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RIASSUNTO

La dolomite (CaMg(CO3)2) è un minerale diﬀuso nelle rocce sedimentarie,
la cui origine è stata a lungo discussa. La formazione di dolomite a basse
temperature sembra essere strettamente legata a un’attività microbica. Tuttavia, l’esatto ruolo dei microbi nel processo di mineralizzazione è ancora
poco conosciuto e, di conseguenza, l’idea che la dolomite sia un biominerle
rimane ambigua. Questa tematica viene qui approfondita, studiando le interazioni che avvengono tra microbi e minerali nella sabkha di Abu Dhabi
(UAE), un ambiente naturale dove ancora oggi si forma dolomite, e svolgendo esperimenti di laboratorio, nei quali batteri inducono la precipitazione
di dolomite.
Nella regione studiata della sabkha, la presenza di dolomite è stata documentata in concomitanza a delle microbialiti, sia in superﬁcie che in profondità nei sedimenti. La dolomite precipita grazie ad un processo di nucleazione e mineralizzazione all’interno delle sostanze exopolimeriche (EPS)
che compongono le microbialiti. Le molecole d’EPS, fungendo da matrice
organica, inﬂuenzano la composizione del precipitato permettendo la formazione di dolomite. Questo processo può essere osservato nelle microbialiti
in superﬁcie, ma è ancora più evidente in alcune microbialiti sepolte sotto il
sedimento, il cui metabolismo non dà più chiari segni d’attività.
Queste osservazioni hanno suggerito l’ipotesi che è l’EPS, anziché un metabolismo microbico attivo, il principale responsabile nel processo di mineralizzazione. Questa idea diﬀerisce dai modelli attuali, nei quali la formazione di dolomite microbica è legata ad aumenti di pH ed alcalinità, e alla diminuzione di solfato, dovuti all’attività metabolica. Il ruolo chiave dell’EPS
nella formazione della dolomite è stato testato con una serie di esperimenti
in laboratorio. Mg-calcite e Ca-dolomite sono state precipitate con successo
a 30°C in presenza di EPS, ma pure in assenza di batteri vivi, il cui metabolismo è stato inibito con degli antibiotici.
Combinando osservazioni eﬀettuate con un microscopio confocale laser e
un microscopio a bassa temperatura a scansione elettronica, è stato possibile
rivelare alcuni importanti particolari riguardanti il ruolo dei batteri solfatoriduttori nella produzione di dolomite e altri carbonati biogenici. Questi risultati dimostrano che l’EPS è il sito principale dove avviene la nucleazione e

la crescita del carbonato. I batteri, dimostrando un comportamento di autopreservazione, evitano che la loro cellula sia incrostata dal minerale. Questa
importante osservazione spiega come mai resti batterici sono raramente presenti nei carbonati antichi, anche quando la loro origine è batterica.
Particelle simili a nanobatteri e particolari superﬁci granulose sono state
osservate sia in rocce antiche che nella meteorite marziana ALH84001. Queste strutture microsedimentarie furono inizialmente considerate come una
possibile prova di vita sul Pianeta Marte, aprendo un dibattito che ancora
non è concluso. In questo studio, è stato possibile dimostrare senza ambiguità che queste strutture si formano nella fase iniziale di nucleazione del
carbonato sulle molecole di EPS. Queste osservazioni forniscono una nuova
e più corretta interpretazione di tali strutture, che sono possibili indicatori
di attività batterica antica e che sono spesso osservate in associazione alla
dolomite microbica, sia recente che antica. La mineralizzazione dell’EPS forma anche delle microstrutture alveolari. Queste strutture, unitamente ad un
inusuale minerale di Si e Mg che caratterizza la fase iniziale del processo di
mineralizzazione, vengono proposti come un nuovo strumento per riconoscere la dolomite batterica nelle rocce antiche.
Un nuovo ceppo di batteri capaci di formare la dolomite è stato isolato
da una microbialite che cresce sull’estuario della sabkha di Abu Dhabi. Il
sequenziamento dell’intero 16S rDNA dell’isolato indica un’identità corrispondente al 99.6% con Desulfovibrio brasiliensis, un batterio capace di
formare la dolomite, isolato a Lagoa Vermelha, in Brasile. Questa scoperta stabilisce un legame tra due ambienti naturali geograﬁcamente distanti,
indicando che la formazione batterica di dolomite può essere un processo
diﬀuso, strettamente legato al genoma di batteri capaci di produrre un EPS
speciﬁco.
Nel suo insieme, questo lavoro dimostra come l’EPS abbia un ruolo fondamentale nella nucleazione della dolomite a basse temperature, come pure
nella formazione di strutture microsedimentarie. Questi risultati sono d’aiuto nell’identiﬁcazione di carbonati antichi d’origine batterica, depositati nelle rocce durante il Tempo Geologico.

ABSTRACT

Dolomite (CaMg(CO3)2) is a common mineral in sedimentary rocks, whose
origin has long been debated. Dolomite formation at low temperatures appears to occur in association with microbial activity. However, the exact role
of microbes in the mineralization process remains poorly understood. Consequently, the interpretation of microbial dolomite in terms of a biomineral
is controversial. Herein, this controversy was addressed through the study of
microbe-mineral interactions occurring in the coastal sabkha of Abu Dhabi
(UAE) and the evaluation of laboratory precipitation experiments with dolomite-mediating bacteria.
In the studied area of the sabkha, the occurrence of dolomite has been
documented in association with surface and buried microbial mats. Dolomite precipitates as a consequence of mineral nucleation and growth within
the extrapolymeric substances (EPS) constituting the mats. EPS molecules
act as an organic template, which inﬂuences the elemental composition of
the precipitate leading to dolomite formation. Evidence for this process is
observable in the surface microbial mat, but it is even more prominent in
1000 years old microbial mats, which are buried in the supratidal zone and
no longer show signs of strong metabolic activity.
These observation led to the hypothesis that EPS, rather than an active
microbial metabolism, is the major factor responsible for the mineralization
process. This interpretation diﬀers from current models, in which microbialdolomite formation is mainly linked with an increase in pH and alkalinity
and consumption of sulfate due to metabolic activity. The key role of EPS
in dolomite formation was tested using a set of laboratory culture experiments. Mg-calcite and Ca-dolomite were successfully precipitated at 30°C in
association with freshly produced EPS, even in the absence of living bacteria,
whose metabolism was inhibited with antibiotics.
Combining confocal laser scanning microscopy and low-temperature scanning electron microscopy, it was possible to resolve important details concerning the role of sulfate-reducing bacteria in the production of dolomite
and biogenic carbonates, in general. The results demonstrate that EPS is the
main site of carbonate nucleation and growth. This phenomenon allow the
bacteria to escape cell entombment, suggesting a self-preservation behavior.

These important observations explain why microbial relics are rarely found
in ancient carbonates, even if they are of deﬁnitive microbial origin.
Nanobacteria-like particles and grainy textures have been described in the
geological record, as well as in the Martian meteorite ALH84001. These microsedimentary structures were initially considered as possible evidence for
past life on planet Mars, opening a still unsolved controversy. In this study, it
was possible to unambiguously establish that these structures are produced
during the early step of carbonate nucleation on EPS molecules. This observation provides a revised interpretation of such microstructures, which are
possible indicators for ancient microbial activity and are commonly observed
associated with modern and ancient microbial dolomite. EPS mineralization
also produces microsedimentary structures consisting of mineralized alveolar
microfabrics. These structures, in combination with an unusual Mg-Si phase
that characterizes the early stage of the mineralization process, is proposed as
a new tool for the recognition of microbial dolomite in ancient rocks.
A new strain of dolomite-mediating bacteria was isolated from a microbial
mat growing in the intertidal zone of the Abu Dhabi sabkha. The complete
16S rDNA gene sequence of the isolate revealed a 99.6% identity with Desulfovibrio brasiliensis, a dolomite-mediating bacterium isolated from Lagoa
Vermelha, Brazil. This ﬁnding establishes a link between two geographically
distant natural environments, indicating that microbial mediation of dolomite may be a widespread mechanism, which is deeply related to the genome
of particular microbes and, consequently, their ability to excrete speciﬁc
EPS.
In summary, this work shows that EPS play a key role in the nucleation of
low-temperature dolomite, as well as in the formation of microsedimentary
structures. These results are helpful for identifying microbial mediated carbonate deposited throughout the geological record.
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Chapter 1

Introduction
1.1 Geomicrobiology: a wide-scale multidisciplinary ﬁeld
Geomicrobiology is an emerging scientiﬁc ﬁeld that concerns the role of microbes in geological and geochemical processes. For the non-expert, this sterile
deﬁnition may not sound very fascinating. However, it is usually enough to mention that topics, such as the search for life on Mars and the identiﬁcation of the
oldest evidence for life on Earth, are studied by geomicrobiologists to win the
enthusiasm of the listener.
The study of microbe-mineral interactions, especially in extreme environments,
has provided new insights about the evolution of the biosphere, the atmosphere
and the hydrosphere. Extreme and apparently hostile environments, such as hot
springs, sabkhas and black smokers, are ideal modern analogues for environments
that likely prevailed on the early Earth, as well as showing many similarities with
the current surface of planet Mars. The geomicrobiologist investigates these environments, searching for any sign that might be left by microbes in rocks and
possibly preserved over geological time, carrying information on the existence of
speciﬁc organisms at the time the rock was formed.
Applying this geomicrobiological approach, the researcher has to face an impressive range of time-scales, distance-scales and size-scales, which is rarely the
case in other disciplines. For example, the origin of dolomite, constituting huge
mountain masses rising higher than 3000 m above the sea level (Fig. 1.1), is discussed in this thesis together with the origin of putative fossils of nanobacteria,
which are nanometer-size objects, barely observable with the most innovative imaging techniques (Fig. 1.2). Even though the same process may explain both the
origin of the dolomite constituting the Dolomite Mountains and the origin of
the nanobacterial structures, a 10’000’000’000 factor diﬀerentiates the size-scale
of these subjects. Similarly, culture experiments, in which a complex microbial
community develops in a few days in the laboratory, were investigated in order to
infer the origin of dolomitic stromatolites, whose fossil counterparts may be up to
3.5 billion years old. In this case, the time-scale range between the age of the fossil
stromatolites and the studied process diﬀers by a factor of 10’000’000. Finally,
the investigation of dolomite-mediating bacteria provides a revised interpretation
17
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Fig. 1.1. Le Torri del Vaiolet, Dolomite Alps of northern Italy. Microbes may have played a
crucial role in the formation of the mineral that constitutes these mountains. Photo credits:
Vincenzo Gianferrari Pini.

for sedimentary features observed
even in a Martian meteorite, containing putative extraterrestrial
carbonate formed about 4 billion
years ago at a distance of hundred
billions Km from the Earth.
1.2 The Dolomite Problem
Dolomite, the subject of this
thesis, is the name of a sedimentary carbonate rock and a mineral, Fig. 1.2. Nanobacteria-like structures described from
both composed of calcium mag- Martian meteorite ALH84001. Photo credits: NASA.
nesium carbonate (CaMg(CO3)2).
The rock dolomite, which is also
18
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referred to as dolostone, was ﬁrst described in 1791 by the French naturalist and
geologist Déodat Gratet de Dolomieu (1750-1801) for exposures in the Southern
Tyrol Mountains of northern Italy (de Dolomieu, 1791). The mineral dolomite
has a rhombic crystal habit with a crystal lattice containing discrete layers of Mg2+
and Ca2+ alternating with layers of CO32-.
Dolomite is a common mineral in nature. However, despite centuries of research, the exact mechanism of its formation in the geological past and present
remains a subject of debate, which is often referred to as “The Dolomite Problem”
(McKenzie, 1991). Vast deposits of dolomite are present in the rock record, with
ﬂuctuating but globally decreasing abundance throughout the geological time.
This uneven distribution of dolomite suggests the existence of a link between
global environmental changes and dolomite formation. However, this link and
its signiﬁcance has not, as yet, been established. Adding to the problem is the fact
that laboratory synthesis of dolomite under sterile conditions has only been possible at temperatures greater than 100°C (Land, 1998; Lippman, 1973). These
temperatures are typical of burial in sedimentary basins, even though much dolomite in the rock record appears to have formed under low-temperature conditions (McKenzie, 1991). What exactly inhibits dolomite formation in laboratory
experiments at low temperatures and what promotes its formation in natural
environments still remains unclear. The lack of a deﬁnitive solution to these issues
is even more surprising considering that dolomite is an excellent reservoir rock
for ore deposit and petroleum, an economic valuable character that has triggered
much research with respect to its geochemistry and origin.
1.3 Models of dolomite formation
In the middle of the 1960’s, with the discoveries of Holocene dolomite forming
beneath the supratidal sabkhas of the Arabian Gulf (Wells, 1962), in thin supratidal crusts in Bahamas (Shinn et al., 1965), and in alkaline ephemeral lakes of
the Coorong region in South Australia (von der Borch, 1965), interesting modern analogues became available. Based on the study of these environments, many
models and hypotheses concerning dolomite formation have been proposed.
One early model for dolomite formation was based on the study of the supratidal environment along the coast of Abu Dhabi, UAE. First proposed by
Kinsman (1969), the sabkha model was subsequently reﬁned by the addition
of diﬀerent mechanisms to account for the availability of solute at the site of
dolomite precipitation, such as seawater ﬂooding (Kinsman, 1969), evaporativepumping (Hsu and Siegenthaler, 1969; McKenzie et al., 1980; Mueller et al.,
19
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1990) and ascending brines (Wood et al., 2002). In the sabkha model, strong
evaporation in the supratidal zone causes mineral precipitation. The precipitation of gypsum decreases the concentration of dissolved Ca2+ and SO42+, leaving
a supersaturated solution with an high Mg/Ca ratio, which is though to promote
dolomite formation.
Another well-known model for dolomite formation was ﬁrst formulated by
Badiozamani (1973). It is often referred to as the Dorag dolomitization model
or mixing-zone model. This model was proposed to explain the formation of
dolomite sediment lacking evidence of supratidal origin and not associated with
evaporites. Badiozamani calculated that the mixing of meteoric water with up
to 30% seawater produces undersaturation with respect to calcite and increases
dolomite saturation. This purely theoretical model may appropriately explain
dolomitization in coastal marine environment, where sea level changes causes
sub-aerial exposure of carbonates and permits the mixing of seawater with meteoric water, but mixing zone dolomitization has never been observed in modern
environments.
Both the sabkha and mixing models discuss how the ingredients (i.e., Ca2+,
Mg2+, and CO3-) are transported eﬃciently and in high amounts to and from the
site of dolomite precipitation. However, they do not explain how to overcome the
kinetic barriers that have prevented dolomite precipitation at low temperatures in
laboratory experiments.
The sulfate inhibition model proposed by Baker and Kastner (1981) stated that
dissolved sulfate is the most important inhibitor of dolomite formation in seawater. Using laboratory precipitation experiments at 200°C, they demonstrated that
the presence of even small concentrations of sulfate (i.e. above 2 mM) inhibits
the transformation of calcite to dolomite. In natural environments, processes of
sulfate removal, or dilution to lower concentrations than seawater, may involve
microbial sulfate-reduction, mixing of seawater with large amounts of meteoric
water and/or gypsum or anhydrite formation. However, the sulfate inhibition
remains suspect because studies in many modern hypersaline environments indicate that dolomite precipitates from solutions with sulfate concentrations being
2 to 70 times greater than seawater (Folk and Land, 1975). Moreover, the sulfate
inhibition model derives from laboratory experiments carried out at 200°C (Baker and Kastner, 1981), while, at low temperatures, dolomite does not precipitate
in laboratory experiments even in the absence of sulfate.
Deelman (1999) was able to precipitate dolomite at low temperatures in laboratory experiments with ﬂuctuating pH conditions (i.e. from pH 5.3 - 6.1 to pH
20

