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Abstract—The biogeochemical alteration of an Mg-Fe orthopyroxene, reacted for 70 yr under arid conditions
in a desert environment, was studied by transmission electron microscopy. For this purpose, an electron
transparent cross-section of the interface between a single microorganism, an orthopyroxene and nanometer-
sized calcite crystals, was prepared with a focused ion beam system. X-ray energy dispersive spectrometry and
electron energy loss spectroscopy allowed one to clearly distinguish the microorganism en route to fossil-
ization from the nanometer-sized calcite crystals, showing the usefulness of such a protocol for identifying
unambiguously traces of life in rocks. A 100-nm-deep depression was observed in the orthopyroxene close to
the microorganism, suggesting an enhanced dissolution mediated by the microbe. However, an Al- and Si-rich
amorphous altered layer restricted to the area just below the microorganism could be associated with decreased
silicate dissolution rates at this location, suggesting complex effects of the microorganism on the silicate
dissolution process. The close association observed between silicate dissolution and carbonate formation at the
micrometer scale suggests that Urey-type CO sequestration reactions could be mediated by microorganisms
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under arid conditions. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

The weathering of pyroxene can release Fe, Mg, Ca, Al, and
Si as well as trace metals, which are essential nutrients for
microbial and plant growth. Understanding which parameters
control this reaction is also important, because the alteration of
Ca- and Mg-containing silicates buffers the level of atmo-
spheric CO2 at the geological scale (Berner, 1995). Indeed,
silicate weathering withdraws CO2 from the atmosphere ulti-
mately trapped in carbonate minerals, which precipitate in the
oceans (Urey, 1952). Abiotic dissolution of enstatite (pure Mg
pyroxene) is now accurately modeled in the 1–11 pH range at
25°C (Oelkers and Schott, 2001; see also Brantley and Chen,
1995 for a review). The presence of Fe adds complexity to the
system. Schott and Berner (1983) showed that, under oxic
conditions and at neutral pH, an iron oxide layer and a Fe3�

hydroxylated silicate layer, resulting from oxidation of iron
from pyroxene could inhibit the dissolution after some time.
The existence of armoring surface layers formed during the
alteration of silicates, which have a huge impact on the effec-
tive dissolution rates of these minerals, has been a matter of
intense debate. The formation of altered surface layers was
observed in dissolution experiments of silicates (Casey et al.,
1989a; Casey et al., 1993; Banfield et al., 1995; Hellmann et al.,
2003; Benzerara et al., 2004) and on naturally weathered
feldspars (Nesbitt and Muir, 1988; Nugent et al., 1998). Amor-
phous layers have almost never been clearly detected, however,
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on naturally weathered pyroxene surfaces (Nahon and Colin,
1982; Brantley and Chen, 1995).

It has been postulated and observed that microorganisms
could have a major effect on the weathering rates of silicates
via the production of organic ligands or by promoting Fe redox
reactions (for a review, Barker et al., 1997). However, only few
studies have investigated the interface between silicates and
microorganisms at the scale at which the reactions occur, i.e.,
the nanometer scale. Barker and Banfield (1996) were precur-
sors by cross-sectioning micrometer-sized lichen-colonized
amphiboles by ultramicrotomy and by studying the interface by
high-resolution transmission electron microscopy (HRTEM).
Despite the importance of such a study, it has not been repro-
duced for other samples from different environments or differ-
ent mineral compositions, which could have given a broader
view on the variety of microbes–silicates interactions in nature.
One possible reason is that the use of transmission electron
microscopy (TEM) has been hindered up to now by the inac-
curacy of the sample preparation techniques. Classical proce-
dures include (1) crushing of the sample in ethanol or water, (2)
ion milling, and (3) ultramicrotomy. Ultramicrotomy is the
only one of these three techniques which can preserve the
contacts between the organic and mineral counterparts, but it is
restricted to samples with micrometer-sized minerals and does
not offer the possibility to select the sampled area with a high
spatial specificity. This prevents using it in low biomass sam-
ples, in which the area of interest is restricted to few microme-
ters if not to a single microbial cell.

