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†Institut de Minéralogie et de Physique des Milieux Condensés, Unité Mixte de Recherche 7590, Centre National de la Recherche Scientifique, Department
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Microbialites are sedimentary deposits associated with microbial
mat communities and are thought to be evidence of some of the
oldest life on Earth. Despite extensive studies of such deposits,
little is known about the role of microorganisms in their formation.
In addition, unambiguous criteria proving their biogenicity have
yet to be established. In this study, we characterize modern
calcareous microbialites from the alkaline Lake Van, Turkey, at the
nanometer scale by combining x-ray and electron microscopies. We
describe a simple way to locate microorganisms entombed in
calcium carbonate precipitates by probing aromatic carbon func-
tional groups and peptide bonds. Near-edge x-ray absorption fine
structure spectra at the C and N K-edges provide unique signatures
for microbes. Aragonite crystals, which range in size from 30 to 100
nm, comprise the largest part of the microbialites. These crystals
are surrounded by a 10-nm-thick amorphous calcium carbonate
layer containing organic molecules and are embedded in an or-
ganic matrix, likely consisting of polysaccharides, which helps
explain the unusual sizes and shapes of these crystals. These results
provide biosignatures for these deposits and suggest that micro-
bial organisms significantly impacted the mineralogy of Lake Van
carbonates.

aragonite � biosignature � biomineralization � spectromicroscopy

Lake Van (eastern Anatolia, Turkey) is the largest soda lake
on Earth, with a pH of 9.7–9.8 and a salinity of 21.7‰ (1).

It harbors the largest known living microbialites, which are
structures resulting from precipitation of aragonite at sites where
calcium-rich groundwater seeps into the alkaline lake water (1,
2) and are associated with a wide diversity of microorganisms (3).
Lake Van microbialites have a fine-grained micritic texture
similar to most carbonate microbialites (4, 5) and consist of 30-
to 100-nm-sized aragonite crystals (2, 3), which have morphol-
ogies that resemble bacteria-like forms (2). Some authors have
suggested the possibility that nanospheres in microbialites could
represent very small, entombed bacteria or ‘‘nanobacteria’’ (4,
5). However, the real nature of these carbonates, as well as their
relationship to the microorganisms detected in the microbialites,
remain unresolved.

Because Lake Van is highly oversaturated with aragonite (1),
the role of microorganisms in aragonite precipitation can be
questioned, and the observed presence of microbes in these
structures could simply result from passive trapping during
mineral precipitation. This question is not new and has been
raised systematically since the earliest studies of microbialites to
the most recent ones (e.g., refs. 6–9). Some studies have dem-
onstrated that microbes can actively mediate carbonate, in
particular dolomite, precipitation (10). However, if passive
trapping is operative, features suggesting that discrimination
between microbially generated and purely abiotic precipitates is
possible may be illusory. For example, the biogenicity of ancient

stromatolites (i.e., laminated microbialites), usually considered
as evidence of some of the oldest life on Earth, has been
thoroughly questioned because the macroscopic structure of
stromatolites does not constitute a biosignature, and no unam-
biguous evidence for fossilized microbes has been found in most
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Fig. 1. STXM images of Lake Van microbialites. (a) Image of microbialites at
288.2 eV. Image is 4 �m � 40 �m. (b) Map of peptide-rich areas absorbing at
288.2 eV showing a number of bright spots of various morphologies. Area 1
and area 2 correspond to bright spots that were further analyzed in Figs. 2 and
4, respectively.
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of them (11, 12). A major problem hampering this type of study
is recognition of microorganisms in a highly mineralized, fine-
grained matrix. Optical and scanning electron microscopies are
frequently used for studying microbialites, but they provide only
morphological and compositional information, which cannot be
used to reliably discriminate between fossilized microbes and
calcium carbonate crystals. Lake Van microbialites are associ-
ated with a wide diversity of contemporary cyanobacteria and
alkaliphilic and�or heterotrophic bacteria (3). Locating these
microorganisms by conventional or epif luorescent optical mi-
croscopy is difficult, however, because of the high relief of
aragonite crystals relative to microorganisms, the small size of
the latter, and the difficulty in distinguishing the fluorescence
signal of aragonite crystals from that of stained cells. To
overcome these problems and to explore the association between
minerals and organic molecules comprising the Lake Van mi-
crobialites, we combined scanning transmission x-ray microscopy
(STXM) (13), which allows imaging and acquisition of near-edge
x-ray absorption fine structure (NEXAFS) spectra at high spec-
tral and spatial resolution, and transmission electron microscopy
(TEM) (14), on the same samples. Our observations show the
intimate association of polysaccharides with the mineral matrix
at the nanoscale and strongly suggest that microbial organisms
played an important role in the formation of the Lake Van
microbialites.