Introduction

8.34 - 8.85) by breaking Ostwald’s step rule, which states that, in general, it is
not the most stable but the least stable polymorph that crystallizes ﬁrst. However,
such pH oscillations have never been observed in the natural environments where
dolomite formation occurs. Deelman also reported a case of dolomite formation
in the kidneys of a Dalmatian dog. This apparently unusual case is of special
interest. Indeed, it suggests that biology may be involved in the mineralization
process, and that the solution of the Dolomite Problem cannot be found, if one
only consider physical-chemical parameters.
1.4 The microbial model: a possible solution to “The Dolomite Problem”
Unsuccessful precipitation experiments, simulating the conditions of natural
dolomite-forming environments, have been carried out without considering the
possible inﬂuence of life in the mineralization process. Although the hypothesis
that microbes may be involved in dolomite formation is not new (Nadson, 1928;
Neher and Roher, 1958), during the last decades, this concept has been increasingly applied and evaluated.
In the 1980’s, in situ dolomite formation was described in organic carbon-rich
deep-sea sediments in association with microbial sulfate reduction and methanogenesis (Kelts and McKenzie, 1982; Pisciotto and Mahoney, 1981). Since then,
many other cases, in which dolomite forms within organic carbon-rich sediments,
have been documented, in Quaternary peritidal, shallow-marine, and deep-sea
environments (Mazzullo, 2000). This led to the formulation of the organogenic
model for dolomite formation (Compton, 1988; Slaughter and Hill, 1991), in
which it is proposed that presumed kinetic barriers for dolomite formation at low
temperatures are overcome as a result of bacterial sulfate reduction and methanogenesis. Such microbial metabolisms, based on the consumption and recycling
of the buried organic matter, raise and sustain high pH and alkalinity within the
pore waters. It was proposed that the consequent carbonate saturation, as well as
Ca and Mg dehydration, would then induce dolomite precipitation from ﬂuids
with a high Mg/Ca ratio.
A strong demonstration that microbes eﬀectively play a crucial role for dolomite formation came in 1995, when Vasconcelos et al. (1995) were able to
precipitate dolomite at low temperature in the presence of sulfate-reducing bacteria (SRB). The bacteria used for this laboratory experiment were isolated from
Lagoa Vermelha, a hypersaline costal lagoon in Brazil, where modern dolomite
formation occurs. This culture experiment, combined with the study of Lagoa
Vermelha, led to the formulation of the microbial model for dolomite formation
21
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(Vasconcelos and McKenzie, 1997). The microbial model has been subsequently
tested with bacterial culture experiments conducted in the laboratory under controlled conditions (Warthmann et al., 2000). Desulfovibrio brasiliensis, a new species of halotolerent SRB bacteria, which mediate dolomite formation, has been
deﬁned by characterization of its 16S rDNA (Warthmann et al., 2005). Applying
a similar approach of combined ﬁeld study and laboratory culture experiments
as with the Lagoa Vermelha example, microbial dolomite formation has been
reported in other modern natural environments, under both anoxic and oxic conditions, mainly with the involvement of SRB (van Lith et al., 2003b; Wright and
Wacey, 2005), but also in association with moderately halophilic heterotrophic
bacteria (Rivadeneyra et al., 1993; Sánchez-Román et al., in press) and methanogens (Roberts et al., 2004).
In most of the studies involving SRB mediating dolomite precipitation, it was
postulated that their role in the mineralization process is mainly related to excretion or consumption of metabolites (van Lith et al., 2003a, b; Vasconcelos and
McKenzie, 1997; Warthmann et al., 2000; Wright and Wacey, 2005). Microbial
increase of pH and alkalinity and removal of SO4, which is considered as an
inhibitor for dolomite formation (Baker and Kastner, 1981), would provide the
adequate conditions for primary dolomite precipitation. This mechanism is often
deﬁned by the following reactions:
1) Sulfate reduction - 4CHO2- + SO42- + H+ → 4HCO3- + HS2) Primary dolomite precipitation - 4HCO3- + 2Mg2+ + 2Ca2+ → CaMg(CO3)2 + 4H+

In addition to microbial production of bicarbonate and consumption of sulfate, the speciﬁc adsorption of Ca2+ and Mg2+ onto the cell surfaces was proposed
as an important factor for microbial dolomite formation (van Lith et al., 2003a).
The pronounced aﬃnity of the cells for Mg2+ was related to the capability of some
strains to mediate dolomite formation.
The microbial model represents a possible solution to the long-standing “Dolomite Problem”. This solution, in contrast to those proposed in previous models, was tested in laboratory experiments under conditions that mimic natural
environments. Moreover, the microbial model appears to be consistent with the
decreasing abundance of dolomite in the rock record throughout the geological
time. Indeed, during Earth’s early history, more dolomite may have formed because anoxic conditions, favoring anaerobic dolomite-mediating bacteria, such as
SRB, were vastly more prevalent than today (Vasconcelos and McKenzie, 2000).
22
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1.5 Microbial dolomite as an evidence for past microbial activity
Microbes represent the oldest-known and most widespread form of life. Thus,
the search for life in ancient rocks focuses on microbial relics rather than on complex macroscopic organisms. However, despite their tremendous metabolic diversity, microbes usually show simple morphology and lack skeletal components.
This makes the identiﬁcation and the interpretation of their fossil counterparts
a diﬃcult challenge. The microbial model for dolomite formation provided not
only a possible solution to a long-standing problem in sedimentology, but, because dolomite formation at low temperatures appears to occur exclusively in the
presence of microbes, its presence in ancient rocks may be used as an evidence for
past microbial activity under speciﬁc conditions. The interpretation of dolomite
as a possible biomineral has interesting ramiﬁcations for the study of the evolution of life on the early Earth, in particular because dolomite is an abundant
mineral phase in Precambrian rocks, and it is often found in association with
stromatolitic structures thought to be of microbial origin (Grotzinger and Knoll,
1999). Mg-rich carbonates were also described in Martian meteorite ALH84001,
in association with other possible evidences for past microbial activity (McKay et
al., 1996). By establishing a close link between dolomite formation and particular taxa of microorganisms, ancient dolomite, which is not of hydrothermal or
burial origin, may be used to trace the existence of speciﬁc microbes throughout
the geological past. However, in order to achieve this goal, how these microbes
are exactly involved in the mineralization process has to be understood. Also, the
establishment of a taxonomy of the organisms capable or not capable of mediating dolomite would give microbial dolomite a more precise connotation in terms
of being a biomineral.
In addition to these issues, which can be addressed by studying microbe-mineral interaction in modern environment and laboratory experiments, a further
important question concerns the identiﬁcation of microbial dolomite in ancient
rocks. In hydrothermal and burial settings, where the kinetic inhibitors that prevent dolomite formation at Earth surface pressures and temperatures are known
to be readily overcome, dolomite can form as a physico-chemical precipitate,
without any microbial involvement. The discrimination between these two fundamentally diﬀerent types of dolomites is, therefore, crucial for its interpretation as biomineral. Although this diﬀerentiation is not problematic in recent
environments, it can be very diﬃcult in ancient sedimentary rocks, which have
been aﬀected by several events of metamorphism. Therefore, the identiﬁcation
of additional chemical attributes (e.g. trace metal enrichment or speciﬁc isotopic
23
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fractionation), which may allow for a diﬀerentiation between abiotic and microbial dolomite, would be of great help for using dolomite as an evidence for past
microbial activity.
1.6 Microbial dolomite: open questions and controversial issues
Since its formulation in the middle of the 1990’s, the microbial model for dolomite formation has gained momentum. Today, it is a widely applied hypothesis
in both sedimentology and geobiology. However, some fundamental questions
regarding the role of microbes in the mineralization process still remain unresolved.
Current models almost unanimously propose that microbes mediate dolomite
formation by increasing pH and alkalinity and by removing dissolved sulfate.
This statement is controversial for at lest three diﬀerent reasons:
(1) Diverse genetically close species of SRB based on 16S rDNA analysis (e.g.
D. brasilinesis, D. hydrogenovorans, D. profundus, D. halophilus, and D. oxyclinae)
were tested under identical laboratory conditions to determine if they are capable
of mediating dolomite (Warthmann et al., 2005). Only D. brasiliensis and D.
hydrogenovorans showed this ability. Considering that the metabolism of all the
studied SRB is based on the same reaction (i.e. they all consume sulfate increasing
alkalinity), why did dolomite not form in all the experiments?
(2) It has been recently demonstrated that aerobic bacteria, whose metabolic
reactions do not involve sulfate, can mediate dolomite as well, independent of the
variable presence of sulfate, even at concentrations signiﬁcantly greater than those
of seawater (Sánchez-Román et al., in press). This observation strongly questions
the sulfate inhibition model proposed by Baker and Kastner (1981) and the concept that one of the major role of microbes in dolomite formation consists in
removing dissolved sulfate from the solution.
(3) Shifts in pH and alkalinity are very easy to simulate in abiotic experiments
without any sulfate present in solution. However, no laboratory experiment is
known to precipitate dolomite from a saturated solution at Earth’s surface conditions simply by increasing the pH and the alkalinity.
A possible solution to these inconsistencies is indirectly proposed in the work
of van Lith et al. (2003a). In addition to alkalinity increase and sulfate removal,
they propose that the speciﬁc aﬃnity of the cells for Mg2+ is related to the capability of some microbes to mediate dolomite formation. A speciﬁc adsorption
aﬃnity of the cell wall may be an explanation for why not all the SRB are capable
of mediating dolomite, even though they perform the same metabolic reactions.
However, this reﬁned model has also some ambiguous aspects:
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(1) A recent study demonstrated that dolomite growth at low temperatures does
not occur even on the surface of a perfectly cleaved dolomite crystal immerged
in a dolomite-supersaturated solution (Fenter et al., 2007). This observation suggests that the role of microbes in dolomite formation is probably not limited to
the nucleation step but continues during the mineral growth. Assuming that the
cell wall plays the key role in the mineralization process, dolomite precipitation
should cease after the cell is completely entombed by the mineral. This is not the
case, even in laboratory experiments where dolomite crystals have been observed
to progressively develop up to a size that is signiﬁcantly larger than those a the
bacteria involved in the experiment.
(2) According to the study of van Lith et al. (2003a), “bacterial fossilization is a
consequence of the cell involvement in carbonate precipitation”. In contrast, microfossils are rarely found in association with microbial dolomite, in both natural
environments and laboratory experiments. Indeed, although the presence of fossils in association with microbial dolomite has been documented, their occurrence is sporadic and much less prominent than expected if the mineral nucleates
exclusively on the wall of the cells.
(3) A mechanism for dolomite formation based on the cell wall, with consequent entombment of the microbes during the mineralization process, appears to
be ecologically unfavorable for species of bacteria which have apparently survived
billions of years of evolution. Assuming that microbial dolomite formation occurred from the early Archean until today, the ecological feedback for the microbes involved should be positive rather than negative.
1.7 Aim of this study
One aim of this study was to test the microbial model for dolomite formation
in the sabkha of Abu Dhabi (UAE) (Fig. 1.3). The coastal sabkhas of the southern
margin of the Arabian Gulf represent the classic modern environment where Holocene dolomite formation was ﬁrst described in close association with gypsum
and anhydrite minerals (Wells, 1962). This sedimentary sequence is frequently
cited in the literature as an analogue for assemblages of carbonates, evaporites and
siliciclastics found throughout the geological record and often associated with
petroleum reservoirs. (Alsharhan and Kendall, 2003). However, in the sabkha of
Abu Dhabi, the involvement of microbes in dolomite formation has never been
evaluated.
In Chapter 2, a geochemical and sedimentological study of a region of the
sabkha situated 45 Km south-west of Abu Dhabi (Strohmenger et al., 2004) was
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Fig. 1.3 The sabkha of Abu Dhabi, an extreme hypersaline environment where modern
dolomite formation occur within the supratidal sedimentary sequence.

conducted in order to determinate the factors and the conditions promoting dolomite formation. This study led to the formulation of a revised hypothesis concerning the role of microbes for low-temperature dolomite formation, in which
exopolymeric substances (EPS) play a key role for the mineralization process. In
order to test this hypothesis, further investigations were carried out, giving special
attention to the role of EPS in carbonate nucleation and growth.
EPS is a broad term which groups a large variety of organic polymers secreted
by microbial cells in the environment. Polysaccharides are the major component
of most EPS, often in combination with polypeptides, nucleic acids, phospholipids, and other polymeric compounds (Decho, 1990). Because of its variable composition and highly hydrated nature, EPS is very diﬃcult to study in both natural
environments and laboratory experiments. The use of artiﬁcial EPS in precipitation laboratory experiments may be inadequate for simulating natural processes,
which take place in a complex organic matrix including a tremendous number of
diﬀerent organic molecules. For this reason, in Chapter 3, freshly produced EPS
was used in experiments in which microbial activity was subsequently inhibited
with antibiotics. This permitted the evaluation of the role of natural EPS in dolo26
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mite formation, even in the absence of a living microbial community.
An additional problem regarding the study of EPS relates to the technical difﬁculties to image highly hydrated molecules. Indeed, conventional preparation
methods for scanning electron microscopy (SEM) require the complete dehydration of the samples. Using this procedure, EPS loses its actual volume, as well as
its original arrangement with respect to the microbes and the mineral products.
For this reason, the importance of EPS in many biomineralization processes may
still be strongly underestimated. This technical problem is addressed in Chapter
4. For the ﬁrst time, with a combination of innovative imaging techniques, it has
been possible to visualize the three-dimensional arrangement of cells, EPS and
mineral products, and decipher the exact position of the microbes at the time of
mineral nucleation and growth. The results obtained applying this method have
implications that are not limited to “The Dolomite Problem”.
A molecular biology approach was used for the study presented in Chapter
5. Bacterial strains were isolated from the previously studied sites of the sabkha,
where the presence of dolomite was documented. The cultures were inoculated
using anoxic growth media that mimic the hypersaline conditions of the sabkha.
The composition of the growth media was based on pore-waters analysis presented in Chapter 2. The achieved goal of this study was to isolate a new strain
of bacteria capable to mediate low-temperature dolomite formation in laboratory
experiments. The complete 16S rDNA of the isolate and its corresponding phylogenetic position was determined, and compared with that of other microbial
species known to mediate dolomite formation.
These above mentioned studies were undertaken to ﬁnd answers to the still unresolved issues surrounding the microbial model for dolomite formation, which
are summarized with the following questions:
What is the exact role of microbes in low-temperature dolomite formation?
What diﬀerentiates microbes capable of mediating dolomite from their genetically close relatives that lack this ability, although they perform the same
metabolic reactions?
Assuming that the cell wall is the site of mineral nucleation, why are microfossils of bacteria so rarely found within microbial dolomite?
Is there any ecological beneﬁt for microbes to mediate dolomite formation?
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What is the exact signiﬁcance of microbial dolomite in terms of a biomineral?
Is there a method to discriminate microbial dolomite from burial/hydrothermal dolomite within ancient sedimentary rocks?
This doctoral thesis reports on the results of the outlined studies and attempts
to provide answers for the open questions.
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Chapter 2