Benzerara et al. (2003) have shown that the Tatahouine
meteorite is a pertinent object for studying the weathering of

Fe-Mg pyroxene by microorganisms under arid conditions.
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Some fragments of this meteorite, which is almost exclusively
composed of orthopyroxene (Barrat et al., 1998), were col-
lected the day after its fall in arid south Tunisia in 1931
(Lacroix, 1932). New fragments were then collected in the
Tatahouine sand 70 yr after the fall (Benzerara et al., 2003).
The comparison between two sets of samples thus allows
unraveling the effects of terrestrial microbial colonization on
the pyroxene geochemistry. With scanning electron microscopy
(SEM), Benzerara et al. (2003) observed a spatial correlation
between a microbial filament, nanometer-sized rod-shaped cal-
cite crystals, and a possible alteration of the underlying pyrox-
ene, but the interactions between those three components could
not be described more precisely on the basis of these observa-
tions. In this study we have used the focused ion beam (FIB)
technique to prepare ultrathin cross-sections for TEM with a
less than 100-nm positional accuracy, offering great promise
for the study of microbial–mineral interactions. The subsequent
observations by TEM (combining high-resolution observations
and spectroscopic analyses) offer the capacity to scrutinize, at
the nanometer scale, the geochemical processes occurring at the
interface between a microorganism, calcite precipitates, and a
Fe-Mg pyroxene.

2. EXPERIMENTAL METHODS

2.1. SEM Observations and Energy Dispersive X-ray
Spectrometry (EDXS) Maps

The gold-coated meteorite fragments collected in 2000 and described
in Benzerara et al. (2003) were reobserved by SEM. Operating condi-
tions of the Philips XL30 S FEG-SEM (FEG: Field Emission Gun)
were 5 kV accelerating voltage with a working distance of 5 to 15 mm.
For EDXS chemical analyses, an acceleration voltage of 20 kV was
used.

2.2. Cross-Sectioning by the FIB Technique

FIB milling was performed with a FEI Model 200 TEM FIB system
at the University Aix-Marseille III. The FIB lift-out method was used
to prepare the sample (Fig. 1b) as described in Heaney et al. (2001).
The same area as that observed by SEM could be easily located using
the imaging capabilities of the FIB. A thin layer of platinum was then
deposited on the specimen across the filament and the calcite cluster
(Fig. 1a) to protect them during the milling process. The FIB system
uses a Ga liquid metal ion source which allows milling. A 30-kV Ga�

beam operating at �20 nA excavated pyroxene from both sides of the
Pt layer to a depth of 5 �m, resulting in the achievement of a thin
cross-section. Before removal of the thin slide, the sample was further
thinned to �80 nm with a glancing angle beam at much lower beam
currents of �100 pA. Finally, a line pattern was drawn with the ion
beam along the side and bottom edges of the thin section, allowing its
removal. The � 15 �m � 5 �m � 80 nm slide was transferred at room
pressure with the aid of a stereomicroscope and a hydraulic microma-
nipulator. A glass needle was directed to the thin slide which was
extracted by electrostatic attraction to the needle. The cross-section was
then deposited onto the membrane of a carbon-coated 200-mesh copper
grid. The obtained foil, whose thickness is estimated to 80 nm, e.g.,
electron transparent, is shown in Figure 1c.

2.3. TEM, EDXS, and Electron Energy Loss Spectroscopy
(EELS) Analyses

TEM observations were carried out on a Jeol 2010F microscope
operating at 200 kV, equipped with a field emission gun, a high-
resolution Ultra High Radiation (UHR) pole piece, and a Gatan energy
filter GIF 200. EDXS analyses were performed using a Kevex detector

with an ultrathin window allowing detection of light elements. Anal-
yses were recorded with typical total counts of 40,000. EELS spectra
were acquired using a dispersion of 0.3 eV/channel to record spectra in
the range 250 eV to 560 eV. The energy resolution was �1.3 eV as
measured by the full width at half maximum of the zero-loss peak. The
dwell time was optimized to acquire sufficient signal intensity and to
limit beam damage. Spectra were corrected from plural scattering using
the Egerton procedure available with the EL/P program (Gatan).

