N

N

Microscopy study of biologically mediated alteration of
natural mid-oceanic ridge basalts and magnetic
implications
Julie Carlut, Karim Benzerara, Hélene Horen, Nicolas Menguy, Dominique
Janots, Nathaniel Findling, Amhed Addad, Iméne Machouk

» To cite this version:

Julie Carlut, Karim Benzerara, Hélene Horen, Nicolas Menguy, Dominique Janots, et al.. Microscopy
study of biologically mediated alteration of natural mid-oceanic ridge basalts and magnetic implica-
tions. Journal of Geophysical Research: Biogeosciences, 2010, 115, 10.1029/2009JG001139 . insu-
03605270

HAL Id: insu-03605270
https://insu.hal.science/insu-03605270

Submitted on 11 Mar 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://insu.hal.science/insu-03605270
https://hal.archives-ouvertes.fr

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 115, G00G11, doi:10.1029/2009JG001139, 2010

Microscopy study of biologically mediated alteration of natural
mid-oceanic ridge basalts and magnetic implications

Julie Carlut,' Karim Benzerara,” Héléne Horen,” Nicolas Menguy,? Dominique Janots,'
Nathaniel F indling,1 Amhed Addad,* and Iméne Machouk?

Received 28 August 2009; revised 24 February 2010; accepted 16 July 2010; published 14 October 2010.

[1] Microbial communities have been shown over the last few years to be a significant
component of the subseafloor crustal environment. However, their role in the low-
temperature alteration of seafloor basalts remains an open question. Among the diversity
of microorganisms that can contribute to oceanic rock weathering, sulfate-reducing
bacteria have been suggested, based on sulfur isotope studies, to be major actors. Previous
laboratory experiments conducted on basalt samples from the Juan de Fuca Ridge
incubated with model sulfate-reducing bacteria for several months showed that bacterial
activity can play a role in the decrease of seafloor magnetic signal. In this paper, we
characterized alteration features at the nanoscale in one of these basalt samples in order to
better understand the mechanisms of the magnetic signal decrease. For that purpose, we
used a combination of focused ion beam milling, transmission electron microscopy and

scanning transmission X-ray microscopy. Fossilized microbial cells and phyllosilicates
were evidenced at the surface of the sample. Within the sample, alteration rims mostly
composed of Fe and S and measuring 100-300 nm in thickness were observed around
titanomagnetites crystals that bear most of the magnetic signal. In contrast, these
features were not observed on noninoculated control samples. This study offers a
detailed view of the specific mineral assemblages formed in the presence of model sulfate-
reducing bacteria that can be looked for in the oceanic crust. These observations contribute
to understand the potential role of microbes in the alteration of the oceanic crust.

Citation: Carlut, J., K. Benzerara, H. Horen, N. Menguy, D. Janots, N. Findling, A. Addad, and I. Machouk (2010), Microscopy
study of biologically mediated alteration of natural mid-oceanic ridge basalts and magnetic implications, J. Geophys. Res., 115,

GO00G11, doi:10.1029/2009JG001139.

1. Introduction: Objectives

[2] The presence of microorganisms in deep-sea environ-
ments and within the oceanic crust has been attested by
several studies [e.g., Thorseth et al., 1995, 2001; Edwards
et al., 2005; Lysnes et al., 2004; Templeton et al., 2005;
Huber et al., 2006; Santelli et al., 2008]. Microorganisms are
thought to play a role in the alteration of the crust by modi-
fying the nearby environment via their metabolic activity
[Fisk et al., 1998; Staudigel et al., 2008; Edwards et al.,
2004]. The significance of this role, its geochemical impact
as well as the potential bio-signatures left by the microbes
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within the weathering products are, however, still not well
understood. This is partly due to the technical difficulty to
perform direct in situ analyses of bacterial activity and to
monitor the chemical reactions that are involved. Contami-
nation of samples and unrepresentative sampling are also
important issues when dealing with retrieved material from
deep sea locations. An alternative approach to test whether
specific bacteria species may have an impact on the properties
of seafloor rocks, is to setup experiments in the laboratory.
[3] Among the different mineral phases composing sea-
floor rocks, iron-bearing minerals and their weathering
products are of particular interest. Due to its valence, iron is
indeed very sensitive to changes in oxygen fugacity condi-
tions. Moreover, changes in valence induce changes in
mobility, Fe*", the reduced form, being usually more mobile
than Fe®" in aqueous environment. Finally, chemical mod-
ifications of iron-bearing phases impact the bulk magnetic
properties of seafloor basalts. Hence the magnetic signal can
be used as a very sensitive indicator of iron oxide transfor-
mations [e.g., Aubourg et al., 2008]. The major iron oxide
carrying the magnetic signal within the upper oceanic crust is
titanomagnetite and its oxidized form titanomaghemite [see,
e.g., Dunlop and Ozdemir, 1997]. In a previous study [Carlut
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et al., 2007], very recent (‘“zero age”) natural Mid Oceanic
Ridge Basalt (MORB) samples were incubated in the labo-
ratory with sulfate-reducing Desulfovibrio profundus cells
[Bale et al., 1997]. Sulfate-reducing bacteria (SRB) have
indeed been shown to be widespread in diverse subsea-
floor environments as sediments [e.g., Coleman et al., 1993;
Ravenschlag et al., 1999] young and aging ocean crust [e.g.,
Huber et al., 2006; Cowen et al., 2003] or black smokers
[Zhou et al., 2009]. This metabolism uses sulfate to oxidize
organic matter and produces sulfide as a by-product. It was
showed in [Carlut et al., 2007] that SRB activity causes a
drop in magnetization in young oceanic basalts. The positive
correlation between bacteria activity and magnetization loss
led us to search for alteration features of the titanomagnetites
in the samples. A change in bulk magnetization of the
samples is indeed the hallmark of a change in the compo-
sition or structure of the magnetic phases. Little evidences of
such changes were found using scanning electron micros-
copy and rock magnetic techniques in the work of Carlut
et al. [2007]. The goal of the present study is thus to use
more appropriate analytical techniques to understand by
which mechanism bacterial activity alters titanomagnetite
composition or structure. This question is central in order to
understand how bacteria may play an active role in an early
stage of the magnetic alteration of the oceanic crust and be
responsible of a change in this geophysical signal. Two main
questions are therefore addressed in this paper: (1) What can
we learn on the chemical composition and structure of bio-
logically altered magnetic phases using nanoscale micros-
copy techniques? (2) Can we describe how microbial cells
involved in this process look like and determine if they are
spatially associated with alteration phases?