Dolomite formation within microbial mats in
the sabkha of Abu Dhabi (UAE)
2.1 ABSTRACT
The link between microbial activity and dolomite formation has been evaluated in the coastal sabkha of Abu Dhabi (UAE). This modern dolomiteforming environment is frequently cited as the type analogue for the interpretation of many ancient evaporitic sequences. The investigation of sediments along a transect from intertidal to supratidal zones revealed a close
association between microbial mats and dolomite. Here, dolomite spheroids
precipitate as a consequence of mineral nucleation and growth within the
exopolymeric substances (EPS) constituting the microbial mats. EPS molecules act as an organic template, which inﬂuences the elemental composition of the precipitate. The early stage of this process is characterized by
an amorphous Mg-Si phase, which evolves to dolomite. Evidence for this
process is prominent within buried microbial mats situated in the supratidal
zone, but it is also observable in a modern microbial mat, which colonizes
the lower intertidal zone. This demonstrates that dolomite can be a primary
biomineral and not exclusively a diagenetic replacement of preexisting carbonate. Microbial activity inﬂuences pore water chemistry at the millimeter
scale within the surface microbial mat. However, stable isotope proﬁles suggest that dolomite formation is still going on in the buried microbial mats,
which no longer show signs of strong metabolic activity. This is in contrast
with current models, in which dolomite precipitation is linked to a microbial
increase of pH and alkalinity and consumption of sulfate in pore-waters. EPS
mineralization produces microsedimentary structures consisting of alveolar
microfabrics. These structures, combined with the atypical Mg-Si phase, may
be helpful for the recognition of ancient microbial dolomite throughout the
geological record.
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2.2 INTRODUCTION
The origin of dolomite remains a controversial subject, which is often referred
to as the Dolomite Problem (McKenzie, 1991). Dolomite is a common mineral
in ancient sedimentary rocks, while it rarely forms in modern environments. Its
ﬂuctuating occurrence throughout geological time suggests the existence of a link
between global environmental changes and dolomite formation. However, such
a link could not, as yet, be unambiguously established. This is mainly due to
the apparent impossibility to precipitate dolomite from supersaturated solutions
under Earth’s surface conditions. Indeed, many attempts to synthesize dolomite
in laboratory experiments ended in failure (Land, 1998; Lippman, 1973). As a
consequence, the exact circumstances required for dolomite formation remain
unconstrained.
Unsuccessful precipitation experiments have been carried out without considering the possible inﬂuence of life in the mineralization process. Although
the hypothesis that microbes may be involved in dolomite formation is not new
(Nadson, 1928; Neher and Roher, 1958), during the last decades, this concept
has been increasingly evaluated. In the 1980’s, in situ dolomite formation was
described in organic carbon rich deep-sea sediments in association with microbial
sulfate reduction and methanogenesis (Kelts and McKenzie, 1982; Pisciotto and
Mahoney, 1981). More recently, Vasconcelos et al. (1995) were able to precipitate
dolomite at low temperature in the presence of sulfate-reducing bacteria (SRB)
isolated from a hypersaline costal lagoon (i.e. Lagoa Vermelha, Brazil). This led
to the formulation of the microbial model for dolomite formation (Vasconcelos
and McKenzie, 1997). The microbial model has been subsequently tested with
bacterial culture experiments conducted in the laboratory under controlled conditions (Warthmann et al., 2000). Desulfovibrio brasiliensis, a new species of halotolerent SRB bacteria, which mediate dolomite formation, has been deﬁned by
characterization of the 16S rDNA (Warthmann et al., 2005). Applying a similar
approach of combined ﬁeld study and laboratory culture experiments as with
the Lagoa Vermelha example, microbial dolomite formation has been reported
in other modern natural environments, under both anoxic and oxic conditions,
mainly with the involvement of sulfate-reducing bacteria (van Lith et al., 2003b;
Wright and Wacey, 2005) but also in association with moderately halophilic heterotrophic bacteria (Rivadeneyra et al., 1993; Sánchez-Román et al., in press) and
methanogens (Roberts et al., 2004). All these works provide strong evidence that
microbial activity is a key factor for understanding the genesis and the occurrence
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of dolomite.
The aim of this study was to reinvestigate the Abu Dhabi sabkha to determine
if a microbial factor is important in the precipitation of modern dolomite under
extreme hypersaline conditions. The coastal sabkha of the Arabian Gulf represents the classic modern environment where Holocene dolomite formation was
discovered forming in close association with gypsum and anhydrite precipitation
(Wells, 1962). The sediments characterizing the sabkha are frequently cited in the
literature as an analogue for assemblages of carbonates, evaporites and siliciclastics found throughout the geological record and often associated with petroleum
reservoirs (Alsharhan and Kendall, 2003). Many studies about the sedimentology
and the hydrogeology of this region have been carried out (Alsharhan and Nairn,
1997; Butler, 1969; Evans et al., 1969; Hsu and Siegenthaler, 1969; Kendall and
Skipwith, 1969; Kenig et al., 1990; Kinsman, 1969; McKenzie et al., 1980; Mueller et al., 1990; Patterson and Kinsman, 1981; Wood et al., 2005; Wood et al.,
2002). In contrast, less is known about the microbes which inhabit this extreme
hypersaline environment (Sheppard et al., 1992), and their possible implication
in dolomite formation. Because the previously studied areas of the sabkha are no
longer accessible with the recent development of the Abu Dhabi coastline, a new
area has been explored and provides the ideal conditions to test the microbial
dolomite model. The results of a gechemical and microscopic investigation of
living surface and buried microbial mats along an intertidal to supratidal transect
described in Strohmenger et al. (2004) is reported.
A further reason to study microbe-mineral interactions occurring in the sabkha
of Abu Dhabi relates to the recent detection of sulfates minerals on planet Mars
(Christensen et al., 2004; Langevin et al., 2005). Such minerals appear to be the
product of evaporation, resulting from processes likely similar to those observed
in terrestrial evaporite environments. Therefore, the study of biomineralization
processes occurring in the sabkha and the associated formation of biosignatures
may provide key terrestrial analogues in the search for past life on planet Mars
(Barbieri et al., 2006).

2.3 STUDY AREA
The sabkha of Abu Dhabi, on the southern coast of the Arabian Gulf, has been
formed by wind erosion of pre-existing dunes and seaward progradation of subaqueous, intertidal, and supratidal sediments since marine transgression reached
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Fig. 2.1 Map showing the location of the study area on the southern coast of the Arabian Gulf,
in the emirate of Abu Dhabi (UAE).

an apparent high of 1m above its present level at about 7000 years ago (Alsharhan
and Kendall, 2003). Holocene sedimentation occurs on Miocene rocks, which
mainly consist of marls, sandstones, limestones and evaporites. Extreme arid conditions on the sabkha, resulting from a combination of strong winds, low rainfall
and air temperatures up to 50° C, have produced large amounts of evaporitic
minerals on the surface (halite) and in the immediate subsurface (anhydrite and
gypsum).
The study area, on which this work is based, is situated about 45 Km southwest of Abu Dhabi, on the coast close to Al Quanatir Island (Fig. 2.1). In this
area, along a transect from the lower intertidal to the upper supratidal (Fig. 2.2A
and B), surface and near surface sediments can be subdivided in ﬁve main facies consisting of polygonal halite crusts, polygonal anhydrite, gypsum, microbial
mat, and sand-rich bioclastic carbonate. This lateral evolution of facies represents
the upper part of the typical sabkha evaporitic sequence. The same sequence is
preserved vertically in the upper supratidal zone, reﬂecting the seaward progradation of the facies.
In the study area, mapped and described by Strohmenger et al. (2004), three
representative locations referred to as Site 1 (24° 8’55.60”N; 54° 6’9.60”E), Site
2 (24° 8’47.60”N; 54° 6’11.50”E), and Site 3 (24° 8’36.00”N; 54° 6’16.10”E)
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Fig. 2.2. Studied transect across the sabkha. (A) Satellite image of the sabkha close to Al
Quanatir Island, south west of Abu Dhabi (UAE). (B) Close up of white box in A showing the
locations of the three studied sites. (C) Site 1: intertidal zone, which is flooded daily. (D) Mat 1:
microbial mat which colonize the surface of the intertidal zone. (E) Site 2: upper intertidal zone,
which is flooded frequently. (F) Mat 2: buried microbial mat beneath 9 cm of gypsum in the upper intertidal zone. (G) Site 3: supratidal zone, which is flooded infrequently. (H) Mat 3: buried
microbial mat beneath the 13 cm thick sabkha evaporite sequence in the supratidal zone.

have been deﬁned (Fig. 2.2). In all the three sites, microbial mats are present. The
surface of Site 1 is colonized by a modern microbial mat (Mat 1) (Fig. 2.2D).
In this region, within the typical surface microbial mat, (Sheppard et al., 1992)
have identiﬁed the following genders of bacteria: Synechococcus (cyanobacteria,
oxygenic phototrophs that can photolize either water or hydrogen sulﬁde), Pleurocapsa (cyanobacteria capable of nitrogen ﬁxation), Thiocapsa (sulfur-oxidizing
bacteria), Chlorobium (sulfur-oxidizing bacteria) and Desulfovibrio (sulfate-reducing bacteria). Buried microbial mats, which in this study are referred to as
Mat 2 and Mat 3 (Fig. 2.2F and Fig. 2.2H), are present at Site 2 and Site 3, respectively. The radiocarbon age of these buried microbial mats are 880 ± 40 years
BP for Mat 2 and 1680 ± 40 years BP for Mat 3 (Strohmenger et al., 2004). The
burial depth and relative thickness of the mats are shown in Figure 2.3.

2.4 SAMPLING AND METHODS
Core and microbial mat samples were collected in March 2005 and November
2006. Cores were kept cold in the dark until processing, or were opened the same
day as the sampling in order to collect sediments from various horizons, which
were ﬁxed in a solution of formalin or glutaraldehyde. Pieces of both surface and
buried microbial mats were preserved cold and in the dark, wrapped in plastic
foil to prevent oxidation. Large pieces of surface microbial mat were placed in an
aquarium with artiﬁcial seawater and mantained under conditions that mimic
the site from where they were collected.
The mineralogy of the sediments was determined with a powder X-ray diﬀractometer (Bruker, AXS D8 Advance), equipped with a Lynxeye superspeed detector. To analyze the mineralogy of the bulk sediment included within the microbial mats, their organic component was removed by bleaching with a sodium hypochloride solution. In order to document the presence of dolomite in sediment,
whose bulk mineralogy is dominated by other carbonate phases (i.e., aragonite
41