3. RESULTS

3.1. SEM Observation of the Sample

SEM was used to locate the area depicted in Benzerara et al.
(2003), and chemical mapping was processed with EDXS (Fig.
2). Figure 2a shows a 1 �m � 25 �m flat filament. The
filament’s edges are outlined on the carbon map, indicating that
carbon is associated with the filament (Fig. 2b). A carbon- and
calcium-rich area is observed on the right-hand side of the
filament (Fig. 2). This area corresponds to a cluster of rod-
shaped calcite single crystals (Benzerara et al., 2003). We used
FIB milling to prepare an ultrathin cross-section for TEM
across the interface between the long flat filament, the calcite
nanocrystals cluster, and the underlying meteorite (see location
on Fig. 2a).

3.2. Chemistry of the Calcite Crystals and of the
Flat Filament

The different components of interest (organic filament, cal-
cite nanocrystals, and orthopyroxene) are clearly recognized by
TEM and are located at the same place as that shown by SEM
(Fig. 1c). EDXS and EELS analyses were performed on the
calcite crystals and on the putative microorganism (i.e., the
long flat filament) as shown in Figure 3. By recording blank
spectra on the sample-free film adjacent to areas of interest, the
contribution from the formvar film to the analyses presented
here was shown to be negligible except for EELS analyses at
the C-K edge. EDXS analyses of calcite crystals (Fig. 3a) are
consistent with a low-magnesium and low-iron calcite compo-
sition as previously reported (Benzerara et al., 2003). Small
iron and magnesium peaks could, however, be evidenced in the
EDXS spectra for several crystals. The EELS C-K-edge spectra
are similar for several nanocrystals and show two main peaks at
290.5 eV and 301 eV (Fig. 3b), which are unambiguously
indicative of the carbonate group (Hofer and Golob, 1987). A
small peak at 286 eV could be detected and cannot be assigned
to carbonate. Similarly, O-K edge EELS spectroscopy reveals
the presence of a peak at 532 eV that is not related to the
carbonate bond (Fig. 3c).

EDXS analyses performed on the flat filament confirm the
high carbon and oxygen content of this object (Fig. 3d), and the
presence of phosphorus (Fig. 3e). EELS spectra on the flat
filament showed a peak at 402 eV corresponding to the nitrogen
K-edge (Fig. 3f). The carbon K-edge spectra in the filament are
notably different from that measured on the nano-calcite crys-
tals (insert in Fig. 3f) and are typical of an amorphous, likely
organic, carbon (Mansot et al., 2003). These data strongly
support the biologic nature of this filament. The presence of
silicon, iron, and calcium in the microorganism was shown by
EDXS or EELS, or both. Neither crystallized carbonates nor
crystallized iron oxide phases could, however, be evidenced by

high-resolution imaging.
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3.3. High-Resolution Study of the Pyroxene Surface

EDXS analyses of the underlying mineral were
consistent with the composition of the bronzite
(Mg0.75Fe0.23Ca0.01)(Si0.99Al0.01)O3, which composes al-
most exclusively the Tatahouine meteorite (Barrat et al.,
1999). At low magnification, whereas the pyroxene surface
appeared flat on both far sides of the cross-section, we
evidenced a 100-nm-deep depression centered on the calcite
cluster (Fig. 4a). A smaller depression could be observed
just below the microorganism. High-resolution images
showed that the pyroxene surface was rougher below the
microbe as compared to adjacent areas on the pyroxene
surface (Fig. 4b), including the regions below the calcite

Fig. 1. Focused ion beam (FIB) cross-sectioning of the
the sampled area before the cross-sectioning. The dotte
deposited. The positional accuracy is better than 100 nm
micromanipulator-assisted extraction stage. (c) TEM imag
the flat carbonaceous filament (left), the calcite cluster, th
cluster. The interface between the microbial filament and the
underlying pyroxene was observed at a slight defocus to
enhance the contrast of noncoherently diffracting objects
(Fig. 5). A fibrous layer was detected in this way between
the microorganism and the pyroxene surface (Fig. 5a). Se-
lected area diffraction pattern and high-resolution observa-
tions showed that this layer is mostly amorphous or ill-
crystallized (Fig. 5b). Moreover, EDXS analyses showed
that this region has a similar composition as the orthopyrox-
ene but contains less magnesium, a significantly higher
aluminum content, and some potassium (Fig. 5e and 5d). It
is noteworthy that no amorphous layer could be detected
below the calcite clusters. One nanometer-sized rod-shaped
crystal lying at the pyroxene surface could be observed in

t, the calcite cluster, and the pyroxene. (a) FIB image of
ngle indicates the position where the platinum layer is
B image of the ultrathin section still in place before the
e cross-section showing the platinum (Pt) protective layer,
pyroxene, and a chromite inclusion.
filamen
d recta
. (b) FI
es of th
the amorphous layer (Fig. 5f). EDXS and Fast Fourier trans-
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form (FFT) of high-resolution images of this particle are
consistent with a clay mineral (illite- or smectite-like). FFT
moreover showed that the particle displays an epitaxial
relationship with the pyroxene (Fig. 5g).
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4. DISCUSSION