[4] In the present study, we adress these questions
using focused ion beam (FIB) milling, transmission electron
microscopy (TEM) and synchrotron-based scanning trans-
mission X-ray microscopy (STXM). The chemistry and
mineralogy of MORB samples incubated in the presence of
SRB and showing a decrease in magnetization are charac-
terized. Results from a control sample kept under sterile
conditions are also reported for comparison. We show that
titanomanetites are significantly altered at the micron scale
under the action of SRB. Furthermore it has been possible to
describe the weathering products and bacterium-mineral
interfaces down to the few nm scale. As a result, we discuss
the nature of the phases resulting from the weathering of
magnetic minerals and the geophysical implications.

2. Material

[5s] A series of 16 in-vitro experiments were reported in
[Carlut et al., 2007], including fresh basalt samples from
mid oceanic ridges (MORB) incubated with SRB and abi-
otic control experiments in which fresh basalt samples were
incubated in the same culture medium but kept sterile. We
summarize here briefly the experimental procedure that was
used and the main results. Details about the magnetic
monitoring performed during the incubation of these sam-
ples during several months are given by Carlut et al. [2007].

2.1. Growth Condition

[6] Seawater filtered, autoclaved, degassed with argon and
reduced with buffered 0.4% Na,S was used as the medium for
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all experiments. This solution was then supplemented with
lactate at 0.3%. No vitamins or other supplements were
provided. The basalt samples were approximately 1 cm® in
size and were immersed in flasks containing 15 ml of the
medium. The 5 ml flask headspace was filled with Argon.
Temperature was maintained at 28°C and flasks were not
agitated. Eight flasks were inoculated with SRB while
8 served as controls. Five ml of the medium were removed
sterilely every two weeks and replaced by fresh growth
medium to maintain the cultures metabolically active for an
extended period. The bulk remanent magnetization of the
sample was monitored by regular measurements of the flasks
in a cryogenic 2G magnetometer in order to detect a possible
alteration of iron-bearing phases. Results showed a loss of
magnetization for the samples in a biotic environment; in
contrast, no magnetization loss or gain was observed for
control samples immersed in the same but sterile solution (all
these results are reported by Carlut et al. [2007]). In addition
to magnetization monitoring, pH and the number of cells were
followed all along the experiment. Evidence for the absence
of oxygen is given indirectly by the observation that
Desulfovibrio profundus was growing although it is strictly
anaerobe [Bale et al., 1997]. Results showed a rapid
decrease of pH from 7.5 to 6.6—6.9 then stabilization around
these pH values in both biotic and abiotic control flasks. The
number of bacteria in biotic flasks was stable in the order
of 10° cells/ml.