CHAPTER 2

and calcite), the following procedure was applied. Using a binocular microscope,
carbonate bioclasts and larger sand grains were separated from the bulk sediment.
The remaining minerals were then treated with a 0.3 M C10H16N2O8 (EDTA)
solution with a pH adjusted to 6.2. With this procedure, less stable carbonates
(e.g. aragonite and calcite) are preferentially dissolved relative to carbonates with
more stable crystal lattice, such as dolomite (Vasconcelos, 1994).
Sediment pore waters at the studied sites were collected using two methods: (1)
peepers with dialysis chambers, and (2) Rhizon in situ samplers (RISS). (1) The
peepers were constructed and used following the methods described in Brandl
and Hanselmann (1991). They consist of acrylic bodies including 3 intercalated
rows of chambers, which are separated from the environment by cellulose dialysis
membranes. The chambers, with a volume of 2 ml each, allow for the sampling
of 1m proﬁles with a maximal vertical resolution of 1.5 cm. The peepers were
placed in the sediment for 10 days. During this time, the chambers previously
ﬁlled with de-ionized water attained chemical equilibrium with surrounding pore
water by diﬀusive transport through the membrane. Subsequently, the peepers
were retrieved from the sediments and the solutions immediately transferred into
vials using syringes. During this procedure, the dialysis membranes are destroyed.
(2) With RISS, pore water is extracted directly from the sediments using a syringe
equipped with a special device, consisting of a tube with a porous end (Meijboom
and Van Nordwijk, 1992). The speciﬁc RISS used in this study is Rhizon CSS-f
5cm (Rhizosphere Research Products). This device has a pore size of 0.1 μm
and allows for a sampling rate of about 2 ml / 20 min simply with the vacuum
of the evacuated syringe. RISS was used to extract pore waters from cut pieces
of microbial mats and from sealed core samples, which were perforated with a
drilling-machine to access the sediment through the plastic tubes. Analysis of ion
concentrations, oxygen and sulfur isotopes, hydrogen sulﬁde, methane, and pH
have been carried out using pore waters collected with the peepers. Pore water
extracted with the RISS was used for determining alkalinity, δ13C of dissolved
inorganic carbon (DIC), pH, and hydrogen sulﬁde content.
Concentrations of major ions were measured at the Laboratory for Geochemical and Environmental Analyses of the University of Neuchâtel (Switzerland).
Mg, Ca, Fe, and Sr were measured with a Perkin-Elmer Elan 6100 ICP-MS.
Standard deviation reported in Table 1 is based on triple measurements. Cl, NO3,
and SO4 were measured with a Dionex DX-500 ion chromatograph equipped
with a AG/AS-11HC column. For concentrations above 100 ppb, analytical reproducibility of the measurements was about 2%.
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All the isotopic measurements were carried out in the Stable Isotopes Laboratory of the ETHZ (Switzerland), except for that of dissolved SO4, which were
measured at the Environmental Isotope Laboratory of the University of Waterloo
(Canada). Isotopic values of dolomite and DIC are reported in the conventional δ-notation relative to the standard Vienna-Pee Dee Belemnite (VPDB). The
standard for δ34S in both gypsum and dissolved SO4 is Vienna-Canyon Diablo
Troilite (VCDT). The standard for δ18O of dissolved SO4 is Vienna-Standard
Mean Ocean Water (VSMOW).
The δ13C and δ18O value of dolomite was determined from the same samples
used for XRD analysis. 100 to 200 μg of carbonate were reacted with 100%
phosphoric acid at 70°C in a Kiel IV preparation device connected to a ThermoFisher Delta V mass spectrometer. Reproducibility of the laboratory standard
was better than 0.1 ‰ for both carbon and oxygen. The poor reproducibility of
the samples is attributed to inhomogeneities. The δ34S value of gypsum minerals
was determined from samples of about 200μg. Vanadium pentoxide was added
as a catalyst in the amount of about twice the weight of the samples. δ34S values
were subsequently measured on a Fisons-Optima mass spectrometer coupled in
continuous ﬂow with a Carlo Erba elemental analyzer. Analytical reproducibility
of the measurements was better than 0.2 ‰.
The δ13C value of DIC of pore waters was measured on aliquots of 2 ml. Soon
after the collection of pore waters, samples were injected in a pre-evacuated vacutainers containing 5 drops of phosphoric acid. The evolved CO2 was measured
in continuous ﬂow with a Sercon Trace gas analyzer connected to a GEO 20/20
mass spectrometer. Calibration of the system was accomplished by measuring
solutions of bicarbonate produced with a NaHCO3 of known carbon isotope
composition. Analytical reproducibility of the measurements was 0.2‰.
For measurements of δ34S of dissolved SO4, sulfate was precipitated as BaSO4
by ﬁrst adding HCl down to pH 3 and subsequently by adding BaCl2. The precipitate, about 30 mg of BaSO4 from each 1.5 ml pore water sample, was accurately washed with distilled water and then measured as the gypsum. Analytical reproducibility of the measurements was 0.13‰. For δ18O measurements of
dissolved SO4, the samples were dropped onto carbon at about 1290°C using
a Eurovector High-Temperature Elemental Analyzer. The combustion product,
carbon monoxide, was carried to a Micromass IsoPrime mass spectrometer by a
helium stream. Analytical reproducibility of the measurements was 0.17‰.
Spectrometric determination of hydrogen sulﬁde in pore waters was carried
out following the methods described in Cline (1969). The presence of meth43
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ane was investigated by gas chromatography. 0.5 ml of 1 M KOH solution was
added to 25 ml tubes. The tubes were sealed and brought under vacuum. 2 ml
of pore water sample was injected in each tube, immediately after the peepers
were extracted from the sediment. Before the measurements, the tubes were ﬁlled
with N2. 0.1 ml headspace was then injected in a Hewlett Packard 5973 GS/MS
equipped with a ShinCarbon ST100/120 micropacked column. Detection limit
of the method was less than 50 μM.
Total carbonate alkalinity was determined by titration using a reagent purchased from Tetra. The water samples were analyzed the same day of the extraction from freshly sampled cores.
Microelectrode proﬁles of O2 and H2S concentrations were carried out on pieces of surface Mat 1 mantained in the aquarium. The methods used for sampling
pore waters from Mat 2 and Mat 3 (i.e. peepers and RISS), are inadequate for investigating Mat 1, which has a thickness rarely exceeding 1.5 cm, and, therefore,
requires a method allowing for a higher vertical resolution. On the other hand,
microelectrodes could not be used for Mat 2 and Mat 3 because they contain
too much detrital material and are too thick (i.e. up to 25 cm) to be penetrated
by the delicate microelectrode needles. Microelectrodes proﬁles on Mat 1 were
measured under dark and light conditions. The latter was achieved by stimulating the mat with a 400W 10’000K HQI metal halide lamp. The measurements
were carried out using Unisense microelectrodes. The microelectrodes were calibrated according to the manufacturer’s guidelines before to being lowered into
the microbial mat using a computer-controlled micromanipulator. At least three
proﬁles of each parameter were measured under both light and dark conditions
to account for micro-scale heterogeneity.
Scanning electron microcopy (SEM) observations and analyses were performed
with a Zeiss supra 50 VP equipped with a EDAX energy dispersive X-ray spectrometer. A 6 nm platinum coating was applied to the samples. The image and
EDX analysis were obtained with a backscatter detector, an accelerating voltage
of 12 kV, and a working distance of 10 mm.
Cryogenic scanning electron microcopy (Cryo-SEM) observations and analyses were performed at the Swiss Center for Electronics and Microthechnology of
Neuchâtel, with a Philips XL-30 FEG scanning electron microscope equipped
with a EDAX energy dispersive X-ray spectrometer. Cryoﬁxation of the samples
was carried out by immersion in a slush of liquid nitrogen at -210°C followed by
sublimation under vacuum within the SEM preparation chamber using a Gatan
Alto 2500 cryotransfer system. Fresh surfaces were obtained by breaking the sam44
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ples (cold fracture) with a blade installed within the preparation chamber, and
subsequently platinum coated (7 nm). Images and EDX analysis were obtained
with a backscatter detector, an accelerating voltage of 15 kV, and a working distance of 10 mm.

2.5 RESULTS
2.5.1 Description of three sites along transect
In the study area, several cores were examined along a transect from the lower
intertidal to upper supratidal zones, as deﬁned by (Strohmenger et al., 2004).
After preliminary analyses, three representative sites were selected for a more detailed characterization (Fig. 2.2). Site 1 is located in the lower intertidal zone
(Fig. 2.2C), is ﬂooded daily and is characterized by a laminated microbial mat
covering a sand-rich bioclastic packstone (Figs. 2.2D and 2.3). Site 2 is located in
the upper intertidal zone which is frequently ﬂooded (Fig. 2.2E). The Holocene
sediments present at this site comprise, from the top downwards, thin crinkled
microbial mat (< 0.3 cm), about 10 cm of discoid gypsum mush, which progressively includes a reworked microbial mat, and about 25 cm of buried laminated
microbial mat, which overlays a hard ground composed of sand-rich bioclastic
carbonates (Figs. 2.2F and 2.3). Site 3 is located in the middle supratidal zone of
the lower sabkha and is infrequently ﬂooded (Fig. 2G). Sediments characterizing
this site include, from the top downwards, surface anhydrite polygons, which are
the exposed surface of thick anhydrite nodules growing within eolian sand, 12 cm
of discoid gypsum mush, which progressively includes a reworked microbial mat,
20 cm of laminated microbial mat, and 15 cm of sand-rich bioclastic carbonates
including cemented concretions (Figs. 2.2H and 2.3).
2.5.2 Occurrence of dolomite within the microbial mats
In the 3 investigated sites, the presence of dolomite has been documented exclusively in association with microbial mats. At Site 1, the bulk mineralogy of the
surface microbial mat (Fig. 2.4) includes a mixture of carbonate minerals (i.e.,
aragonite, calcite, Mg-calcite and dolomite), quartz and feldspars. Binocular microscope investigation of the mineral’s surface shows that quartz, feldspar and a
variety of shell debris are unambiguously of detrital origin, obviously trapped and
bound on the mat from the ﬂood water (Reid et al., 2000). In contrast, a large
number of spheroids, with a size ranging from 10 μm up to 500 μm, appear to
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Fig. 2.3. Idealized stratigraphy along the studied transect across the sabkha. Radiocarbon
ages of the buried microbial mats from Strohmenger et al. (2004)

precipitate in situ within the exopolymeric substances (EPS) constituting the microbial mat (Fig. 2.4B). The spheroids display a white opaque colour and are randomly distributed within the microbial mat. Although in some places the spheroids fuse together in horizontal aggregates, they generally do not form prominent
laminations. The laminated habit of the microbial mat mainly relates to changes
in the colour (i.e. diﬀerent shades of brown) of the EPS (Fig. 2.4). SEM investigation of the spheroids in the modern mat revealed the presence of at least two main
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A

1 cm

B

1 mm
Fig. 2.4. Surface microbial mat from Site 1(i.e. Mat 1). (A) Representative sample of the laminated microbial mat covering a sand-rich bioclastic packstone.
The laminated appearance of the microbial mat is due to changes in the colour
of the EPS. (B) Close up showing particles (white dots) included within the
microbial mat. These are either trapped particles of detrital origin or spheroids
which precipitate in situ within the EPS.
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A
EDX (C)
EDX (E)

20 μm

B

EDX (D)

20 μm
Fig. 2.5. SEM photomicrograph showing minerals included within Mat 1. (A)
Authigenic minerals displaying spherical morphologies and irregular surfaces composed of acicular or rhombohedral crystals. (B) Detrital grain
trapped within the mat displaying angular morphologies and smooth surfaces.
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(C) EDX spectrum of the mineral (white circle “C” in (A)). Elemental analysis is
consistent with a Mg-Ca carbonate. Pt peak corresponds to the coating applied
during preparation. Na, Cl peaks reflect high salt content of the pore water.
Other peaks are interpreted as background signals. (D) EDX spectrum of the
mineral in (B) indicating a quartz composition. (E) ) EDX spectrum of the mineral (white circle “E” in (A) ) indicating a Ca-carbonate composition.
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Fig. 2.6. XRD spectra which demonstrate the dolomitic composition of the Mg-Ca carbonate
spheroids identified by SEM within the three microbial mats. Prior to analysis, the organic
component of the mats was bleached away with a sodium hypochloride solution. Carbonate
bioclasts and larger sand grains were physically separated from the bulk sediments. The remaining minerals were then treated with EDTA solution. This procedure is required to detect
the presence of dolomite within Mat 1and Mat 2, while, in Mat 3, it is easily detectable from the
bulk mineralogy. Dolomite’s peaks are indicated with “D”. The other peaks refers to quartz “Q”,
anorthite “A”, calcite “C”, and “halite “H”.

groups of authigenic spheroids (Fig. 2.5). The ﬁrst is characterized by spherical
aggregates of mineral needles, commonly observed in association with aragonite
(smaller sphere in Fig. 2.5A). The second is characterized by spheroids displaying
a more smooth surface, which is generally composed of rhombohedral crystals
(larger sphere in Fig. 2.5A). EDX elemental analyses performed on the detrital
and authigenic minerals correspond to a Ca-Mg carbonate (Fig. 2.5C), quartz
(Fig. 2.5D), and aragonite (Fig. 2.5E). XRD analyses of the sample after the extraction of the largest bioclasts and the EDTA treatment shows that the Ca-Mg
carbonate spheroids observed by SEM are, indeed, dolomite (Fig. 2.6).
At Site 2, a facies consisting of microbial mat including detrital and authigenic
minerals (Mat 2) is present buried between 9 and 34 cm below a layer of gypsum
mush (Figs. 2.3 and 2.7). The radiocarbon age of this sediment, measured from
the middle of Mat 2, is 880 (± 40) years BP (Strohmenger et al., 2004). In contrast to the modern Mat 1, which is rarely thicker than 1 cm, Mat 2 is much more
prominent with a total thickness of about 25 cm. The overall appearance of Mat
2, characterized by the well-pronounced EPS laminations, is very similar to that
of Mat 1 (compare Fig. 2.4 with Fig. 2.7). This suggests that Mat 2 developed,
prior to the regression, in a setting similar to Site 1. The spheroids present within
the EPS of Mat 2 are easily visible with the naked eye (Fig. 2.7B). Compared to
Mat 1, the occurrence and distribution of spheroids is more frequent, denser and
homogeneous. The average size of the spheroids also appears to be slightly larger.
Bulk mineral composition of Mat 2 is equivalent to that of Mat 1. After the extraction of the largest biolclasts and the EDTA treatment, it was possible to document by XRD analyses the presence of dolomite within Mat 2 (Fig. 2.6). As is
the case for Mat 1, no EDX-SEM evidence has been found supporting a detrital
origin for this dolomite. Dolomite apparently precipitates in situ, within the EPS
constituting the mat. In contrast to the detrital minerals trapped within the EPS,
in some cases the authigenic spheroids disintegrate when pressed with a needle
under the binocular microscope. This is further evidence that the spheres precipi51
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Fig. 2.7. Dolomite spheroids forming within buried microbial mat. (A) Core section from Site
2 showing gypsum mush (0 - 9 cm) overlaying laminated microbial mat. (B) Close up showing carbonate spheroids precipitating within the EPS of Mat 2. The spheroids are randomly
dispersed within the EPS and they do not form laminations. (C) Optical microscope enlargement of the carbonate, which appear as slimy translucent spheroids. The transparent minerals
surrounding the spheres are artifact halite crystals which precipitate from the hypersaline porewaters. (D) SEM photomicrograph of a spheroid separated from the buried microbial mat. The
sample was washed with distilled water to avoid artifact precipitation of salt minerals.

tate directly within the mat, probably as clusters of singles micrometric minerals,
which progressively merge forming more dense and compacted spheroids.
At Site 3, a laminated microbial mat facies including spheroids (Mat 3) was
also found (Fig. 2.2H). The thickness of Mat 3 is about 20 cm. It is present at a
depth of 13 cm, buried below gypsum and anhydrite (Fig. 2.3). The radiocarbon
age of this sediment, measured from the middle of Mat 3, is 1680 (± 40) years
BP (Strohmenger et al., 2004). The overall habit of Mat 2 and Mat 3 is the same.
The laminations relate to variations in the EPS colour. The spheroids are widespread and visible with the naked eye. However, in contrast to Mat 1 and Mat
2, dolomite is the dominant authigenic phase within Mat 3, and its detection by
XRD does not require any special prior EDTA treatment of the sample. The most
dolomite-rich sample was found at a depth of 22 cm below the surface. Here, a
grayish carbonate layer of about 0.5 cm is visible within the EPS.
2.5.3 Geochemistry of pore waters and associated dolomite
Temperature proﬁles were measured at the three studied sites at two diﬀerent
times of the day (i.e. between 08:00 and 09:00 and between 12:00 and 13:00) at
the end of March, when temperatures are close to the annual average of the region. Recorded temperatures ranges between 23.3 and 49.5° C (Fig. 2.8A). Large
daily variations aﬀect mainly the uppermost 10 cm of the sediments when the
surface is heated by solar radiation. Within Mat 1, the temperature varies from
25 to 35°C from 8:00 am to 12:30 pm, while, within the buried Mat 2 and Mat
3, temperatures are stable being approximately 30°C below 10 cm. pH proﬁles,
derived from both in situ measurements and water samples collected with the
peepers, show variations ranging between 6.73 and 7.71 (Fig. 2.8B). At the three
sites, the pH decreases linearly with increasing depth, varying about 0.5 units
along the sediment columns. Among microbial mats in which dolomite occurs,
higher values relate to the surface Mat 1, in which the pH varies from 7.53 to
7.71. pH values in buried Mat 2 vary from 7.47 to 6.43 with increasing depth. In
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Fig. 2.8. Temperature and pH profiles. (A) Open circles indicate temperatures measured at
Site 1 at 08:00 am; filled circles: Site 1 at 12:30 pm; open triangles: Site 2 at 08:30 am; full
triangles Site 2 at 08:00 am; open diamonds Site 3 at 09:00 am; filled diamonds Site 3 at 13:00
am. (B) Circles indicate the pH values from in situ measurements, while diamonds refer to the
pH of pore waters collected with the peepers and measured in the laboratory. Ellipses group
the values measured within the sediments where dolomite occur.
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Mat 1

Mat 2

Mat 3

Age of the mat (years BP)

modern

880 ± 40*

1680 ± 40*

Depth below surface (cm)

0-2

9 - 34

13 - 32

25 - 35

30

30

7.5

7.0

7.3
2.2

Temperature (°C)
pH
Alkalinity (mM HCO3-)

2.3

2.0

Mg/Ca

4.6**

12

30

Dissolved SO4 (mM)

36**

92

199

18

O of dolomite (‰)

-2.92 ± 0.40

0.14 ± 0.66

7.01 ± 1.03

13

C of dolomite (‰)

1.77 ± 0.79

1.27 ± 0.42

0.10 ± 0.19

13

C of DIC (‰)

-2.1

-0.4

0.5

Tab. 2.1. Comparison of the parameters measured from the three microbial
mats. *Radiocarbon age from Strohmenger at al. (2004). **Values of local seawater from Wood et al. (2002).
Site Depth (cm) Mg (mM) SD Mg Ca (mM) SD Ca Fe (mM) SD Fe Sr (mM)
1

0.0

72.01*

-

15.62*

-

-

-

0.1484*

SD Sr
-

2

7.5

301.83

4.14

26.18

1.28

0.0274

0.0012 1.3370 0.00018

2

16.5

294.13

2.46

24.57

0.14

0.0270

0.0003 1.3774 0.00018

2

27.0

291.21

4.20

22.17

0.24

0.0259

0.0004 1.4323 0.00019

3

15.0

390.30

3.56

14.82

0.09

0.0242

0.0004 1.2590 0.00017

3

24.0

379.72

4.28

11.48

0.10

0.0127

0.0006

-

-

Tab. 2.2. ICP-MS measurements of pore waters. SD = standard deviation. *Values of local
seawater from Wood et al. (2002).
Site

Depth (cm)

Cl (mM)

SO4 (mM)

NO3 (mM)

1

0.0

677.00*

35.91*

0.03*

2

7.5

4539.31

116.22

7.07

2

16.5

3860.36

85.27

5.48

2

27.0

4493.24

73.75

6.43

3

15.0

5359.86

253.05

8.11

3

24.0

5249.30

145.22

8.24

Tab. 2.3. Ion chromatography of pore waters. *Values of local seawater from Wood et al. (2002).