Two types of objects observed on the Tatahouine meteorite
by SEM could a priori fulfill generally accepted biogenicity
criteria (Westall, 1999): (1) the long flat filament which dis-
plays a microorganism-like morphology, and (2) the nannobac-
teria-like rods, which have recently been shown to be nanom-
eter-sized calcite single crystals with a surrounding amorphous
calcium carbonate layer (Benzerara et al., 2003).

4.1. Nature of the Filament

Recent debates have shown that the biologic origin of a
single fossilized object is difficult to be unambiguously as-
sessed (Garcia-Ruiz et al., 2003; Brasier et al., 2002). In this
study, the filament, shown to consist mostly of carbon by
SEM-EDXS, also contains oxygen, nitrogen, and phosphorus.
Moreover, the carbon K-edge EELS spectra on it are typical of
organic carbon species (Mansot et al., 2003). Morphology
cannot be a criterion of biogenicity by itself (Benzerara et al.,
2003; Cady et al., 2003), but it can be noticed that this filament
has a well-defined shape, is 1 micron wide and tens of microns
long, and that similar filaments have been observed several
times on the Tatahouine meteorite fragments. Potential uncer-
tainties regarding the origin of the filament may exist, but we
believe that an organized structure displaying the shape and the
expected size of a microorganism, composed of organic mol-
ecules and containing phosphorus and nitrogen, in a sample
where it is expected to find abundant microbial life, is very
likely a microorganism. Hence, in the following, we refer to
this filament as a microorganism. Still, morphology is of little
use to clarify the taxonomy of this filament, which could be
either (1) a prokaryote: either belonging to Actinomycetes or
Cyanobacteria groups as a large diversity of these taxons has
been identified by 16S rRNA gene analyses of the Tatahouine
meteorite fragments, or (2) a fungus (see Steele et al., 2000 for
a similar discussion). The use of specific fluorescent nucleic
probes of these taxonomic groups on the Tatahouine pyroxene
crystals would be of great interest to address this issue.

EDXS and EELS analyses moreover suggest that this microor-
ganism is fossilizing as shown by the enrichment in calcium and
iron. The absence of iron-oxide or calcium carbonate nanocrys-
tallites suggests either an adsorption of Fe and Ca to reactive
groups of the microorganism, or more likely, given the relatively
high concentration of these elements, the precipitation in the
microorganism of small or amorphous clusters not detected during
our TEM investigation. Amorphous carbonates and iron oxides
are suspected because they are common during biomineralization
(Chan et al., 2004; Aizenberg et al., 2002). The sources of the

Fig. 2. SEM observation and chemical mapping of a Tatahouine
meteorite fragment collected in 2000. See Benzerara et al. (2003) for
additional pictures of the same area. (a) The pyroxene (gray back-
ground) is colonized by a long and flat filament (arrows), which is
bordered by a cluster of nanometer-sized calcite crystals (white area
bottom side of the filament). (b) Carbon map. White areas correspond
to higher concentration of carbon. The cluster and the filament (arrows)
contain carbon. (c) Calcium map. Only the cluster can be observed,

confirming that it is formed by calcium carbonate clusters as demon-
strated by Benzerara et al. (2003).
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calcium and iron observed within the microorganism can be dis-
cussed. Because the orthopyroxene contains a low calcium con-
centration, calcium likely originates from the surrounding Tata-
houine sand, which contains large quantities of calcium carbonates
originating from the underlying bedrock (Barrat et al., 1999). Iron
has likely been supplied to the microorganism under a soluble
form, because no iron oxide crystallite was evidenced on the
microorganism. Observation of dissolution features (i.e., the high