2.2. Selected Samples

[7] Two samples from this study were selected here:
samples AnF-A and AnF-B. Both come from the inner part
of a very recent (few years to a few tens of years) lobate
flow piece recovered along the Juan de Fuca ridge in 1999
[Johnson et al., 2002] and named Animal farm (AnF in the
following). Sample AnF-B is a control sample incubated in
the culture solution but kept under abiotic conditions, while
sample AnF-A was immersed in a solution inoculated with
Desulfovibrio profundus (DSMZ, #11384) belonging to the
delta subclass of Proteobacteria and able to use sulfate (and
possibly ferric iron) as electron acceptor for growth [Bale
et al., 1997]. Previous rock magnetic studies made on
these samples showed that the magnetic carriers are pseudo
single-domain titanomagnetites [Carlut and Kent, 2002].
The loss of magnetization in sample AnF-A after 142 days
was on the order of 10%, while no changes were noticeable
on the control AnF-B sample. Both samples were subse-
quently retrieved from the flasks and observed by Scanning
Electron Microscopy (SEM). SEM observations revealed
significant differences between the control and the sample
incubated with bacteria. Sharp surfaces were observed in the
control sample, whereas numerous phyllosilicates, as well
as filaments were observed in the sample inoculated with
bacteria. Each filament was of constant diameter, i.e.,
between 1 and 2 pum but their overall length was variable
reaching sometimes a few tens of microns. Energy disper-
sive X-ray spectrometry (EDXS) analyses performed by
SEM revealed the presence of Fe and S within the filaments.
The diameter of the filaments, close to the diameter of
Desulfovibrio profundus bacteria, and their chemical com-
position suggested that filaments may represent cells en-
crusted by minerals but no firm conclusion could be drawn.
In addition to these observations semiquantitative EDXS
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Figure 1. Scanning Electron Microscope images in backscattered mode. (a) The control sample AnF-B,
batch of 10 EDSX analyses are made along two transects through two titanomagnetites apparent on the
surface (light gray minerals); location of transects is indicated by yellow lines. (b) The biotic sample AnF-
A, phyllosilicates are clearly visible; as in Figure la, location of two EDSX transects through titanomag-
netites are indicated by yellow lines. (¢) Semiquantitative EDSX results (using an Oxford Inca microanal-
ysis system) obtained along the transects. Analyses are reported in atoms % and Ti/Fe between 0.2 and
0.4 are indicative of titanomagnetites (outlined by the shaded area on the diagram). Sulfur is systemati-
cally associated with titanomagnetites in the biotic sample, no such correlations are reported on the con-

trol sample.

analyses performed by SEM on titanomagnetite crystals
from the control and the biotic sample (Figure 1) show that,
in addition to the textural differences between the 2 samples
the magnetic phases from the biotic sample were systemat-
ically associated with sulfur while this was not observed on
the control sample (Figure 1c). Once again the exact phases
involved and spatial relationship between elements could
not be determined using this approach.

3. Method

3.1. SEM and Focused Ion Beam Milling

[8] Three ultrathin (~100 nm in thickness) foils transpar-
ent to electrons were prepared by FIB milling using the FIB
“lift-out” technique (see Heaney et al. [2001] for details). A
first FIB foil (FIB foil A, Figure 2a) was cut on sample
AnF-A perpendicular to a filament using a FEI Model
200 TEM FIB system at the CP2M (University Aix-Mar-
seille III, France). A 30 kV Ga+ beam operated at ~20 nA
was used for the initial steps of the milling. Progressive
excavation from both sides of the section area was per-
formed through repeated milling of steps. Depth of milling
was approximately ~7 microns. The final finest thinning of
the section was made with less intense Ga" beam operated at
100 pA current. The section was thinner at the top (~80 nm
in thickness) than at the bottom (~200 nm). The final foil
measured 15 pym in length, ~6 pm in width and ~80 nm
200 nm in thickness. A line pattern was drawn with the ion

beam along the side and bottom edges of the foil allowing
its removal. It was finally deposited onto a carbon-coated
mesh copper grid membrane using a stereomicroscope and a
hydraulic micromanipulator. A second foil (FIB foil B) was
cut from sample AnF-A along a filament (see Figures 2b—
2d) using a Dual-FIB FEI Strata D8-235 at university Lille I
(France). For this foil, a thin layer of platinum was deposited
prior to milling on top of the region of interest (Figure 2c) in
order to protect the top surface of sample from abrasion due
to the Ga" beam. The same conditions as described above
were used for milling and thinning. The foil measuring
20 pm *10 pm in size and 80-200 nm in thickness was
directly deposited on a carbon-coated mesh copper grid
using an in situ omniprobe device. Finally a third FIB foil
(FIB foil C) was cut on the control sample AnF-B from a
random location on the surface of the sample using a Neon
Zeiss FIB at Institut de minéralogie et de physique des
milieux condenses (IMPMC, Paris, France). This “control”
foil showed several titanomagnetites that were subsequently
analyzed by TEM.