55

CHAPTER 2

buried Mat 3, the pH values also decrease with depth but remain close to
2
3.0
19.71
9.97
7. Total carbonate alkalinity was mea2
10.5
19.52
9.66
sured from the pore waters extracted
2
16.5
19.67
9.83
from the microbial mats. Within Mat
2
22.5
19.68
9.47
1, alkalinity corresponds to 2.30 mM
2
28.5
19.54
9.74
HCO3-, in Mat 2 to 2.02 mM HCO33
1.5
18.82
8.80
and in Mat 3 to 2.162 mM HCO33
10.5
19.41
9.30
(Tab. 2.1).
3
16.5
19.27
9.64
The Mg/Ca ratio at the three studied
3
22.5
19.05
8.85
sites
shows large variations, increasing
3
28.5
19.13
9.47
landward
from 4.6 up to 30 (Tab. 2.1).
Tab. 2.4. Isotope measurements of dissolved
Dissolved SO4 concentrations follow a
sulfate in pore waters.
similar trend, increasing from 36 mM
at Site 1 up to 253,05 mM at Site 3 (Tabs. 2.1 and
Site Depth (cm) 13C (‰)
2.3). Chloride concentrations likewise increase
1
0.5
-2.2
landward (Tab. 2.3). Pore waters also contain NO3
1
1.5
-2.0
with concentrations varying from 0.03 mM up to
1
10
-1.8
8.24 mM (Tab. 2.3).
2
8
-0.8
The dissolved H2S content has been measured at
2
18
-0.6
the three studied sites, in a total of 30 samples. No
2
22
-1.5
H2S was detected using a colorimetric method with
2
27
0.2
detection limit lower than 3 μM. Similarly, meth2
33
0.2
ane concentrations higher than 50 μM have been
3
23
0.5
excluded after the investigation of 30 samples by
SWf
0
0.7
gas chromatography.
SW
0
0.8
δ13C values of dolomite slightly decrease from
Tab. 2.5. Isotope measureMat 1 to Mat 3, with values ranging from 1.77 to
ments of dissolved inorganic
0.10‰, while δ18O values are signiﬁcantly higher
carbon in pore waters. SW =
in the older microbial mat, ranging from about
surface seawater, SWf = fil-3‰ in Mat 1, 0‰ in Mat 2 and 7‰ in Mat 3
tered surface seawater.
(Tab. 2.1). The δ34S and δ18O values measured in
the pore water SO4 (δ34SSO4 and δ18OSO4) show very limited variations (Tab. 2.4).
The average value of δ34SSO4 is 19.38‰ and of δ18OSO4 is 9.47‰. No signiﬁcant
trends along the vertical proﬁles were observed. The δ34S value measured in gypsum crystals (δ34SGypsum) at Site 2 is 22.7‰ at -0.5 cm below the surface, 23.7‰
at -7 cm and 22.8‰ at -9 cm. The average value is 23.1‰, which is consistent
Site
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Fig. 2.9. Representative microelectrodes profiles of oxygen and hydrogen sulfide concentrations within Mat 1. Black and grey profiles indicate, respectively, light and dark conditions.

with precipitation from seawater (Butler et al., 1973). The average values of δ13C
of DIC slightly increase from Site 1 to Site 3, while no signiﬁcant variation was
observed along the vertical proﬁles (Tab. 2.5).
Microelectrodes proﬁles produced for Mat 1 show vertical variations in O2
and H2S concentrations at the millimeter scale (Fig. 2.9). In the dark, Mat 1 is
anoxic at 1 mm depth, while, when irradiated with light, the O2 proﬁle shows a
maximum of 200% O2 air saturation at 2 mm depth. H2S is always absent above
4 mm, but is present with increasing concentrations in the lower portion of the
microbial mat, with values up to 170 μM at 9 mm depth.
2.5.4 Microstructure of the precipitate
The dolomite spheroids, composed of EPS and mineral precipitate, were investigated with SEM equipped with Cryogenic Preparation System (Cryo-SEM).
This imaging technique is suited to image highly hydrated samples. During the
sample preparation process, water is transformed into ice with a crystalline domain size below 10 nm. This preserves the three-dimensional arrangement of
the mineral precipitates in association with the delicate EPS structures, which
are usually destroyed by conventional preparation methods. Fresh sections
through the spheroids were obtained by breaking the samples (cold fracture)
with a blade installed within the preparation chamber. As shown in a CryoSEM image of Mat 2, EPS is visualized as an alveolar organic network (Fig.
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2 μm
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5 μm
Fig. 2.10. Cryo-SEM photomicrographs of Mat 2, showing EPS alveolar structures stabilized by mineral precipitation. (A) Non-mineralized alveolar structures. (B) Progressive mineralization of the alveolar structure. This process stabilizes the alveolar fabric forming a potential morphological biosignature. This
texture can be lost as a consequence of further mineralization which completely
infills the alveoli.
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Fig. 2.11. Cryo-SEM photomicrographs of Mat 2, showing a section through a partially mineralized dolomite
spheroids. (A) Progressive
mineralization of the EPS
matrix. The EPS forms an alveolar structure consisting of
walls interconnected with an
angle of 120°. Mineral precipitation initially encrust the
EPS walls, and subsequently
fill the internal volume of the
alveoli. (B) Close up of (A).
The early amorphous precipitate evolves to a well-cleaved
mineral, displaying the typical rhombohedral habit of
dolomite. (C) EDX spectrum
of the amorphous precipitate
(white circle in (B)). Elemental analysis shows high Mg
content, as well as a prominent Si peak, while no Ca is
present. Pt peak relates to
the coating applied during
the preparation of the sample. (D) EDX spectrum of the
rhombohedral mineral. Compared to the very early precipitate, this more evolved
phase show a decreased Si
content and the presence of
Ca. Both EDX spectrum and
crystal habit are consistent
with dolomite.
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A

1 μm

B

200 nm
Fig. 2.12. SEM photomicrograph of Mat 2, showing mineralized remains of EPS
microfabric. (A) Aggregates of distorted alveolar fabrics on the surface of a
dolomite spheroid. Smooth surfaces are artifact halite crystals which precipitate
from the hypersaline pore-waters. (B) Close up showing the microsedimentary
structure, which is characterized by slightly mineralized walls connected with
an angle of 120°.
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A
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1 μm