Results
As described below, STXM provided strong evidence for the
presence of microbial cells in the Van Lake microbialites in the
form of organic functional groups typically associated with
microorganisms. Those areas identified as microorganisms al-
ways contained peptide bonds characterized by a specific ab-
sorption feature in the carbon K-edge at 288.2 eV. In contrast,
the surrounding carbonates displayed a strong absorption peak
at 290.2 eV (13). Taking into account these spectroscopic
differences, energy-filtered imaging was used to map proteins in
the carbonate microbialites (Fig. 1). Bright spots were observed
(Fig. 1b) with filamentous or spherical morphologies and diverse
sizes in the submicrometer to micrometer size range compatible
with those of individual microbial cells (15) or remnants of
microbial cells. Reference microorganisms [the Gram-negative
Caulobacter crescentus (�-Proteobacteria) and the Gram-
positive Bacillus subtilis (see Fig. 6, which is published as
supporting information on the PNAS web site), but also the
�-Proteobacterium Shewanella oneidensis, the cyanobacterium
Synechococcus leopoliensis, or the �-Proteobacterium Ramli-
bacter tataouinensis (data not shown)] all displayed identical
complex NEXAFS spectra at the carbon K-edge, dominated by
the specific absorption of proteins at 288.2 eV (13, 16) (Fig. 6).
The similarity of NEXAFS spectra at the carbon K-edge for
diverse bacteria basically results from the universal basic chem-
istry of living cells, all of which contain proteins, polysaccharides,

Fig. 2. Spectromicroscopy analysis of Lake Van microorganisms. (a) STXM image at 288.2 eV of area 1 (see Fig. 1). The arrow indicates a protein-rich area. (b)
Equivalent map of objects absorbing at 288.2 eV. (c) TEM image of the same area. The protein-rich area displays a low contrast compared with the surrounding
aragonite. (d) C K-edge NEXAFS spectra from the protein-rich area (Lake Van microbe), reference C. crescentus cells, and albumin as a protein model compound.
Dashed lines at 285.2, 286.8, and 288.2 eV highlight the prevalent peaks observed in the Lake Van microbe and C. crescentus. The dashed line at 290.2 eV highlights
the carbonate peak. (e) Close-up of the C K-edge NEXAFS spectra of the protein-rich area in the Lake Van microbialite, Lake Van aragonite, and C. crescentus
in the 287.5- to 292-eV energy range. The arrow indicates the position of a shoulder at 289.5 eV.
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and nucleic acids. Therefore, no major differences are expected
for the other microbial groups that have not yet been investi-
gated. Based on both morphological and spectroscopic consid-
erations, we argue that the peptide-bond map of Lake Van
microbialite samples shows the locations of living or fossilized
microbial cells. In addition to the peptide peak at 288.2 eV, peaks
at 285.2 and 286.8 eV were observed that correspond, respec-
tively, to aromatic groups (16) and phenolic or ketonic groups,
all of which were observed in C K-edge NEXAFS spectra of the

reference bacteria in similar ratios (Fig. 2; and see Figs. 6–8,
which are published as supporting information on the PNAS web
site). The systematic presence of a carbonate peak at 290.2 eV
in the C K-edge NEXAFS spectrum of the peptide-, aromatic-,
and ketone-rich regions of the Lake Van microorganisms indi-
cates that they are closely associated with carbonates (Fig. 2). In
addition, the carbonate peak overlaps a peak at 289.5 eV, which
was detected systematically and exclusively in those regions (Fig.
2). The energy position of this peak matches the peak observed
in reference bacterial cells and in nucleic acids (13, 17). Hence,
these regions have a complex spectrum identical to those of
diverse cultured bacterial strains, which strongly supports the
identification of the observed spots within the Lake Van car-
bonates as microbial cells. The detection of microorganisms was
further supported by spectroscopy at the N K-edge, which
showed the presence of nitrogen associated with protein-rich
areas, with a spectroscopic signature very similar to that ob-
served in C. crescentus cells (Fig. 3). Peaks at 399 and 399.9 eV
are related to heterocyclic aromatics such as pyridine (18), which
are present in many biological molecules (e.g., nucleic acids,
ATP). The peak at 401.2 eV is related to amide groups (19).
Therefore, spectromicroscopy allowed the detection of living
and�or fossilized microorganisms in microbialites by character-
izing and mapping, within a mineral matrix, organic functional
groups composing microbial cells. These cell-shaped areas rich
in peptide bonds, phenolic�ketonic and aromatic groups, and
organic nitrogen were systematically located and imaged by
TEM. However, in most of the samples examined, microbial cells