3.2. Transmission Electron Microscopy, Scanning
Transmission Electron Microscopy, and EDXS Analyses

[v] TEM observations were carried out on all foils using a
Jeol 2100F microscope at IMPMC, operating at 200 kV,
equipped with a field emission gun, a high resolution UHR
pole piece and a Gatan energy filter GIF 200. STEM
observations were performed in high angule annular dark
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Figure 2. Scanning Electron Microscope (SEM) images and Focused Ion Beam (FIB) cross-sectioning
of the filaments. (a) SEM image of the sampled area from FIB foil A; the arrow indicates the perpendicar
cross section of the filaments. (b) SEM image of the selected area for FIB foil B; square corresponds to
the area represented in Figure 2c. (c) Same area as Figure 2b at higher scale after the deposition of a plat-
inum layer; the red line indicates the future position of the FIB foil. (d) FIB image of the ultrathin foil
during the last thinning steps by Galium beam before the micromanipulator-assisted extraction stage; con-
trasts in the FIB foil chemical composition appear, and light gray crystals with dendritic morphologies can

be observed (white arrows).

field mode (HAADF). Energy dispersive X-ray spectrometry
(EDXS) analyses were performed using a JEOL detector with
an ultrathin window that allowed detection of low-Z ele-
ments. EDXS maps were acquired in STEM HAADF mode,
with a focused electron beam of a few nm.

3.3. ATEM Investigations

[10] Analytical transmission electron microscopy analyses
were performed on FIB foil A at the TEM facility at La-
boratoire de Structure et Propriétés de 1’Etat Solide (Lille,
France) on a Philips CM 30 microscope, operating at 300 kv.
The TEM is equipped with an X-ray energy dispersive
spectrometer (Thermo Electron Corporation, Noran Systeem
equipped with Si detector and ultrathin window). The gen-
eral microstructure is observed in bright field mode. Local

EDXS analyses were performed using STEM mode with a
probe size of 5.6 nm. The Doukhan-Van Cappellen method
[Van Cappellen and Doukhan, 1994], based on electro-
neutrality of specimen was applied to have access to the
local thin foil thickness and correct the analyses from
thickness effects on absorption, After absorption correc-
tions, quantitative microanalysis could be performed with a
final accuracy of a few percent.

[11] A region of interest of around 2 pm? on FIB A foil was
selected based on prior TEM observations. Regularly spaced
spot analyses ranging between 30 and 50 nm in size were
made within three traverses. The traverses measure from 200
to 900 nm in length. A total of 35 spot analyses were per-
formed. For each analysis the quantification was made on
iron, sulfur, silicium, titanium, aluminum and magnesium.
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3.4. Scanning Transmission X-Ray Microscopy

[12] STXM observations were performed on foil A and B
at the ALS branch line 11.0.2.2 following the same proce-
dures as described in [Bluhm et al., 2006]. The experimental
protocols for STXM data acquisition and analysis that we
used can be found in [Hitchcock, 2001]. A 1200 1/mm
grating and 40 pum exit slit were used for carbon imaging
and spectroscopy, providing a theoretical energy resolution
better than 100 meV. A 1200 I/mm grating and 30 pum exit
slit were used for iron imaging and spectroscopy, providing
a theoretical energy resolution of 160 meV. Energy calibra-
tion was accomplished using the well resolved 3p Rydberg
peak at 294.96 eV of gaseous CO, for the C K-edge, and the
major peak of hematite at 709.5 eV for the Fe L, ; edges.
Observations were first made at the C K-edge, then at the Fe
L, ;-edges. NEXAFS spectra were obtained by performing
image stacks. Image stacks are collected by scanning the
sample in the x-y direction (image stack) of selected sample
areas at energy increments of 0.1 eV for carbon, and 0.15 eV
for iron over the energy range of interest (280 to 310 eV for
carbon, 700 to 730 eV for iron). Here, x refers to the hori-
zontal direction, y to the vertical direction, and the x-y plane
to the plane perpendicular to the X-ray beam. The stack
image procedure thus consists of measuring the NEXAFS
spectrum for a specific element on each pixel (one pixel can
be as small as 30 nm) of the image. Counting times are of the
order of few milliseconds or less per pixel. Normalization and
background corrections of the Fe L, 3-edge and C K-edge
NEXAFS spectra were performed by dividing each spectrum
by a second spectrum from a Fe-, or C-free location on the
same sample. Enhanced contrast images were obtained by
subtracting the image taken at an energy just above the
absorption edge of interest from another image obtained at an
energy below the absorption edge of interest.