B

200 μm
Fig. 2.13. Cryo-SEM photomicrographs of Mat 2, showing EPS alveolar structures stabilized by mineral precipitation. (A) Non-mineralized alveolar structures. (B) Progressive mineralization of the alveolar structure. This process
stabilize the alveolar fabric forming a potential morphological biosignature. Unfortunately, this texture can be lost as a consequence of further mineralization
which completely infill the alveoli.
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Fig. 2.14. Phase evolution characterizing EPS mineralization within
Mat 2. (A) Conventional SEM photomicrograph showing partially mineralized spheroids. Without cryogenic preparation, the EPS shrink
forming artefact structures. The EPS alveoli are destroyed and the
spheres appear as an aggregate of distorted organic sheets. (B) Close
up showing a non-mineralized portion of EPS (C-circle), a portion of
EPS in the early stage of mineralization (D-circle), and a more evolved
mineral displaying the rhombohedral habit typical of dolomite. (C, D, E)
EDX spectra corresponding to the white circles in (B). Mg and Si are
preferentially adsorbed on the EPS (C), this induces the precipitation of
a Mg-Si phase (D), which evolve to dolomite (E). Pt peak relates to the
coating applied during the preparation of the sample.
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2.10A). Volumetrically, it is the major component of most spheroids. Precipitation initiates on the walls of this structure, which is progressively encrusted and
mineralized. During the early stage of this process, the alveolar structure is maintained, but the thickness of the walls composing the “honeycomb” textures increases as a consequence of the mineral precipitation (compare Fig. 2.10A and B).
With progressive mineral growth, the internal space of the “honeycomb” can be
entirely ﬁlled by the precipitate, which displays an amorphous morphology (Fig.
2.11A and B). Afterwards, this early precipitate evolves to more ordered crystals
with an average size of about 0.5 – 1 μm (Fig. 2.11B). These crystals display the
rhombohedral shape typical of well-cleaved dolomite. EDX semi-quantitative
analysis of the precipitate indicates that the progressive mineralization in association with the EPS corresponds to a speciﬁc evolution of the mineral composition.
The amorphous early phase forming on the walls of the EPS alveolar structure is
rich in Mg and Si, while almost no Ca is present (Fig. 2.11C). With progressive
mineral development, the Si peak disappears, while Ca is increasingly incorporated within the mineral. EDX analysis of the well-cleaved rhomboedric mineral
(Fig. 2.11D) is consistent with the dolomitic composition of the spheroids, previously detected by XRD (Fig. 2.6).
Although the freshly produced EPS alveolar matrix is not visible by conventional SEM, some of the microsedimentary structures, which characterize the early
stage of the mineral precipitation within the EPS, can be observed also in samples
investigated without cryogenic device. Indeed, in Mat 2, encrusted aggregates of
alveolar structures have been observed in association with the dolomitic spheroids
by conventional SEM (Fig. 2.12). The external surface of the fully crystallized
spheroids is generally composed of a large number of rhombohedric crystals,
displaying a well-deﬁned angular shape (Fig. 2.13A). However, submicrometric
magniﬁcation of these minerals reveals the presence of microglobules and grainy
textures (Fig. 2.13B), which are commonly found in microbial dolomite (van
Lith et al., 2003a, b; Vasconcelos and McKenzie, 1997; Vasconcelos et al., 1995;
Warthmann et al., 2000). EDX analysis performed on these microsedimentary
structures conﬁrms the presence of an early phase rich in Mg and Si (Fig. 2.14),
corresponding to that observed by Cryo-SEM (Fig. 2.11). This phase, together
with the shift from amorphous to well-crystallized morphologies, progressively
evolves to a Ca-Mg carbonate (Fig. 2.11C, D and E).
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2.6 DISCUSSION
2.6.1 Microbial activity within the sabkha sediments
Although the exact role of microbes in dolomite formation remains elusive,
many authors have proposed that an increase in pH and alkalinity and consumption of SO4 due to microbial activity modiﬁes the pore water chemistry providing
the geochemical conditions required for dolomite formation (Baker and Kastner,
1981; Compton, 1988; Slaughter and Hill, 1991; van Lith et al., 2003b; Vasconcelos et al., 1995; Warthmann et al., 2000; Wright and Wacey, 2005). In
contrast, this investigation of the sabkha environment suggests that microbial
activity does not have a signiﬁcant impact on pore waters along the vertical proﬁles of the studied sediments, with the only signs of activity being those recorded
at the millimeter scale within surface Mat 1. Evidence leading to this conclusion
are: presence of nitrate, absence of hydrogen sulﬁde or sulﬁde minerals, absence
of methane, absence of isotopic signals indicative for microbial sulfate reduction
and methanogenesis, and absence of prominent shift in pH and alkalinity along
the sediment proﬁles.
In anoxic sediments, NO3 is a more favorable electron acceptor with respect
to SO4 and organic compounds. Commonly, bacterial denitriﬁcation is the ﬁrst
metabolic reaction occurring within buried organic matter. Extensive bacterial
sulfate-reduction, in which organic matter is metabolized consuming SO4 and
producing H2S, is therefore unexpected in sediment where NO3 is still available.
Similarly, microbial methanogenesis, in which organic matter is metabolized consuming organic compounds (e.g. CO2, CH3COOH) and producing CH4, is unexpected in sediments which still contain abundant dissolved SO4. In the studied
environment, this ecological principle is consistent with the measured lack of
H2S and CH4 along the sediment proﬁles. Taken alone, the absence of H2S cannot be considered as an evidence against the occurrence of bacterial sulfate reduction. In some environments, H2S released by sulfate-reducing bacteria can rapidly
precipitate from pore waters forming sulﬁde minerals (e.g. pyrite). However, no
sulﬁde minerals were detected in the studied sediment.
An additional evidence against the presence of extensive sulfate reduction at the
studied sites is given by the sulfur and oxygen isotope measurements of SO4. Bacterial dissimilatory sulfate reduction can produce sulfur isotopes fractionations
between pore-water sulfates and sulﬁdes up to 72‰ (Brunner and Bernasconi,
2005; Brunner et al., 2005). As a consequence, the δ34S values of residual porewaters (δ34SSO4_residual) shifts to more positive values. Simultaneously, the δ18OSO4_
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is inﬂuenced by oxygen isotopes exchange with ambient water. δ18OSO4_reprogressively tends to a value which is about 20-28‰ higher than δ18OH2O
sidual
(Wortmann et al., 2007). Similar fractionations were not observed at the studied
sites. The average δ34SSO4_residual value is 19.38‰, and δ18OSO4_residual is 9.47‰,
which are both very close to the δ34S and δ18O values of seawater. Additionally,
the lack of any heavy delta δ13C values in DIC suggests that methanogenesis is
not a signiﬁcant process in the studied sediments (Kelts and McKenzie, 1982).
In contrast to the lack of metabolic signals within Mat 2 and Mat 3, microelectrode proﬁles demonstrate the presence of microbial activity within Mat 1. When
irradiated with light, a clear peak corresponding to 200% with respect to O2 air
saturation is visible at 2 mm depth below the surface of Mat 1. This peak relates
to the activity of oxygenic phototrophic bacteria that release O2 in the upper part
of the microbial mat. H2S proﬁles indicate concentrations up to 170 μM at 9
mm depth, which are consistent with bacterial sulfate reduction occurring in the
lower portion of the mat. The H2S produced by sulfate-reducing bacteria diﬀuses
at lower depth within the mat, where it is eventually consumed by sulfur oxidizing bacteria. Both O2 and H2S proﬁles are consistent with the metabolic reactions
of the microbes identiﬁed by Sheppard et al. (1992) in the typical Abu Dhabi
mat, including cyanobacteria, sulfur oxidizing bacteria and sulfate-reducing bacteria. An additional evidence supporting more activity in Mat 1 with respect to
Mat 2 and Mat 3 is the slightly more negative δ13C value of DIC (Tab. 2.1),
which may be explained with organic-matter degradation due to microbial activity. Considering that Mat 1 appears more active with respect to Mat 2 and Mat
3, two substantially diﬀerent hypothesis can be advanced concerning the role of
microbes in dolomite formation in the studied area of the sabkha. The ﬁrst is that
all the dolomite present at Site 2 and Site 3 formed prior to burial, when the microbial mats were active at the surface, as is today the case for Mat 1. The second
is that dolomite is still forming today within the buried Mat 2 and Mat 3. In
this second case, the mineral-templating property of EPS, rather than the impact
of active microbial metabolism on the pore water chemistry, represents the key
factor for dolomite formation. The δ18O values of dolomite, which show a large
variation between Mat 1 and Mat 3, strongly support the second hypothesis. The
higher δ18O value of dolomite present in Mat 3 (i.e 7‰) with respect to Mat 1
(i.e. -3‰) suggests that mineral precipitation in Mat 3 occurred in the supratidal
zone from a highly evaporated solution rather than near the surface from ﬂooding lagoonal seawater. According to the formula for calculating paleotemperature
of dolomite formation (Vasconcelos et al., 2005), which links δ18O of pore waresidual
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ter, δ18O of dolomite and temperature of mineral precipitation, and assuming a
δ18O ranging from 2.63‰ – 3.54‰ for lagoonal seawater (Wood et al., 2002),
dolomite within Mat 3 should have formed at a temperature ranging from 8.5 –
13.3°C , which is not consistent with the measured average temperatures in both
surface and buried mats being 30°C. In addition, carbonate precipitation is likely
taking place today at Site 2 and Site 3, where the highly saturated pore waters and
the higher Mg/Ca ratio appear even more favorable to dolomite formation with
respect to the conditions of Site 1.
Summarizing, the δ18O values of the in situ dolomite indicate that dolomite
formation in Mat 2 and Mat 3 occurred or is still occurring in the supratidal zone,
although it may have been initiated when these mats were active at the surface as
observed in Mat 1. Once the mats are buried, evaporation is likely the dominant
cause for supersaturation, while, within the surface mat, also photosynthesis,
sulfate reduction and sulﬁde oxidation may play a signiﬁcant role in producing
supersaturation with respect to carbonate minerals (Riding, 2000; Visscher et al.,
1998). In the surface mat, the relative importance of these metabolic reactions
versus evaporation remains uncertain.
2.6.2 Dolomite: primary phase vs replacement of pre-existing carbonate
Despite years of extensive research, it is still unresolved whether dolomite forming in the sabkha is a primary precipitate or a penecontemporaneous replacement
of pre-existing carbonate. This question was already formulated by Wells (1962),
in the ﬁrst paper reporting the occurrence of recent dolomite in the Persian Gulf.
Early studies of core sediments from the sabkha of Abu Dhabi led to the conclusion that dolomite is an early diagenetic replacement of aragonite (Curtis et
al., 1963). This interpretation was based on the vertical distribution and mutual
relationship between dolomite and aragonite, with the older sediments showing
a higher dolomite/aragonite ratio. However, transmission and analytical electron
microscopy, more recently performed on analogue samples, are inconsistent with
this conclusion and suggest that most of the dolomite precipitates directly from
the hypersaline solution (Wenk et al., 1993). In fact, except in restricted cases,
microstructural characterization of the carbonates showes no evidence for extensive replacement processes. SEM EDX investigation carried out in this study are
consistent with the observation of Wenk et al. (1993). Moreover, the discovery of
dolomite within the thin surface microbial mat (i.e. Mat 1), strongly suggests that
dolomite is a primary phase, precipitating directly within the EPS. The presence
of dolomite in the surface microbial mats of the Abu Dhabi sabkha has not been
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documented in earlier studies, probably because its presence cannot be easily
detect by simple X-ray diﬀraction of the bulk mineralogy. Indeed, the aragonite
peaks dominate, and their large intensities mask the peaks of dolomite (Wenk et
al., 1993). The correlation of “older sediments” with “higher dolomite/aragonate
ratio” is correct, but the consequent interpretation that this is due to a replacement of aragonite to dolomite is probably biased. Older sediments also include
larger amounts of decaying EPS, which, as discussed in the following sections,
appears to inﬂuence primary dolomite formation.
2.6.3 The organogenic model for dolomite formation
In Quaternary peritidal, shallow-marine and deep-sea environments, the formation of dolomite within organic carbon-rich sediments has been extensively
documented (Mazzullo, 2000). This led to the formulation of the organogenic
model for dolomite formation (Compton, 1988), which proposes that presumed
kinetic barriers for dolomite formation at low temperature are overcome as a
result of bacterial sulfate reduction and methanogenesis. Such microbial metabolisms, based on the consumption and recycling of the buried organic matter,
raise and sustain high pH and alkalinity within the pore waters. The consequent
carbonate saturation, as well as Ca and Mg dehydration, may induce dolomite
precipitation from ﬂuids with a high Mg/Ca ratio. Pore water proﬁles of deep-sea
sediments indicated a correlation between the presence of dolomite and positive
peaks of pH and alkalinity (Mazzullo, 2000).
In the studied sediments, no prominent increase of pH and alkalinity has been
observed within the pore waters in association with the dolomite-rich horizons
(Tab. 2.1). In addition, as previously discussed, no evidence of microbial sulfate
reduction or methanogenesis has been found along the sediment proﬁles. Therefore, except at the millimetric scale within the surface Mat 1, the organogenic
model is diﬃcult to invoke as a possible explanation for dolomite formation
within the sabkha of Abu Dhabi, although the mineral occurs in close association
with the organic matter constituting the microbial mats.
2.6.4 Bacterial sulfate reduction and the sulfate inhibitor model
Laboratory precipitation experiments at 200°C indicated that the presence of
even small concentrations of sulfate (i.e. above 2 mM) inhibits the transformation of calcite to dolomite (Baker and Kastner, 1981). This led to the formulation of the sulfate inhibition model in which it is proposed that dolomite would
exclusively precipitate from waters depleted in sulfate. This condition may occur
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in natural sedimentary environments in the presence of high rates of bacterial
sulfate-reduction. In support of this model are the results of culture experiments
in which dolomite has been precipitated at low temperature in the presence of
sulfate-reducing bacteria, which progressively consume the sulfate present in solution producing hydrogen sulﬁdes (van Lith et al., 2003b; Vasconcelos et al.,
1995; Warthmann et al., 2000; Wright and Wacey, 2005). However, it has been
recently demonstrated that aerobic bacteria, whose metabolic reactions do not involve sulfate, can mediate dolomite precipitation, even in the presence of a sulfate
concentration two times that of seawater (Sánchez-Román et al., in press). This
result questions the sulfate inhibition model, demonstrating that ancient dolomite possibly precipitated from waters containing variable amounts of sulfate.
Within the studied sediments including dolomite, measured sulfate concentrations are equal or far greater than those of the lagoonal seawater of the region
(Tab. 2.1) (Wood et al., 2002). Dolomite is even the dominant carbonate phase
at -23 cm within Mat 3, where the highest SO4- value has been recorded (i.e. 253
mM). In addition, as previously discussed, except for within Mat 1, no evidence
of microbial sulfate reduction has been found along the sediment proﬁles. Therefore, microbial activity overcoming the sulfate inhibition factor appears inappropriate to explain dolomite formation in the sabkha of Abu Dhabi.
2.6.5 Dolomite formation within EPS
EPS is a broad term which groups a large variety of organic polymers (Decho,
1990). The presence of EPS is increasingly considered as an important factor
for the precipitation of Ca-carbonates (Aloisi et al., 2006; Braissant et al., 2007;
Chan et al., 2004; Dupraz et al., 2004). However, its role in low-temperature
dolomite formation has never been fully evaluated. Under speciﬁc conditions,
EPS may inhibit or stimulate carbonate mineral precipitation (Dupraz et al.,
2004). It has been shown that the EPS matrix constituting microbial mats acts as
a “sponge” which absorbs cations from the surrounding solution (Braissant et al.,
2007). EPS contain a large amount of macromolecules, including acidic amino
acids and carboxylated polysaccharides. The ability of these molecules to bind
cations initially inhibits carbonate formation. Subsequently, this cation-binding
property may be reduced through various mechanisms leading to the precipitation of carbonates within the EPS matrix. Such mechanisms, as summarized in
(Dupraz et al., 2004), include: (1) augmentation of external cations concentration (e.g. Ca2+, Mg2+) in order to reach the saturation of the EPS acidic bonds; (2)
Hydrolytic destruction of EPS with consequent release of cations; and (3) EPS
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organization into an acidic template for organomineralization. All three mechanisms are possible in the sabkha environment, and they may concur favoring
dolomite formation within the EPS of the microbial mats. Strong evaporative
conditions and consequent increase in ions concentrations is a plausible explanation for carbonate precipitation within EPS. According to mechanism (1), the
binding property of EPS molecules progressively reaches saturation, and, at this
time, mineral formation occurs. Mechanism (1) could explain why dolomite
spheroids are more abundant in Mat 3 and Mat 2 compared to Mat 1. Indeed,
within Mat 1, cation concentrations are lower and the inhibition eﬀect of the
EPS may still be eﬀective, reducing the rate and the amount of mineral formation. Consequences of mechanism (1) may be further enhanced by mechanism
(2). Partial EPS degradation through heterotrophic metabolism (fermentation),
likely occurs at higher rates within Mat 2 and Mat 3. Compared to surface Mat
1, these mats are older, thicker, and buried under permanent anoxic conditions.
Decarboxylation through EPS degradation would provide an additional cation
source for carbonate precipitation, enhancing the supersaturation eﬀect due to
evaporation. However, the absence of detectable methane within pore waters together with the δ13C of the dissolved inorganic carbon, suggest that mechanism
(2) is not prominent in comparison to mechanism (1).
Both mechanisms (1) and (2) explain how Mg2+ and Ca2+ required for dolomite
precipitation become available within the EPS. Nevertheless, they do not explain
how the kinetic barrier inhibiting low temperature dolomite formation is overcome. Indeed, it is well documented through laboratory experiments that dolomite formation at Earth’s surface conditions does not occur even from ﬂuids supersaturated with respect to dolomite (Land, 1998; McKenzie, 1991). Therefore,
mechansim (3) could play the key role in dolomite formation within the sabkhas
sediments. As stated, the term organomineralization refers to a non-biologically
supported precipitation in which organic substrates act as templates for carbonate
mineral nucleation (Trichet and Défarge, 1995). The ability of organic molecules
to control the nucleation, growth, alignment, and morphology of crystals is a
process known to occur in controlled biomineralization (Berman et al., 1990;
Mann et al., 1993). Trichet and Défarge (1995) and Trichet et al. (2001) proposed that a similar process could take place at a distance from the microbial cell,
when decaying EPS is reorganized into an alveolar structures including highly
organized nucleation sites. Similar alveolar structures are present in the microbial
mats of the Abu Dhabi sabkha, suggesting a parallelism to the mineralization
process observed in other natural environments. However, a recent study shows
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that such alveolar structures can be directly build by the microbial communities
without necessarily being the result of a degradation process (Schaudinn et al.,
2007). This interpretation is more consistent with the Cryo-SEM observation of
the microbial mats of Abu Dhabi, in which the alveolar structure is widespread,
independent of the age and degradation stage of the mats.
Considering the arid climate of the sabkha, mechanism (1) appears as the most
appropriate process to explain mineral precipitation within the EPS of the Abu
Dhabi mats. However, the organic-template eﬀect described in mechanism (3)
could be the key factor for dolomite formation. Speciﬁc organic molecules composing the alveolar structure could inﬂuence mineral nucleation and growth, overcoming the kinetic barrier which inhibits low temperature dolomite formation.
In contrast to previous hypothesis, in which dolomite formation has been linked
with microbial metabolic pathways, it is possible that the role of microbes in dolomite formation, particularly in the extreme hypersaline sabkha environment, is
limited to the production of an EPS with speciﬁc mineral-templating properties.
Direct evidence supporting this hypothesis comes from SEM-EDX investigation
of the Abu Dhabi mats. The alveolar structures of the EPS are progressively mineralized following an unusual mineral-phase evolution, which is discussed in the
following section. Moreover, non-biologically supported mineralization within
EPS is consistent with the random distribution of the dolomite spheroids within
the Abu Dhabi mats, which lack mineral laminations. If dolomite would have
formed in response to an active microbial metabolism, layered precipitation horizons should be present. This is, for example, the case in laminated microbial mats
where carbonate precipitation is closely associated with zone of intensive sulfate
reduction (Vasconcelos et al., 2006; Visscher et al., 2000).
2.6.6 The role of EPS in dolomite formation
SEM investigations revealed that EPS inﬂuence the elemental composition of
the minerals precipitating within the microbial mats (Figs. 2.11 and 2.14). With
respect to Ca2+, Mg2+ is preferentially adsorbed on the walls composing the EPS
alveolar structure. This cations-binding eﬀect leads to the complexation of an
unusual Mg-silica precipitate, which evolves to dolomite. The source of silica,
which is also adsorbed on the EPS, remains unclear. Progressive mineralization of
EPS resulting in dolomite formation is most probably driven by the combination
of mechanisms discussed in the previous section. However, the speciﬁc mineraltemplating property of the EPS, rather than an increase in cations concentrations, is the key factor for low-temperature dolomite formation. It is important to
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note that at Site 3 at -23 cm, where dolomite is the dominant mineral phase, the
microbial mat is almost completely mineralized and diﬃcult to recognize. This
suggests that Holocene dolomite horizons, which no longer include any organic
compound, can still have been formed through mineralization within EPS. The
dolomite is preserved, while the EPS is completely degraded or mineralized during diagenesis.
A process similar to that observed in the Abu Dhabi microbial mat has been
documented in association with EPS produced by endolithic bacteria living in
a sand tufa formation at the shore of Mono Lake (USA) (Souza-Egipsy et al.,
2005). Here, it has been shown that Mg absorbed and accumulated within organic material promotes Mg-siliciﬁcation, with consequent stabilization of the
bioﬁlm remains. Because this observation indicates a biological inﬂuence in the
formation of Mg-silica precipitate, the presence of such minerals in a speciﬁc
geological setting has been proposed as a biosignature. Another example, which
emphasizes the relationship between EPS and Mg-rich mineral phase formation,
comes from the study of speleothems from basaltic caves on the island of Kauai
(Hawaii) (Leveille et al., 2002). Here, kerolite (Mg3Si4O10(OH)2·H2O) precipitation has been linked with the desiccation of a Si-Mg gel phase intimately associated with microbial mats. Together, these examples suggest that the presence of
EPS favors the complexation of Mg-rich mineral phases. The ﬁnal composition of
the mineral phase (e.g., dolomite, Mg-calcite or kerolite) is probably inﬂuenced
by variable EPS composition, as well as by the cation availability in solution.
Such mineral phases can be considered as biominerals. Indeed, their formation is
unexpected, if only the inorganic composition of the solute were considered.
2.6.7 EPS fabric: microsedimentary structure associated with microbial dolomite
Cryo-SEM imaging of the sabkha’s microbial mats revealed the presence of
a regularly shaped EPS alveolar fabric (Fig. 2.10). Heretofore, the existence of
structured fabrics in bioﬁlms has been considered with skepticism (Perkins et al.,
2006). At the sub-micrometric scale, conventional optical microscopy provides
exclusively bi-dimensional images, which are inadequate to decipher the complex
three-dimensional structures of the EPS fabrics. Such microstructures can more
easily being detected by SEM. However, samples for SEM need to be dehydrated,
which causes a collapse of dissolved or highly hydrated organic compounds. In
many cases, these residues produced artifact morphologies whose eutectic structures mimic that of the actual EPS fabrics. Therefore, the existence of actual EPS
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fabrics, obscured by the co-presence of artifact structures, has been underestimated. New techniques, such as confocal laser scanning microscopy (CLSM) and
SEM equipped with a cryogenic device resolved this ambiguity (Bontognali et al.,
2008a, b; Dupraz et al., 2004; Schaudinn et al., 2007). In many cases, alveolar
microfabrics are indeed present when the bioﬁlm is imaged in its hydrated form.
Although little is known about how microbes control the architecture of the alveolar structures, pioneer studies showed that the morphology of such structures
is under genetic controls (Schaudinn et al., 2007). Therefore, their shape may
carry taxonomic, metabolic or environmental information. As showed in Figure
2.10B, the early stage of EPS mineralization can stabilize the delicate alveolar
fabrics composing the microbial mats. This process produces textures characterized by walls connected with an angle of 120°. The identiﬁcation of such microstructures by conventional SEM (Fig. 2.12), without preparing the samples
with a technique that prevents dehydration, demonstrates that fossil remains of
EPS fabrics can potentially be preserved within ancient rocks. With conventional
SEM, the alveoli appears more compacted and distorted. However, the distinctive 120° angle is preserved, forming a texture which diﬀers from other known
abiotic crystalline patterns. In ancient dolomitic rocks, the presence of alveolar
microstructures in combination with the unusual Mg-Si phase may therefore suggest the existence of a past microbial community.
Even if the use of alveolar structures as morphological biosignatures is not yet
a mainstream concept, some examples of ancient microsedimentary structures
interpreted as putative EPS remains have been reported (Barbieri and Cavalazzi,
2005; Perri and Tucker, 2007). It is interesting to note that, in both cases, the
rocks including the structures are composed of Mg-rich Ca-carbonates.