Fig. 3. (a) EDXS analysis on a calcite crystal. Note the p
edge is typical of carbon in carbonate groups. Insert: detail on
to the formvar of the TEM grid or to the sample. (c) O-K-ed
is not related to the carbonate bond but could be indicative
formvar film. (d) EDXS analysis on the microorganism. The
observations. Platinum was deposited before the FIB milling
overlaps the phosphorus K� line (2013 eV). (e) EDXS ana
because the platinum L� emission line is not observed, in con
as phosphorus. (f) EELS analysis on the microorganism. Inse
organic) carbon. Note the presence of nitrogen and calcium
roughness of the pyroxene surface beneath the microorganism) in
the pyroxene below the microbe suggests that iron may come from
the pyroxene (see below). A direct implication would be that the
microorganism was present before or at least during the dissolu-
tion process, as discussed in section 4.3.

4.2. Origin of the Calcites

The observations made in this study confirm that the rod-

of iron. (b) EELS analysis on the calcite crystals. The C-K
edge showing a peak at 286 eV, which can be related either

S spectrum of the Tatahouine calcites. The peak at 532 eV
nyl or carboxyl groups. This peak was not observed on the
signal comes from the grid. Gold was deposited before SEM
ure (see Experimental section). M� emission line (2050 eV)

a different area in the microorganism. We chose this area
nalysis (d). The peak at around 2010 eV can thus be indexed
on the C-K edge, which is typical of amorphous (here likely
resence
the C-K
ge EEL

of carbo
copper
proced

lysis on
trast to a
rt: detail
shaped calcite crystals have carbonate carbon K-edge EELS
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spectra. Benzerara et al. (2003) observed that the formation of
the nanometer-sized calcite crystals spatially correlates with the
filament microorganism. In addition, the morphology of these
calcite crystals and the presence of an amorphous calcium
carbonate layer surrounding the crystals suggest a biogenic
origin as proposed by Benzerara et al. (2003). C-K-edge EELS
spectroscopy on the calcites shows the presence of a peak at
286 eV (Fig. 3), which results from the presence of noncar-
bonate carbon, but the use of a carbon film TEM grid prevents
any conclusion. However, O-K edge EELS spectroscopy re-
vealed the presence of a peak at 532 eV that is related neither
to carbonate nor to the TEM grid (Hofer and Golob, 1987).
According to Urquhart and Ade (2002) and Flynn et al. (2003),
this peak may result from O 1s to �* transitions in carbonyl or
carboxyl groups. A higher spectral resolution would be useful
to identify unambiguously those components. The existence of
carbonyl or carboxyl groups associated with the calcite nano-
crystals could be related to the presence of organic molecules
released by the microorganism, forming a microenvironment

(a) 

(b) 
Fig. 4. TEM observation of the interface between the

horizontal surface of the pyroxene as observed on both s
image (see arrows indicating the surface of the pyroxene)
to highlight the pit. (b) High-resolution image of the area
pyroxene directly in contact with the microorganism (rig
ganism is in contact with the pyroxene) is rougher, sugges
in direct contact with the microorganism (left-hand side o
responsible for the unusual morphology and structure of the
observed calcite crystals (Aizenberg et al., 1999; Cölfen and
Qi, 2001; Donners et al., 2002).

4.3. Implications for Microbial Pyroxene Weathering

The depression below the calcite cluster was evidenced all
along the microbial filament by Benzerara et al. (2003). We did
not observe similar 4-�m-wide, tens of �m long, and 100-nm-
deep depressions on the meteorite fragments collected the day
after the fall, neither did previous studies (Barrat et al., 1998).
This depression at the surface of a pyroxene single-crystal is
thus likely the result of dissolution. The co-location of the
trench in the pyroxene surface with the filamentous microor-
ganism suggests that dissolution of the orthopyroxene was
enhanced at the vicinity of the microorganism (see Fig. 4a).
One could imagine that the microorganism colonized the py-
roxene after the formation of the depression. However, this
scenario seems improbable as it would require that the micro-
organism aligns itself along the depression via an unknown
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ganism and the pyroxene. (a) The dotted line shows the
the cross-section. A 100-nm deep pit is obvious on this
entered on the calcite cluster. Note the vertical stretching
r left-hand side of the microorganism. The surface of the
side, see arrows indicating the area where the microor-