4. Results

4.1. TEM Observations, EDXS, and ATEM Analyses

4.1.1. FIB Section A

[13] A TEM image from a portion of FIB-A foil is shown
on Figure 3a. The filament (on top) is cut perpendicularly to
its long axis and is lying on a rectangular-shaped plagio-
clase single crystal as shown by EDXS and electron dif-
fraction analyses. Despite the difficulty of analyzing thicker
areas on the foils, most of the primary silicate phases could
be identified as plagioclase or pyroxene based on EDXS
analyses. A poorly crystallized phase containing Si, Mg, Al,
Fe, Ca (decreasing intensity order) was observed on the
right hand side of the FIB foil and identified as aluminosi-
licates, likely smectite (data not shown). Moreover, sulfur
was systematically associated with this phase, but its spe-
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ciation (sulfide or sulphate) could not be determined. This
phase was previously observed by SEM at the surface of the
samples. In the middle of the foil, one micrometer beneath
the filament, a crystal with a dendritic habitus typical of
titanomagnetite shapes was observed in contact with the
plagioclase (see Figure 3a). EDXS analyses and electron
diffraction confirmed that this crystal is a titanomagnetite
crystal. This crystal was in direct contact with the solution as
shown by the presence of a porous area containing some
aluminosilicates on its right side. A rim measuring 100 to
300 nm in thickness was observed around the titano-
magnetite. The EDXS spectra (Figure 3b) obtained from the
titanomagnetite and the surrounding rim show a significant
increase of the Ti/Fe ratio as well as the presence of sulfur in
the rim. Selected area electron diffraction patterns reveal
additional differences between the titanomagnetite and the
rim: the diffraction pattern from the titanomagnetite is
indicative of a well crystallized structure, whereas the rim
shows a powder electron diffraction pattern with broad arc
of restricted angular stretch suggesting that it contains
nanocrystalline grains with a preferential crystallographic
orientation close to that of the titanomagnetite (Figure 3c).
The mineralogy of the nanocrystalline grains could not be
resolved as the sample was too thick for high resolution
TEM. However, one possibility explaining the present data
is that they are remnant nanodomains of titanomagnetite
entombed in a poorly crystallized Fe-S-rich layer.

[14] In order to detail the transition from the pristine tita-
nomagnetite to the rim, analytical EDXS quantitative analy-
ses were performed along three lines going from the inner part
of the crystal to the rim. Results are reported on Figure 3d.
The titanium concentration remains fairly constant (at about
5%) in the titanomagnetite and the alteration rim. In contrast,
iron shows a strong decrease (from c.a. 35% to 8—10%) at the
crystal/alteration rim interface and is not uniformly distrib-
uted within the alteration rim. Sulfur is mostly localized
within the alteration rim. Similar alteration rims were observed
around several titanomagnetite crystals, and they were
exclusively associated with titanomagnetite.

[15] Thenature of the filament was difficult to determine on
foil A as it was significantly damaged by FIB milling due to
the lack of a platinum strap covering the sample (Figure 3a).
A second foil (foil B) was thus prepared with platinum
covering prior to FIB milling.

4.1.2. FIB Foil B

[16] Covering with platinum prior to FIB milling allows
much better preservation of the surface of the sample and
thus the investigation of the interface between the filament
and the basalt. STEM observations show the filament sec-
tioned longitudinally (Figure 4a). Some contrast hetero-
geneities are observed within the filament. They are associated
with chemical heteorgeneities as shown by EDXS mapping

Figure 3. TEM analysis of FIB foil A (a) TEM image of FIB foil A showing the filament (on top, outlined by red dots) and
the different phases within the basalt matrix (Pl, plagioclase; Phyl, phyllosilicate; Px, pyroxene; TiMt, titanomagnetite). A
well crystalized titanomagnetite dendrite is observed in the middle of the photo (outlined by white dots). (b) EDX analyses
and electron diffraction patterns of the titanomagnetite and surrounding alteration rim. Representative peaks in Fe, Ti, Ca,
and S are seen; additional peaks of copper and galium are also visible and are attributed to a signal in the TEM chamber and
the FIB milling step, respectively. (c) TEM image of the titanomagnetite and ATEM analyses made on three profiles (red
lines on the photo) showing the composition variations in Fe, S, and Ti from the pristine crystal to the altered rim and down

to the phyllosilicate for transect 3.
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Figure 4. TEM analysis of FIB foil B (a) TEM image of FIB foil B showing the filament cut along its
longer axis and the different phases within the basalt matrix. Letters A and B indicate the location of EDX
analyses. (b) EDX analyses performed on point A within the microorganism, and point B within a tita-
nomagnetite. (c) TEM image of a titanomagnetite below the filament. An alteration rim is clearly visible
in the upper part of the crystal, the EDX maps of Ti, Si, Fe, and S are presented, and the white arrow

indicates Ti in high concentration.

performed on the filament (Figure 4b, point A) with variable
proportions of iron, sulfur and calcium at different location
within the filament. A porous network with a fibrous texture is
observed beneath the filament; EDXS analyses show that it is
mostly composed of Si, Mg and Al with some Fe, Ca and S.
This phase is chemically similar to the aluminosilicate
observed in foil A. Beneath this interface, within the basalt,
small titanomagnetites are observed with cubic dendritic
morphologies (Figures 4a and 4b, point B). Finally, phases
such as plagioclase and pyroxene are also observed. EDXS
mapping was performed on an area where partly and non-
weathered titanomagnetites are present (Figure 4c) revealing
interesting spatial organization. Similarly to foil A, an alter-
ation rim surrounds a titanomagnetite crystal that is adjacent
to pores filled partly by aluminosilicates. The original den-
dritic shape of the titanomagnetite is well defined by the
titanium map: the iron and sulfur maps show the extent of
alteration, iron is depleted within the alteration rim, whereas
sulfur is present at varying concentrations. A small (less than
100 nm wide) titanium-rich grain is seen on the uppermost
part of the dendrite revealing small heterogeneity in the tita-

nium distribution. Finally, silicon is also locally present
within the iron-depleted rim around titanomagnetite.
4.1.3. FIB Foil C

[17] This FIB foil was cut in the control sample that was
incubated in the culture medium but kept sterile for the
whole duration of the experiment. Several titanomagnetites
were observed, some in contact with the surface of the
sample through pores (Figure 5a). STEM observations and
EDXS mapping indicate that, in contrast to what was
observed on FIB foils A (Figures 3 and 5b) and B (Figure 4),
no alteration rim rich in S and depleted in Fe could be
observed on magnetic phases. Sulfur was only observed in
association with Fe in pyrite crystals. The absence of alter-
ation rim within the magnetic phases and the lack of change
in magnetization measured for this sample during the incu-
bation experiment are concordant results.