2.7 CONCLUSIONS
At the studied site of the Abu Dhabi sabkha, authigenic dolomite occurs within
surface and buried microbial mats, which are composed of EPS. Dolomite forms
as a direct consequence of mineral nucleation and growth within microbially
produced EPS. The cations-binding eﬀect of the EPS molecules inﬂuences the
composition of the precipitate. The early stage of this process is characterized by
the complexation of an amorphous Mg-Si precipitate, which promotes dolomite
development. Mineral formation within EPS appears to be enhanced by evaporation with consequent supersaturation of the pore waters with respect to dolo73
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mite. Partial EPS degradation during diagenesis may also provide an additional
source of cations. However, the speciﬁc mineral-template property of EPS, rather
than an increase in cation concentrations, is the key factor for dolomite formation in the studied area of the sabkha. Indeed, within the modern microbial mat
located at the surface, dolomite precipitates from pore waters whose composition
is very close to seawater.
It has been long debated whether dolomite found in the sabkha is a primary
phase or a diagenetic replacement of preexisting carbonates. Its presence within
the modern microbial mat demonstrates that it can be a primary phase. This is
further conﬁrmed by SEM imaging and EDX measurements, which show no
evidence for a replacement process. The correlation of “older sediments” with a
“higher dolomite/aragonite ratio” was used in previous studies to support the hypothesis that the sabkha dolomite formed by diagenetic replacement of aragonite.
This correlation is correct, but the conclusion is probably biased. Older sediments
also include larger amounts of decaying EPS, whose mineralization induces primary dolomite formation. Within the most dolomite-rich horizons, which are
found in association with the older sediments, the microbial mat is almost completely degraded or mineralized. This suggests that Holocene dolomite formed
within EPS may be present in sediments that no longer contain any detectable
remains of microbial mat.
Signs of microbial activity have been observed exclusively at the millimeter
scale within the surface microbial mat, while pore water analysis and stable isotope proﬁles did not reveal any strong linkage between dolomite formation and
microbial excretion or consumption of metabolites along the sediment proﬁles.
This is in contrast with current models, in which dolomite is linked to a microbial
induced increase of pH and alkalinity and consumption of sulfate in pore-waters.
Within the EPS, dolomite is found under variable conditions, even at high SO4
concentration, which is commonly considered as an inhibitor for dolomite formation.
The EPS of the microbial mats is characterized by an alveolar microfabric,
which can be mineralized during early diagenesis, preserving fossil imprints of
the original bioﬁlm. Recognition of this structure, combined with the atypical
Mg-Si phase, may be used to interpret ancient microbial dolomite throughout
the geological record, on Earth and eventually on planet Mars.
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Chapter 3

Dolomite formation within exopolymeric
substances
3.1 ABSTRACT
The origin of dolomite still remains a debated subject. Until now, dolomite has been precipitated at Earth’s surface conditions in laboratory experiments only in the presence of living microbes. However, their exact role in
the mineralization process remains unclear, questioning the interpretation
of primary dolomite as an unambiguous biomineral. Performing a series of
bacterial culture experiments, we demonstrate that exopolymeric substances
(EPS) play a key role in microbial-dolomite formation. The experiments were
carried out at 30°C under anoxic conditions with Desulfovibrio brasiliensis,
a halotolerant sulfate-reducing bacterium. Mg-calcite and Ca-dolomite were
precipitated in association with freshly produced EPS, even in the absence of
a metabolizing microbial community at the time of mineral nucleation and
growth. This suggests that natural dolomite formation at low temperature
requires the presence of a speciﬁc organic compound, which is excreted by
microbes such as D. brasiliensis. Mineralization within EPS is a possible explanation for the dolomitic composition characterizing many Precambrian
stromatolites. Indeed, EPS is a major constituent of microbial mats, which
are considered as modern analogues for ancient stromatolites.
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3.2 INTRODUCTION
Microbial communities commonly live and grow in aggregates composed of
exopolymeric substances (EPS). Polysaccharides are the major component of
many EPS, in combination with polypeptides, nucleic acids, phospholipids, and
other polymeric compounds (Decho, 1990). Through the active and controlled
secretion of EPS, microbes create local microenvironments, which support their
metabolic activity. EPS are increasingly considered as an important factor also in
the formation of biominerals (Aloisi et al., 2006; Braissant et al., 2007; Chan et
al., 2004; Dupraz et al., 2004). Inspired by these studies, we hypothesized that
EPS could play an important role in the formation of low-temperature dolomite.
The origin of dolomite still remains one of the most debated subjects in sedimentary geology. To date, no abiotic process is known to form dolomite at Earth’s
surface conditions in laboratory experiments (Land, 1998; McKenzie, 1991).
In contrast, sulfate-reducing bacteria (SRB), methanogenic bacteria, as well as
aerobic bacteria, are known to mediate the formation of Ca-dolomite and Mgcalcite (Rivadeneyra et al., 1993; Roberts et al., 2004; Sánchez-Román et al., in
press; Van Lith et al., 2003; Vasconcelos et al., 1995; Vasconcelos et al., 2005;
Warthmann et al., 2000; Wright and Wacey, 2005). The presence of primary
dolomite in the geological record may thus indicate ancient microbial activity
under speciﬁc conditions. However, the exact role of microbes in the mineralization process, as well as its ecological signiﬁcance, remain unclear, questioning
the interpretation of primary dolomite as an unambiguous biomineral. To test
the hypothesis that EPS play a key role in low-temperature dolomite formation,
four parallel experiments (Fig. 3.1) were simultaneously run in order to verify if:
(A) dolomite forms in the absence of a metabolizing microbial community but
with freshly produced EPS; (B) dolomite forms in the presence of a metabolizing
microbial community producing EPS; (C) the presence of antibiotics inhibits the
metabolic activity of the microbial community preventing EPS production and
carbonate precipitation; and (D) abiotic carbonate precipitation can occur under
the same experimental conditions.

3.3 METHODS
3.3.1 Parallel culture experiments
Desulfovibrio brasiliensis, a halotolerant sulfate-reducing bacterium isolated
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from Lagoa Vermelha (Brazil) (Warthmann et al., 2005), was chosen for our
experiments from among the microbes known to mediate low-temperature Cadolomite and Mg-calcite precipitation (Van Lith et al., 2003; Warthmann et al.,
2000). Culture experiments were performed using an anoxic liquid medium,
denoted LVE, which does not contain Ca2+ and only a minimum amount of
Mg2+ required for metabolism. In LVE, D. brasiliensis can grow producing EPS,
but Ca-Mg carbonate cannot precipitate. Pure strains of D. brasiliensis were incubated in LVE at 30°C (experiments A, B, C in Fig. 3.1). Non-inoculated LVE
(experiment D in Fig. 3.1) was maintained at the same conditions. To inhibit
SRB activity, LVE of experiment C (Fig. 3.1) was treated with antibiotics with a
concentration of 20μg/ml Imipenem and 32μg/ml Chloramphenicol (Lozniewski et al., 2001). After 7 days, EPS was formed in the presence of metabolizing
D. brasiliensis (i.e. experiments A and B). At this time, further SRB activity was
inhibited by injection of antibiotics in experiment A. Two days after the injection of the antibiotics, Ca2+ and Mg2+ concentrations were increased in all the
experiments by injection of a sterile anoxic solutions. Final concentrations (13
mM Ca2+ and 80 mM Mg2+) mimic the water chemistry of Lagoa Vermelha, a
natural dolomite-forming environment (Warthmann et al., 2000). After further
30 days of incubation, the experiments were stopped and the mineral produced
in the medium collected for analysis. A second set of experiments was conducted
for 16 months.
3.3.2 Anoxic liquid medium LVE
Culture experiments were performed using an anoxic liquid medium, denoted
LVE, which contains (in mM): 718 Cl-, 909 Na+, 9 Mg 2+, 6.8 K+, 10 SO42-, 0.1
PO43-, 4.7 NH4+, 0.007 Fe2+, 18.9 CO32-, 88.7 HCO3-, 1 HS-, 7.3 CH3COO-,
and 51.5 HCOO-, with pH adjusted by NaOH to 7.9.
3.3.3 Cryo-SEM
The mineral products formed in 30 days were investigated by Scanning Electron Microscopy, with a Cryogenic Preparation System (Cryo-SEM). This technique is suited to image highly hydrated samples. During the sample preparation
process, water is transformed into ice with a crystalline domain size below 10 nm.
This preserves not only the microbial cells but also the delicate EPS structures
usually destroyed by conventional preparation methods.
Cryo-SEM imaging and element analyses of hydrated ﬂocks formed in D. brasiliensis cultures were performed with a Philips XL-30 FEG scanning electron
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Fig. 3.1. Outline illustrating the crucial
steps of four parallel experiments carried
out to determine the influence of EPS at
the time of dolomite nucleation and growth.
With the experiment A, we tested if dolomite forms in the presence of EPS but in
the absence of a metabolizing microbial
community. With the experiment B, we
tested if dolomite forms in the presence of
an active microbial community producing
EPS. With the experiment C, we tested if
the presence of antibiotics inhibits the metabolic activity of the microbial community.
With the experiment D, we tested if abiotic
carbonate precipitation occurs under the
same experimental conditions.

Dolomite formation within exopolymeric substances

microscope equipped with a EDAX energy dispersive X-ray spectrometer (EDX).
Cryoﬁxation of the samples was carried out by immersion in a slush of liquid
nitrogen at -210°C followed by sublimation under vacuum within the SEM
preparation chamber using a Gatan Alto 2500 cryotransfer system. Fresh surfaces
were obtained breaking the samples (cold fracture) with a blade installed within
the preparation chamber, and subsequently platinum coated (7 nm). Images and
EDX analysis presented in Figure 3.2 were recorded with a backscatter detector,
an accelerating voltage of 15 kV, and a working distance of 10 mm.

3.4 RESULTS
Mineral products formed exclusively in bottles comprising EPS (i.e. experiments A and B in Fig. 3.1), while no precipitation occurred in sterile parallel controls (i.e. experiment D in Fig. 3.1), as well as in cultures treated with antibiotic
from the beginning of the experiments (i.e. experiment C in Fig. 3.1). Cryo-SEM
imaging of the cultures including mineral precipitate revealed the presence of a
prominent EPS matrix (Fig. 3.2). The EPS is visualized as an alveolar structures
similar to that observed in modern natural environment where microbial carbonate formation occur within microbial mats (Dupraz et al., 2004). The minerals
forming within the EPS matrix consist of globules with a diameter of about 5
- 30 μm. Some globules are interconnected or display characteristic morphologies already described in association with microbial-dolomite and referred to as
“dumbbells” and “cauliﬂowers” (Warthmann et al., 2000). The surfaces of the
globules display a grainy texture which lacks cleavage and well-deﬁned angular
shapes. The comparison of mineral globules formed with and without the presence of metabolizing cells, shows no morphological or compositional diﬀerences.
In both cases, EDX analysis performed on the mineral globules indicate Ca-Mg
carbonates (Fig. 3.2). XRD powder diﬀraction demonstrates that the Ca-Mg
carbonate formed with and without the presence of metabolizing cells has the
same crystalline structures (Fig. 3.3). The bulk mineralogy of the precipitate after
an incubation time of 30 days is a solid solution of high-Mg calcite with about
22 – 39 mol% of Mg2+ substituting for Ca2+ (Fig. 3.3A). With longer incubation
time (i.e. about 16 months) the solid solution evolves into two distinctive mineral phases consisting of Mg-calcite with about 2 mol% of Mg2+ and Ca-dolomite
with 41 mol% of Mg2+ (Fig. 3.3B). The mol% of Mg2+ was calculated from the
XRD spectrum using the position of the d104 peak with respect to an internal
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Fig. 3.2. Cryo-SEM imaging and comparison of the mineral product formed in the laboratory experiments in the absence of metabolizing bacteria (A, C, E) and with metabolizing bacteria (B,
D, F). (A - B) Photomicrographs showing sections through EPS aggregates, which are visualized as an alveolar structure. Within the EPS, carbonate precipitates form globules with grainy
surfaces. (C - D) Close-up of the carbonate globules. In C, a multitude of dead bacterial cells
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(arrows) is visible, in association with the carbonate globules. This is not the case in D, which
suggest that living bacteria tend to escape the site of mineral growth, avoiding cell entombment. (E - F) EDX spectrum of the carbonate (white circle in C and D). In both cases, elemental
analysis is consistent with a Ca-Mg-carbonate. The Pt peak corresponds to the coating applied
during preparation. Na and Cl peaks reflect the high salt content of the growth medium.
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standard quartz (Lumsden, 1979).
One diﬀerence observed when comparing experiments A and B, is that, in cultures treated with antibiotics before the injection of the Ca-Mg solution (i.e, experiment A), a multitude of bacterial cells is visibly encrusted within the carbonate globules (Fig. 3.2A and 3.2C), which indirectly suggests that living microbes
tend to escape the site of mineral growth. Indeed, entombed D. brasiliensis cells
are rarely found in active microbial cultures, while many are observed encrusted
by the carbonate formed in the inhibited cultures (Fig. 3.2B and 3.2D).

