samples show a generally
high oxidation state with the lowest Fe*/ TFe of
0.66(0.02) in sample 3113. With increasing oxidation
state of Fe, the range of the Fe*'/ Fe ratios within the
samples also slightly increases as indicated as well by a
higher standard deviation. The sample 2106 has the



46th Lunar and Planetary Science Conference (2015)

highest Fe**/ £Fe of 0.73(0.03). Compared to published
values of 50% to 90% Fe* contents for Acfer 094 matrix
[6], our results are clearly more homogeneous.
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Figure 2: Mg-Si-Fe ternary diagram plots the analyzed
spot analyses of the three samples. The patterned
square displays the solar composition [5].

1.00
0.95F
0.90 F
085
0.80 F
075F

by s o3 8

060 F
055F
0.50
045 F
0.40 £ 1 L L ! L

3113 3208 3213 2520 3203 2106

sample [Acfer 094-]

Fe”'/zFe

Figure 3: Oxidation state of Fe for six samples of the
amorphous silicate matrix in Acfer 094. Each square
represents the mean value of 14 EEL spectra of the re-
spective sample with the standard deviation (1c).

Discussion: The textural differences of the samples
can be explained by subtle aqueous alteration process-
es on the parent body. Interaction with aqueous fluids
led to crystallization of hydrous phyllosilicates, which
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fill up the porosity, and enhances oxidation of the metal
and sulfide grains. The EDX and EELS analyses of the
six samples also reveal nm-scale compositional differ-
ences in the amorphous silicate matrix This chemical
inhomogeneity supports the textural evidences of
aqueous alteration effects. Aqueous alteration prefer-
entially mobilizes Fe. Hence, the Fe/Si ratios increase
with proceeding aqueous alteration. The high depletion
and invariable Mg/Si ratios on the other hand could be
remnants of the formation process, e.g., fractional dise-
quilibrium condensation from a Mg-depleted gas,
which is similarly proposed for the formation of GEMS
grains [7].

The homogeneous high oxidation state of Fe in the
amorphous silicate matrix could reveal information of a
possible formation scenario. In case of disequilibrium
condensation in the solar nebula, the amorphous sili-
cate matrix would be a primary phase, and should rec-
ord the generally reducing conditions of the early solar
nebula. A formation due to parent body alteration, on
the other hand, should have led to major inhomogenei-
ties of the oxidation state as in other, more altered CR
and CM chondrites [8], which we do not observe. We
therefore favor a scenario in which a Mg-depleted neb-
ular precursor material, must have been homogeneous-
ly oxidized prior to accretion of the Acfer 094 parent
body, probably due to reactions with water vapor.
Acfer 094 apparently formed in a reservoir favorable for
such nebular oxidation as also indicated by cosmic
symplectite (COS) in its matrix [9].

Conclusion: The amorphous silicate matrixin Acfer
094 has nm-scale differences in the composition and
the oxidation state of Fe. These subtle heterogeneities
can be best explained by small-scale aqueous alteration
processes on the parent body. However, the generally
high oxidation state and invariable Mg-depleted com-
positions could indicate formation of the amorphous
silicate matrix as a nebular oxidation product of a frac-
tionated solar gas component.
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