4.2. STXM Analyses

[18] STXM spectromicroscopy was performed on both
foils A and B at the C K-edge. Three carbon-containing
areas can be discriminated on the FIB foils based on their
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Figure 5. (a—e) TEM-EDXS mapping of nonaltered titano-
magnetite in the control noninoculated sample (FIB foil C).
Figure 5a shows the STEM image in HAADF mode showing
one titanomagnetite in bright and two others beneath it. No
alteration rim can be seen around these crystals. Figure 5b
shows the overlay of the S, Ti, and Fe maps shown in
Figures 5c—5e, respectively. Titanomagnetites appear in
purple. No S is observed around titanomagnetites. Only
S associated with Fe (without Ti) in tiny pyrite crystals
can be observed. (f-) TEM-EDXS mapping of an altered
titanomagnetite from FIB foil A (outlined by white dots in
Figure 3a). Figure 5f shows the STEM image in HAADF
mode showing the titanomagnetite in bright and the alter-
ation rim around it (gray). Figure 5g shows the overlay of the
S, Ti, and Fe maps shown in Figures Sh-5j, respectively.

different XANES spectra and spatial distribution: the plati-
num strap that contains contaminating carbon resulting
from the decomposition of an organometallic precursor [e.g.,
Smith et al., 2003], the formvar composing the lacey carbon
support film and finally the filaments lying at the surface of
the basalt. Using spectromicroscopy, these different com-
pounds can be easily distinguished and mapped (Figure 6).
The XANES spectra measured on the filaments (Figures 6b
and 6¢) show major absorption peaks at (1) 284.9, (2) 286.7,
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(3) 288.5 which can be interpreted as 1s — 7* elec-
tronic transition in (1) aromatic or olefinic, (2) ketone, and
(3) carboxylic functional groups, respectively. Additionally,
a peak at 290.4 eV was observed. The assignment of this
peak to a particular C-functional group is more problematic.
Its narrow width suggests that it corresponds to a ls—
electronic transition, and the energy position of this peak is
consistent with such an electronic transition in either car-
bonate, or possibly carbonyl functional groups complexing
heavy elements such as Fe for example [Chan et al., 2009].
Spectromicroscopy thus confirms that the filaments are
mostly composed of organic carbon. On foil B, it can more-
over be observed that the porous phyllosilicate beneath the
filament is intimately associated with organic carbon that has
the same XANES signature as in the filament suggesting that
these phyllosilicates have been precipitated on some kind of
extension of the filament.

[19] In parallel, indication on variations of iron speciation
in the FIB foils were obtained by spectromicroscopy at the
Fe L,3; edges. Variations in Fe speciation, including Fe
redox state, can be assessed by measuring the relative
intensities of absorption at 707.8 and 709.5 eV [e.g., Miot
et al, 2009]. Comparison between the maps of areas
absorbing at 707.8 and at 709.5 eV (Figure 7) shows varia-
tions in the speciation of Fe between the different main areas
of the foils. Fe is at high concentration in the organic fila-
ments, in titanomagnetites, in pyroxenes, in aluminosilicates
and in the sulfate-containing weathering rim surrounding
titanomagnetites crystals. It is also present to a lower

288.5, 1290.4
286.7
284. j
filament

\ ﬁ_\\m

/
formvar |

280 285 290 295 300 305 310 315 320
Energy (eV)

Optical density

Figure 6. STXM analysis of FIB foil B at the C K-edge.
(a) STXM image of the organic filament on FIB foil B at
288.7 eV. (b) Composite map obtained by overlaying the
maps of carbon composing the filament (red), map compris-
ing the platinum strap (blue) and carbon composing the
lacey formvar (green). (c) NEXAFS spectra at the C K-edge
of the filament, the platinum strap, and formvar.
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Figure 7. STXM analysis of FIB foil B at the Fe L, 3-edge. (a) STXM image of FIB foil B at 709.5 eV.
(b) Subtraction of STXM image at 707.8 eV minus image at 700 eV (below the edge) converted in OD.
This difference image shows areas absorbing at 707.8 eV in bright. (c) Subtraction of STXM image at
709.5 eV minus image at 700 eV (below the edge) converted in OD. This difference image shows areas
absorbing at 709.5 eV in bright. (d) NEXAFS spectra at the Fe L, ;-edges of the filament, titanomagne-
tites (TiMt), pyroxenes (Px), and alteration rims around titanomagnetites (Rim).