Fig. 3. Nitrogen K-edge NEXAFS spectra of Lake Van calcified microorganisms.
The energy positions of the peaks are, respectively, 399, 399.9, and 401.2 eV.

Fig. 4. Spectromicroscopy analyses of Lake Van aragonite micrite (see area 2 in Fig. 1). (a) STXM map of peptides taken at 288.2 eV showing the presence of a microbial
cell (outline and arrow). (b) TEM image of the same area. The major part of this area is a cluster of aragonite nanospheres not visible at this magnification. The arrow
shows the same location as in a. (c) STXM map of carbon-containing molecules absorbing specifically at 288.6 eV. (d) C K-edge NEXAFS spectra from the microbial cell
seen in a, from the surrounding aragonite (extracell), and from reference calcium carbonate and C. crescentus EPS. Dashed lines at 286.8 eV, 288.2 eV, 288.6 eV, and
290.2 eV highlight peaks observed in the calcified microorganisms, the Lake Van aragonite matrix, and C. crescentus EPS.
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were masked in the TEM images by strongly diffracting arago-
nite nanoglobules precipitated on them (Figs. 4 and 8).

In addition to microbial cells with highly localized distribution,
a second type of organic component showed a much wider
distribution in Lake Van microbialites. Most of the samples
examined, other than in the peptide-rich regions, consisted of
clusters of aragonite nanospheres visible by TEM (3) (Fig. 4).
Although spectromicroscopy on those clusters showed no aro-
matic groups (285.2 eV) or peptide bonds (288.2 eV), peaks at
286.8 and 288.6 eV were detected together with the main
carbonate peak at 290.2 eV (Fig. 4). The peaks at 286.8 and 288.6
eV, which were absent in C K-edge NEXAFS reference spectra
of abiotic aragonite crystals, corresponded to ketone and car-
boxylic groups, respectively. They are also observed in acidic
polysaccharides (17) and in extracellular polymeric substances
(EPS) from C. crescentus (Fig. 4), suggesting that similar poly-
saccharides were associated with Lake Van aragonite nanocrys-
tals. Such polymers were observed throughout the carbonate
clusters at a spatial scale down to a few tens of nanometers (Fig.
4). Epifluorescence microscopy observations were performed on
Lake Van microbialites by using the fluorescently labeled lectin
Con A, which has high affinity for �-D-mannose and �-D-glucose
residues and has been validated and extensively used in previous
studies on carbonate microbialites to probe mannose and�or
glucose residues at nonreducing terminals of polysaccharides
(17, 20–21). They support our spectromicroscopy observations
by suggesting the presence of these polymers throughout Lake

Van carbonates at a larger scale (see Fig. 9, which is published
as supporting information on the PNAS web site). The validity
of the spectroscopic signatures proposed for calcified cells and
EPS in the Lake Van microbialites was checked on 4-year-old
experimentally calcified bacterial biofilms consisting of the
�-Proteobacterium R. tataouinensis. STXM observations showed
the presence, in the experimentally calcified cultures, of R.
tataouinensis cells displaying C K-edge and N K-edge NEXAFS
spectra identical to those from Lake Van microbial cells and
extracellular polymers with C K-edge NEXAFS spectra identical
to Lake Van EPS (see Fig. 10, which is published as supporting
information on the PNAS web site).