ano-pitting of the surface at this location. The surface not
age) is smoother.
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Fig. 5. (a) Image of the contact between the microorganism and the pyroxene (see rectangle in Fig. 4a). The image was
defocused to enhance the contrast of noncoherently diffracting objects. A fibrous layer can be observed between the
microorganism and the pyroxene. (b) Fast Fourier transform of a high-resolution image (see 5e around the rod-shaped
particle) of the fibrous layer. No reflection can be seen, indicating that the layer is amorphous. (c) Fast Fourier transform
of a high-resolution image (see 5e) taken in the pyroxene. (d) EDXS analysis on the pyroxene. (e) EDXS analysis on the
fibrous layer between the microorganism and the pyroxene. This layer is depleted in Mg compared to the pyroxene, enriched
in Al and Si, and contains K. (f) High-resolution image of a rod-shaped particle observed inside the aluminosilicate
amorphous layer between the microorganism and the pyroxene (see arrow in 5a). (g) Fast Fourier transform of the particle.
The diffraction pattern of the particle (circled spots) is superimposed with the pattern of the pyroxene (see 5c for the FFT
of the pyroxene crystal alone) and shows a topotactical relationship with the pyroxene. The distances (3.69 and 2.15 Å)
between the spots forming the two main directions on the diffraction pattern together with the angle (70°) between these
two lines are consistent with (�112) and (�1–33) lattice planes of illite or smectite. EDXS analysis on the particle shows

no significant difference with the surrounding aluminosilicate amorphous layer.
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on the microorganism (see section 4.1) favors the hypothesis
that the microorganism was already present when the dissolu-
tion occurred. Several experimental studies have proposed that
microorganisms could enhance dissolution of silicates either by
lowering pH locally, or by producing ion-complexing organic
ligands, or via both processes (Banfield et al., 1999).

The observation that the microorganism is not located at the
center of the trench, which instead is occupied by likely bio-
genic calcites (Benzerara et al. 2003) is somewhat puzzling.
However, the microtopography of the pyroxene–microorgan-
ism interface (Fig. 4b) indicates that dissolution did occur
below the microorganism and was, at least initially, surface-
controlled. We observed the formation of an Al- and Si-rich
amorphous layer exclusively below the microorganism. Based
on BET measurements by Casey et al. (1989b), Hellmann et al.
(2003) suggested that such layers are very porous and do not
interfere with the dissolution rate of the minerals. However,
Casey et al. (1989b) specified that the porosity appeared arti-
factually during drying and did not exist during the dissolution
process. Moreover, we could not evidence any nanoporosity by
HRTEM in our sample. Finally, even if the coating layer is
porous, it may partially inhibit dissolution as explained by
Nugent et al. (1998). Indeed, stagnant pore waters inside the
coating may be more supersaturated with respect to pyroxene
than the Tatahouine sand pore water, and thus the driving force
for dissolution may be lowered. Thus, according to what has
been proposed by numerous previous studies (e.g., White and
Brantley, 2003; Nugent et al., 1998), the amorphous Al- and
Si-rich layer observed on the Tatahouine � pyroxene beneath
the microorganism could eventually inhibit further pyroxene
dissolution. These rationales would explain why the depression
is shallower below the microorganism compared to below
aluminosilicate-free regions under the calcite cluster. Whereas
many geomicrobiologic studies have stressed the enhancing
effect of microorganisms on the dissolution of silicates, few
have shown a lowering of mineral dissolution in the presence of
attached microorganisms (Santelli et al., 2001; Benzerara et al.,
2004; Lüttge and Conrad, 2004). In this study, we suggest that
the presence of microorganisms can modify mineral dissolution
rates in a more complex way with, in the same time, (1) the
formation of coatings that passivate the surface beneath the
microorganism and (2) an enhancement of dissolution close to
the microorganism resulting from organic molecules released
by the microorganism.