extent in the plagioclase. Interestingly, Fe on the filament
is mostly absorbing at 709.5 eV (Figure 7¢) suggesting it is
mostly under an oxidized Fe(Ill) form. Moreover, while
titanomagnetites show a spectrum typical of a mixed-valence
Fe phase with high absorption at both 707.8 and 709.5 eV,
the weathering rim around the magnetite absorbs more at
709.5 eV suggesting that Fe is more oxidized in the rim than
in the titanomagnetites. This could be due to the departure of
the Fe(Il) from the original titanomagnetite crystal into the
solution.

5. Discussion

5.1. A Laboratory Reference of Fossil Bacteria
in the Subseafloor

[20] Several recent studies have shown the pervasiveness
of diverse bacterial populations within the oceanic crust [e.g.,
Santelli et al., 2008; Einen et al., 2008; Mason et al., 2007,
Edwards et al., 2005]. The impact of these populations on the
texture and chemistry of oceanic rocks is often questioned.
For example, tubular microchannels have been frequently
observed within oceanic glass and interpreted as a hallmark
of bacterial alteration [Furnes et al., 2004; Thorseth et al.,
2001]. However, the demonstration of the biogenicity of
such structures is generally difficult to achieve [e.g.,
Benzerara et al.,2007; McLoughlin et al.,2007]. The present
study offers one reference point showing how microbes
interacting with basalts can look like.

[21] The origin and nature of the filaments forming at the
surface of the basalts was unclear in a previous study [Carlut
etal.,2007]. On one hand, it was argued that they were likely
of biological origin as they did not appear in noninoculated

controls and they showed microbial-like morphologies. On
the other hand, morphology can be a misleading criterion
[Garcia-Ruiz et al., 2003], and Desulfovibrio profundus
cells do not generally show this long filamentous mor-
phology [Bale et al., 1997]. It can be noted however that
filaments can occur when bacterial cells are under stress
conditions and may explain the unusual morphology that is
observed in the present study [e.g., Wainwright et al., 1999;
Justice et al., 2008]. In addition, Fe-rich precipitates on
similar filamentous structures, thought to be encrusted bio-
film community, are reported on the surface of recent
basaltic seafloor lava [Thorseth et al., 2001; Santelli et al.,
2008]. The XANES spectroscopy analyses at the C K-edge
performed in this study unambiguously show that these
filaments are mostly composed of organic carbon including
aromatic, ketone and carboxylic groups. Although XANES
spectra of bacterial cells usually show a prominent absorption
peak at 288.2 eV indicative of proteins [e.g., Benzerara et al.,
2006], aging of the cells and/or damages related to the
FIB preparation may change this spectroscopic signature
as already observed in [Benzerara et al., 2005]. As a result,
the filaments are likely filamentous cells of Desulfovibrio
profundus.

[22] Those cells are heavily encrusted in minerals that
contain mostly iron and sulphur. This encrustation might
help preserving the organic matter over longer timescales
and possibly form microfossils. These minerals also fill the
interior of the cells as shown by the observation of the FIB
foils. The formation of diverse minerals in association with
SRB has been shown by several previous studies: for
example, they can form Fe(Il)-sulfates such as melanterite
[e.g., Fortin et al., 1996], Fe-sulfides [e.g., Fortin and
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Beveridge, 1997] and even intracellular magnetites [e.g.,
Posfai et al., 2006]. In the present study, the Fe- and S-rich
phases were poorly crystallized or amorphous, which is a
common feature in biogenic minerals [e.g., Weiner and
Dove, 2003]. Alternatively, this may partly results from
amorphization by the FIB sample preparation [e.g., Lee et al.,
2007]. The XANES spectra at the Fe L, 5 edges suggest
microscale heterogeneities in the Fe*/Fe®" ratio associated
with the different chemistries of the Fe-rich phases. While the
XANES spectra of pyroxene and of magnetite are consistent
with what is expected [Benzerara et al., 2005], the Fe(III)
composition of the phases precipitates on the filaments is
intriguing regarding the anoxic conditions that prevailed
during experiments and the absence of any Fe-oxidizing
bacterial strain. Basalt releases Fe as Fe(II) when dissolving.
Fe(II) may then combine either with sulfides or sulfates and
precipitate on the cells. The presence of the oxidized form
Fe (III) is thus hardly compatible with the experimental
environment. Alternatively, one likely scenario is that Fe(III)
form artifactually during the preparation of the samples under
exposure to air. This oxidation would affect more signifi-
cantly sensitive poorly crystallized phases such as those
forming on microorganisms [e.g., Miot et al., 2009], while
Fe in more crystallized phases such as pyroxene and mag-
netite would keep its original redox state. The determination
of the speciation of sulfur may help in a better understanding
of the origin of Fe(Ill) and possible presence of elemental
sulfur but could not be achieved by STXM. In any cases
biomineralization observed on SRB filaments attests for the
important quantities of iron dissolved in the solution and
chemical suitability of the SRB cell surfaces for metal
deposition.