In addition to the presence of localized protein signatures and
of widespread polysaccharides in the microbialites, the Lake Van
microbialite aragonite crystals display other remarkable fea-
tures, which suggest growth in the presence of organic molecules.
High-resolution TEM showed that each nanosphere, previously
interpreted as ‘‘nanobacteria’’ (2), is a single crystal of aragonite
surrounded by a few-nanometer-thick layer of amorphous cal-
cium carbonate (ACC) (Fig. 5; and see Fig. 11, which is published
as supporting information on the PNAS web site). Electron
energy loss spectroscopy (EELS) spectra at the C K-edge of
Lake Van ACC layers show a broad peak around 287 eV (Fig.
5). These EELS data are comparable with those obtained in two
previous studies, one on natural calcite crystal clusters associ-
ated with a polysaccharidic matrix (14) and one on cultures of
cyanobacteria mediating calcite precipitation (22). Based on
the C K-edge NEXAFS data obtained by STXM analysis on the
same sample, we propose that the ACC layer surrounding
the aragonite crystals contains polysaccharide-like molecules.

Discussion
Our results show the presence of an intricate nanometer-scale
mixture of organic molecules and calcium carbonate crystals in
recent microbialites. They also highlight the advantage of using
STXM to look for microbes in carbonate micrite, because fossilized
or carbonate-covered microbes are extremely difficult to recognize
by electron microscopy alone (Fig. 4). Hence, the combination of
STXM with HRTEM provides a unique means of detecting mi-
crobial cells in such complex samples. The microbial cells observed
in this study by STXM mapping of proteins do not display perfect
cell shapes (see Figs. 2 and 4). In addition to the methodological
difficulty in mapping cell shapes with high precision in a mineral
matrix based on specific spectroscopic features, the lack of well
defined cellular morphologies may also result from the well docu-
mented lyses damage that occurs during fossilization, altering
microbe morphologies (e.g., refs. 23–25). The diverse morphologies
and sizes of microbial cells we observed in Lake Van microbialites
are, however, not consistent with only cyanobacteria but suggest a
large diversity of heterotrophs as evidenced by molecular genetic
surveys of the same samples (3). Cyanobacteria are commonly
believed to be the best preserved fossils and to have played a major
role in the formation of some present and past carbonate microbial
deposits (e.g., ref. 26), including microbialites (8). This belief,
however, is strongly biased by the fact that cyanobacterial morphol-
ogies are among the most easily recognized prokaryotic types (27).

Our observations have major implications for understanding
microbially induced carbonate formation. Although the perva-
sive presence of EPS in microbialites and their importance in the
formation of microbial carbonates has been noted by many
previous studies (e.g., refs. 28–34), how EPS are involved in
carbonate precipitation is still a matter of intense debate. ACC
is a highly unstable phase but can be stabilized in the presence
of a variety of organic or inorganic additives (35). Similar to what
has been noticed for other microbialites (e.g., ref. 4), the
morphology of Lake Van aragonite crystals is unusual compared
with the morphology of crystals that are usually synthesized
experimentally in the absence of organics. The presence of a

Fig. 5. TEM observation of Lake Van aragonite nanocrystals. (a) HRTEM
image of an aragonite crystal along the [1–11] zone axis. The presence of
lattice fringes in the interior of the aragonite indicates that this region is
crystalline, and their absence in the edge region indicates an amorphous outer
layer. (b) EELS spectra of the crystallized inner part (area B) versus the amor-
phous outer layer (area A). (Insets) Schematic views of the electron beam path
through an aragonite nanoglobule for areas A and B. Area A contains only the
ACC layer, whereas area B contains mostly aragonite and a small fraction of
ACC. The arrow shows a peak at 287 eV observed in spectrum of the ACC layer,
which is more poorly resolved in the spectrum of bulk aragonite.