The question of stoichiometry is central for evaluating sili-
cate alteration rates (Berner et al., 1985; Brantley and Chen,
1995). Quantitative study of natural weathering yields lower
rates than those deduced in the laboratory (Brantley and Chen,
1995). Chemical affinity is a major parameter controlling dis-
solution rates, but it has been argued that the formation of an
altered layer under some conditions could also partly explain
this discrepancy (White and Brantley, 2003). Except for Nahon
and Colin (1982), who did not actually provide a structural
characterization at the nanometer scale, a residual amorphous
layer has never been detected on naturally weathered pyroxene
surfaces. Several previous investigators inferred nonstoichio-
metric weathering reactions at the lichen–mineral interface, but
all employed procedures that destroyed textural information
and drastically altered the mineralogical component, as noted

by Barker et al. (1997). Using HRTEM, Barker and Banfield
(1996) detected no leached layers or siliceous relicts on am-
phibole, feldspar, or biotite colonized by lichens. We show in
this study that, at least under certain conditions, an amorphous
residual layer can form. One question is whether this layer is
(1) a leached layer resulting from preferential cation leaching
or (2) a secondary layer resulting from a dissolution-reprecipi-
tation process. The answer is beyond the scope of this study as
the chemical conditions prevailing during the weathering of
this natural sample are not precisely known. However, it can be
noted that similarly to Hellmann et al. (2003) who favor the
second hypothesis, we observed a very sharp structural transi-
tion between the crystallized pyroxene and the amorphous
aluminosilicate layer with no amorphous island below the
interface and no remnant pyroxene crystallites above the inter-
face. The ability of some microorganisms to promote alumino-
silicate precipitation (e.g., Kawano and Tomita, 2002) could be
a mechanism involved in the preferential formation of the
amorphous layer beneath the filament. Casey et al. (1993) have
hypothesized the existence of gel-like layers at the surface of
weathered pyroxenes to explain the topotactic growth of phyl-
losilicates on these minerals. This scheme is supported by our
observation of a nanometer-sized clay particle in the amor-
phous layer growing in epitaxial relationship with the pyroxene
(Fig. 5).

The fate of dissolved iron is intriguing. X-ray Photoelectron
Spectroscopy (XPS) measurements by Schott and Berner
(1983) on bronzite dissolved under oxic conditions at pH 6
showed the formation of a tens of Å thick hydrous ferric oxide
and Fe3� hydroxylated silicate precipitate which may passivate
the pyroxene surface and lower subsequent dissolution (see
also Casey et al., 1993). We could not detect any oxy(hydroxy)
iron precipitate at the pyroxene surface. In this view, our
observations would be more consistent with Schott and Bern-
er’s (1983) study of bronzite dissolution under anoxic condi-
tions where no such layer was detected. Such conditions would
however be unexpected at the very near surface of the Tata-
houine sand.

Rough mass balance estimations of the calcium released by
orthopyroxene dissolution and trapped by calcite precipitation
indicate that most of the calcite calcium comes from the sur-
rounding Tatahouine soil. However, an important issue is de-
ciphering whether cations released by pyroxene dissolution are
trapped in calcite crystals or not. This trapping would mean that
the calcite formation occurs simultaneously with pyroxene dis-
solution and that a Urey-type CO2 sequestration mechanism is
operating (Urey, 1952). EDXS peaks showed the presence of
iron and magnesium in some calcite grains in the sample
studied here, as well as in samples collected at the surface of
the meteorite by micromanipulation (data not shown). Magne-
sium and iron could potentially come from the surrounding
environment. However, as the pH in the Tatahouine sand is
likely buffered by carbonates, the solubility of iron is likely
low. Thus, we suggest that magnesium and iron come from the
dissolution of the iron- and magnesium-rich Tatahouine pyrox-
ene, occurring just below the calcite precipitation. The scenario
proposed here seems to be the simplest one consistent with the
observations; it may, however, not be the only one. The trace
element composition of the Tatahouine meteorite is unique
(Barrat et al., 1999). A spatially resolved analytical technique

capable of measuring trace element concentrations would pos-
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sibly assist in tracking a potential pyroxene source in the calcite
trace element composition.

5. CONCLUSION

The focused ion beam technique has been developed in the
semiconductor and nanotechnology industries (Giannuzzi and
Stevie, 1999). The present study shows that the focused ion
beam technique also offers great promise in the study of mi-
crobe–mineral interactions. The coupling with analytical TEM
allows identification of organic and mineral materials and their
structural and chemical relationship at the nanometer scale.
This study elucidated how a not yet taxonomically classified
microorganism impacts pyroxene weathering and how adjacent
calcite nanocrystals are likely associated with the microorgan-
ism. It sheds new light on the complex control of microorgan-
isms on silicate weathering. Amorphous layers formed during
pyroxene weathering, whose natural existence is debated, are
shown here to be associated with the microorganism.
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