5.2. Impact of Sulfate Reduction on the Composition
of Basalts: Geochemical and Geophysical Significance

[23] Among the diverse metabolisms that might be of
importance in the geochemical transformations of the sub-
seafloor, sulfate reduction has been shown to be particularly
relevant. Direct sampling evidences attest that SRB colonize
the sedimentary column and ridge flanks [e.g., Ravenschlag
et al., 1999; Huber et al., 2006]. But the most compelling
evidence for the widespread occurrence of sulfate reduction
catalyzed by microorganisms in the subseafloor comes from
sulfur isotope studies. Microbial sulfate reduction causes
enrichment in *?S and several studies focusing on isotopic
sulfur content within the sedimentary and the volcanic layers
attest for the importance of SRB populations at depth
[Bottcher et al., 2004; Alt et al., 2003]. A recent paper by
[Rouxel et al., 2008] is specifically related to the alteration
of mid-oceanic ridge basalts and reports highly negative and
heterogeneous A**S values of late recrystallized pyrite found
at a depth of up to 340 m into the basement, at site ODP 801
(western Pacific plate [Plank et al., 2000]). Such negative
values, attests that SRB were very active during aging of the
ocean crust at this site.

[24] While our experiments are not directly comparable
with the complex processes occurring in the deep sea envi-
ronment, our observations could help to understand how
sulfate reduction organisms can interact with some of the
primary mineralogical phases inside the basalts. In our
experimental study, we observed that several mineralogical
transformations of basalts can be triggered, likely indirectly,
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by SRB. One feature is the presence of numerous alumi-
nosilicates. It is likely that the metabolic activity of SRB by
changing the chemical equilibrium of the solution, acceler-
ate the alteration of silicates. Moreover, bacteria can provide
surfaces favoring the heterogeneous nucleation of phyl-
losilicates [e.g., Ueshima and Tazaki, 2001; Konhauser,
1998], hence triggering secondary phase precipitation. An
additional prominent feature in the present study is the
alteration of titanomagnetite crystals observed in samples
exposed to SRB. This provides a mineralogical basis to
explain our previous observations that showed that SRB
significantly weaken the magnetic signal of oceanic basalts
[Carlut et al., 2007]. Our observations reveal that the
alteration of titanomagnetites is characterized by the for-
mation of alteration rims around the crystals. Both foils A
and B extracted from sample AnF-A show this typical
alteration, while no such alteration could be observed foil
C cut from the control sample AnF-B. In the two foils A
and B, alteration rims around titanomagnetites systemati-
cally show similar chemical compositions (depletion in
iron and enrichment in sulfur) and thicknesses. The phase
(s) within the rim seems mostly amorphous with some
nanodomains.

[25] Several previous studies provide a mechanistic frame-
work for the process that likely occurs in the present experi-
ments [e.g., Davydov et al., 1998; Poulton, 2003; Poulton
et al., 2004]. Abiotic reduction of iron can be triggered at the
surface of iron oxides in the presence of H,S [e.g., Poulton
et al., 2004]. This process induces dissolution of iron oxides
then precipitation of iron sulfides [Yao and Millero, 1995]. 1t
has been shown consistently that some Desulfovibrios are
capable of significantly catalyzing reductive dissolution of
iron oxides, including magnetite [e.g., Loviey et al., 1993;
Neal et al., 2001; Li et al., 2006] by producing H,S. Such a
process could be responsible for the positive correlation with
the decrease in magnetization and the metabolic activity of
SRB, even so the iron oxides are not in direct contact with
the bacteria cells.

6. Conclusion

[26] In this study we described how oceanic basalt sam-
ples can be affected at the nanoscale by the presence of
sulfate reducing bacteria. Observation using TEM as well as
EDSX and STXM allow in particular describing a specific
alteration of the magnetic phases. Altered titanomagnetites
are characterized by an amorphous rim composed of Fe, Ti
and S. We link this specific alteration at the crystal scale to
the fall of magnetization that was observed at the macro-
scopic scale on the same sample. We also characterized the
nanoscale mineralogy of bacterial fossils at the surface of
the sample. Little is known about the abundance and activity
of bacterial population in the deep sea environment and such
a laboratory study is not representative of the diversity and
rate of reactions likely to occur. However, this contribution
highlights a tentative hypothesis suggesting that metabo-
lisms based on sulfate reduction, which are likely common
in these environments, may have an impact on a major
geophysical signal: the magnetic remanence carried by
recent mid-oceanic ridge basalts. Our results are contribut-
ing with new data regarding biosignatures in the oceanic
crust that may have been overlooked so far in the natural
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environments. It would be important to perform the same
kind of experiments with other mineral phases containing
only Fe(Il) or Fe(Ill) to understand the impact of such
strains on the seafloor.
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