Benzerara et al. PNAS � June 20, 2006 � vol. 103 � no. 25 � 9443

G
EO

LO
G

Y



widespread organic-rich matrix may thus explain the stabiliza-
tion of the ACC layer as well as the clustering and submicrome-
ter-size of the aragonite crystals, because organic molecules can
promote the formation of numerous nucleation sites (36) and
inhibit crystal growth by poisoning their surfaces (37). The
widespread occurrence of EPS down to the nanometer-scale
evidenced in this study may explain the micritic texture of Lake
Van microbialites and more generally the micritic texture usually
observed in carbonate microbialites (4). Some authors state that
acidic polysaccharides inhibit carbonate precipitation, which
instead occurs in EPS-poor areas where high concentrations of
Ca and Mg have been released by the degradation of polysac-
charides by heterotrophic bacteria (38). Others propose that
decaying EPS transform into a highly organized template struc-
ture favoring calcium carbonate nucleation (39). Although poly-
saccharide degradation cannot be excluded, the presence of
detectable amounts of EPS in Lake Van microbialites, including
areas of extensive precipitation, is consistent with a promoter
role for EPS in carbonate precipitation. The questions of
whether the presence of EPS in Lake Van microbialites indicates
that degradation by heterotrophic bacteria does not balance EPS
production or that some molecules are more resistant than
others to bacterial degradation and�or protected by mineral
precipitation cannot be answered by this study. This pervasive
association of organic polymers with aragonite supports a bio-
genic origin for microbialite carbonates, but the relatively low
cell density observed shows that carbonates are not generally
associated with detectable cells. Many ancient carbonates do not
preserve clear evidence of the organisms responsible for their
formation and hence their biogenicity has been questioned (11).
Our observations reconcile these considerations with a biotic
origin. Lake Van microorganisms and their pervasive associated
polymers do impact mineral nucleation and�or growth of car-
bonate crystals in the highly oversaturated waters of the lake,
producing clusters of nanobacteria-like aragonite crystals and
leaving biosignatures in the mineralogy and in the associated
organic matter of these deposits.

ACC has been observed around nanometer-sized rod-
shaped calcite crystals surrounded by polysaccharides (40–41)
and has also been recently described in mollusks and arthro-
pods (42). Although ACC has not been described in microbial
carbonates previously, its identification in Lake Van micro-
bialites should stimulate a systematic search for this feature in
carbonates precipitated in the presence of organic compounds.
The presence of ACC is not a biosignature per se because ACC
can be stabilized by abiotic impurities (43); however, its
association with organic molecules may be an indicator of
biogenicity. In that regard, the use of cryo-TEM to image
single organic molecules in microbialites at very high spatial
resolution would be an interesting approach to develop in the
future. Moreover, the preservation of the organic-ACC layer
after secondary mineralogical processes, such as transforma-
tion of aragonite to more stable carbonate phases (i.e., calcite,
dolomite) that may affect older microbialites, is yet to be
investigated.

Summary and Conclusions
Lake Van microbialites are composed of living and�or recently
fossilized microbes and nanobacteria-like aragonite crystals,
embedded together in a polysaccharide matrix. Our observa-
tions strongly suggest that the presence of this pervasive

organic matrix, intimately associated with the aragonite crys-
tals down to the nanometer scale, is responsible for the
particular mineralogical features observed in Lake Van mi-
crobialites, i.e., clustered spherical aragonite crystals in the 30-
to 100-nm size range, surrounded by a usually highly unstable
ACC phase. The use of both STXM and TEM to characterize
microbialites at the submicrometer scale provides a unique
capability to detect viable or fossilized microbial cells and
exopolymers in such deposits in the form of complex mixtures
of organic functional groups. Although preservation of organic
and mineralogical features of the type reported here hereto-
fore has not been documented in ancient microbialites, un-
derstanding such signatures in modern microbialites is a
prerequisite to their potential detection and use in determin-
ing the origin of ancient microbialites.

Methods
Samples were gently crushed in an agate mortar (see Fig. 12, which
is published as supporting information on the PNAS web site).
Powders were suspended for a few seconds in Milli-Q grade water,
and one drop was deposited on the membrane of a lacey carbon-
coated 200 mesh copper grid and dried in air. We did not detect
either by STXM or by TEM any artifactual salt precipitation.
STXM observations were performed at Advanced Light Source
branch line 11.0.2.2 according to the procedures described in ref. 13.
The synchrotron storage ring operated at 1.9 GeV and 200–400 mA
stored current. A 150 lines per mm grating and 20-�m exit slit were
used for carbon and nitrogen K-edge imaging and spectroscopy,
providing a theoretical energy resolution of 100 meV. Energy
calibration was accomplished by using the well resolved 3p Rydberg
peak at 294.96 eV of gaseous CO2 for the C K-edge. Calibration at
the N K-edge was made by using the N 1s 3 �* (401.1 eV)
transition of atmospheric N2 (44).

TEM observations were performed on a JEOL 2010F micro-
scope operating at 200 kV and equipped with a field emission
gun, a high-resolution UHR pole piece, and a Gatan GIF 200
energy filter. EELS analyses were performed according to the
procedures described in ref. 14. EELS spectra were acquired by
using a dispersion of 0.3 eV per channel to record spectra in the
range 250–560 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 by using the Egerton procedure available with
the EL�P program (Gatan).
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