3.5 DISCUSSION
A recent study demonstrated that dolomite growth at low temperatures does
not occur even on the surface of a perfectly cleaved dolomite crystal immerged in
a dolomite-supersaturated solution (Fenter et al., 2007). As a consequence, the
role of microbes in dolomite formation cannot be limited to the nucleation step
but has to continue during the mineral growth. As observed in studies of modern
carbonate-forming environments (Dupraz et al., 2004), EPS is widespread within
the sediments and may thus play a crucial role not only in the nucleation step but
also during the early diagenesis of the carbonate. This continued involvement of
EPS from nucleation into early diagenesis, may explain the presence of two distinctive carbonates phases (i.e. Mg-calcite and Ca-dolomite) observed in the cultures incubated for 16 months. With the longer incubation time, more ordered
Ca-dolomite formed within the EPS, while 2% mol Mg-calcite may consists of
former biominerals, whose growth continued outside of the EPS aggregates.
Microscopic morphology and chemical composition of the carbonate formed
without metabolizing microbes but in the presence of freshly produced EPS are
the same as that of the carbonate formed in our parallel controls comprising living microbes. Analogous carbonates were described in previous studies involving
D. brasiliensis (Warthmann et al., 2000; Warthmann et al., 2005), as well as in
studies of modern dolomite-forming environments (Vasconcelos and McKenzie,
1997). As shown by the compilation of data on organogenic dolomite (Mazzullo,
2000), the stoichiometry of our experimental dolomite (about 41 mol% Mg2+)
falls in the average range of natural Quaternary dolomite, collected from shallow
subtidal and peritidal environments.
In Quaternary peritidal, subtidal and deep-sea sediments, the association of
dolomite formation within organic carbon-rich sediments and microbial activity
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(i.e. methanogenesis and bacterial sulfate reduction) has been extensively documented (Mazzullo, 2000). This led to the formulation of the organogenic model
for dolomite formation (Compton, 1988). In this context, many studies focused
on the hypothetical link between microbial degradation of organic matter and
dolomite formation. Most of the emphasis has been put on the ability of microbes to excrete and consume metabolites (e.g., increase in pH and alkalinity,
decrease in sulfate). However, the role of microbially produced EPS has never
been considered as an additional key factor for the biomineralization process.

3.6 CONCLUSIONS
In our experiment we succeeded, for the ﬁrst time, in precipitating Ca-dolomite at low temperature (30°C) within freshly produced EPS, even in the absence of a metabolizing microbial community. This demonstrates that speciﬁc
polymeric organic matter, and not exclusively the microbial metabolism related
to its degradation, can be responsible for dolomite formation. Such organic matter may or may not contain the EPS with similar properties to that produced by
D. brasiliensis. This is a possible explanation for why, under the same pore water
conditions, dolomite formation does not occur within all organic carbon-rich
sediments, even in the presence of high rates of methanogenesis and bacterial
sulfate reduction (Mazzullo, 2000).
The importance of EPS in the biomineralization process could explain the frequent occurrence of dolomitic stromatolites in the sedimentary records (Grotzinger and Knoll, 1999; Vasconcelos et al., 2006). EPS is a major component of
modern microbial mats, which are considered as possible analogues for ancient
stromatolites (Dupraz and Visscher, 2005). Our experiments show that microbial
activity can induce biomineralization not only through excretion and consumption of metabolites, but also by releasing speciﬁc organic molecules in the environment. Occurrence, composition, and morphology of such biominerals may
be unexpected if only the inorganic chemistry of the solution were considered.
Microbial dolomite formation may imply an ecological beneﬁt for the SRB
community. Precipitation of Mg-rich carbonate decreases the Mg2+ concentrations, which in evaporitic environments are often greater than Ca2+ and may be
toxic for life. Future research is required in order to test this hypothesis, resolving
whether dolomite formation through excretion of EPS is a passive uncontrolled
process or an adaptation strategy used by microbes to inﬂuence the chemistry of
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their surrounding environment.
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Chapter 4

Microbes produce nanobacteria-like structures
avoiding cell entombment
4.1 ABSTRACT
Microsedimentary structures, referred to as nanobacteria-like particles,
were described from modern carbonate environments, where they form in
close spatial association with sulfate-reducing bacteria (SRB). However, the
exact mechanism of their formation, as well as their paleontological signiﬁcance, remain controversial. Here, we report on an investigation of microbemineral interactions in experimentally produced carbonate globules. The experiments were carried out under anoxic conditions at 30°C with Desulfovibrio brasiliensis, a SRB known to mediate dolomite formation. We observed
that extracellular polymeric substances (EPS) secreted by the microbial community play a key role in the mineralization process. Nanobacteria-like particles represent the early stage of carbonate nucleation within the EPS, which
progressively evolve to larger globules displaying a grainy texture. We excluded the possibilities that these structures are fossils of nanobacteria, dissolution surfaces or artifacts created during sample preparation. D. brasiliensis
cells are predominantly located outside of the EPS aggregates where mineral
growth takes place. As a result, they remain mobile and are rarely entombed
within the mineral. This self-preservation behavior may not be limited to
D.brasiliensis. Other microbes may produce, or may have produced during
the geological past, biogenic minerals through a similar process. Mineralization within EPS explains why microbial relics are not necessarily present in
biogenic carbonates.
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4.2 INTRODUCTION
Putative nanobacterial fossils and grainy textures have been described in the
geological record (Folk, 1993; Folk and Lynch, 2001; Vasconcelos et al., 1995),
as well as in the Martian meteorite ALH84001 in association with carbonate
globules (McKay et al., 1996). These microsedimentary structures were initially
considered as a possible evidence for past life, leading to a still unresolved debate concerning both the signiﬁcance of the grainy texture and the existence
of microbes measuring less than 200 nm (Nealson, 1997). Additionally, nanoforms and grainy texture have been observed in modern natural environments, as
well as in laboratory culture experiments, in the presence of SRB which mediate
carbonate formation (van Lith et al., 2003b; Vasconcelos and McKenzie, 1997;
Warthmann et al., 2000). However, besides the close spatial association shown in
photomicrographs, the existence of a direct link between microbial activity and
the formation of these microsedimentary structures has never been demonstrated. In order to clarify if the above mentioned link actually exists, we have investigated microbe-mineral interactions occurring in laboratory culture experiments.
The experiments were carried out with Desulfovibrio brasiliensis, a SRB known to
mediate dolomite formation (Warthmann et al., 2005). Two main reasons justify
this choice: 1) carbonate globules with grainy textures were observed in Lagoa
Vermelha (Brazil) (Vasconcelos and McKenzie, 1997), a shallow hypersaline costal lagoon from which D. brasiliensis was isolated, and 2) microbial mediation is
the only mechanism known to form dolomite at low temperatures in laboratory
experiments (Vasconcelos et al., 1995). This permitted us to infer the biogenicity
of the studied carbonate, considering the recognized diﬃculty in precipitating it
from a supersaturated solution (Land, 1998).
In our investigation, special attention was given to the role of EPS in carbonate nucleation and growth. EPS is a broad term which groups a large variety of
organic polymers secreted by microbial cells in the environment. Polysaccharides
are the major component of most EPS, often in combination with polypeptides,
nucleic acids, phospholipids, and other polymeric compounds (Decho, 1990).
Because of its variable composition and highly hydrated nature, EPS are very difﬁcult to study in both natural environments and laboratory experiments.
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4.3 METHODS
4.3.1 Culture experiments
Pure microbial strains of Desulfovibrio brasiliensis were grown under anaerobic
conditions in a hypersaline synthetic medium with a pH of 7.9. Imaged samples
were incubated at 30°C, for a total time ranging from 2 to 5 weeks. Parallel
control experiments without bacteria maintained at the same conditions did not
produce any carbonate mineral.
The growth medium contained: 718 mM Cl-, 909 mM Na+, 9 mM Mg 2+, 6.8
+
K , 10 mM SO42-, 0.1 mM PO43-, 4.7 mM NH4+, 0.007 mM Fe2+, 18.9 CO32-,
88.7 HCO3-, 1 mM HS-, 7.3 mM CH3COO-, and 51.5 HCOO-. The pH was
adjusted to 7.9 using NaOH. After 7 - 10 days of incubation, the Mg2+ and Ca2+
concentrations were increased through injection of a sterile anoxic solution. The
ﬁnal concentration of 80 mM Mg2+ and 13 mM Ca2+ correspond to that of Lagoa
Vermelha (Warthmann et al., 2000), the natural environment from which D.
brasiliensis was isolated (Warthmann et al., 2005). The progressive increase of
Ca2+ and Mg2+ induces carbonate nucleation only when abundant EPS is present
in the microbial culture. This allows for a better imaging of the early stage of mineral nucleation. Imaged samples were incubated for a total time ranging from 2
to 5 weeks. Parallel control experiments without bacteria maintained at the same
conditions did not produce any carbonate minerals.
4.3.2 Imaging techniques
To investigate the formation of microsedimentary structures in association with
EPS, we combined information obtained using confocal laser scanning microscopy (CLSM), scanning electron microscopy equipped with cryogenic preparation system (Cryo-SEM), and ordinary scanning electron microscopy (SEM).
Parallel and comparative observations are important in order to distinguish actual
structures from artifacts due to the sample preparation processes. CLSM and
Cryo-SEM are techniques suited to image highly hydrated samples. With CLSM
it was possible to visualize the three dimensional arrangement of bacteria, EPS,
and mineral products, resolving for the ﬁrst time some important details of the
microbially induced mineralization process.
4.3.3 Confocal Laser Scanning Microscopy (CLSM)
Samples, consisting of living hydrated ﬂocks produced in D. brasiliensis, were
investigated with CLSM the same day the anoxic culture experiments were
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stopped. Staining procedures were carried out considering methods and results
described in previous studies (Decho and Kawaguchi, 1999; McSwain et al.,
2005; Neu et al., 2001). To image EPS, the samples were stained with concanavalin-A labeled with tetramethylrhodamine (ConA-TMR). This lectin binds
to α-mannopyranosyl and α-glucopyranosyl molecules and represents a versatile
probe for detecting glyco-conjugates, which are major components of the EPS. To
image bacterial cells, the samples were stained with ﬂuorescein-5-isothiocyanate
(FITC). Carbonate minerals were visualized by reﬂected laser light. Parallel controls consisting of unstained samples, as well as carbonate globules bleached with
a chlorine solution, allowed us to exclude important autoﬂuorescence and nonspeciﬁc stain. FITC and ConA-TMR were purchased from Invitrogen. Staining
solutions were prepared according to manufacturer instructions. 75 μl of FITC
staining solution with a concentration of 10mg/ml was added to about 10 mg
of hydrated sample immerged in 1 ml of sodium bicarbonate buﬀer. The working concentration of ConA-TMR was 100mg/ml with about 10 mg of hydrated
samples immerged in 1 ml of staining solution. Incubation time was 30 min for
FITC and 15 min for ConA-TMR. Investigation of stained samples and control
materials was carried out using a Leica TCS SP5. Observations were eﬀectuated
using a water immersion Leica HCX PL APO CS 63x lens (NA 1.2) with a resolution power of 162.7 nm in XY and 290.3 in Z (at 488nm). FITC was excited
by the 488 nm laser line and the ﬂuorescence was detected between 530 - 555
nm. ConA-TMR was excited by the 496 nm laser line and emission was detected
between 588 - 626 nm. Both ﬂuorescence signals were recorded using a sequential mode. The 488 nm laser line was used as well for recording the reﬂected light
channel (469 - 498 nm). Image analyses were performed using Imaris software
version 5.6. Figures 4.1A, B, and C represent maximum projections of stacks of
two-dimensional sections. Z dimensions of the stacks are: 20 μm (Fig. 4.1A), 18
μm (Fig. 4.1B), and 26 μm (Fig. 4.1C). Figure 1D represents a three-dimensional
reconstruction from a cropped stack relating to Figure 1C.
4.3.4 Scanning Electron Microscopy With Cryogenic Preparation System
(Cryo-SEM)
Cryo-SEM observations and analyses of hydrated ﬂocks formed in D. brasiliensis
cultures were performed with a Philips XL-30 FEG scanning electron microscope
equipped with a EDAX energy dispersive X-ray spectrometer (EDX). Cryoﬁxation of the samples was carried out by immersion in a slush of liquid nitrogen
at -210°C followed by sublimation under vacuum within the SEM preparation
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chamber using a Gatan Alto 2500 cryotransfer system. During this process, water is transformed into ice with a crystalline domain size below 10 nm, which
preserves the three-dimensional arrangement of even highly hydrated samples.
Fresh surfaces were obtained by breaking the samples (cold fracture) with a blade
installed within the preparation chamber, and subsequently platinum coated (7
nm). Images and EDX analysis presented in Figure 4.2 were obtained with a
backscatter detector, an accelerating voltage of 15 kV, and a working distance of
10 mm.
4.3.5 Scanning Electron Microscopy (SEM)
SEM observations and analyses of ﬂocks formed in D. brasiliensis cultures were
performed with a Zeiss supra 50 VP equipped with a EDAX energy dispersive
X-ray spectrometer. Samples were washed in distilled water before being dried
at room temperature. The washing step is crucial to avoid artifact morphologies,
which may result with salt precipitation from the hypersaline medium used for
the culture experiments. A 6 nm platinum coating was applied to the samples.
The image and EDX analysis presented in Figure 4.3 were obtained with a backscatter detector, an accelerating voltage of 12 kV, and a working distance of 10
mm.

4.4 RESULTS
CLSM imaging of D. brasiliensis culture revealed the widespread presence of
EPS, which is volumetrically the most abundant component of the investigated
sample (Fig. 1A). EPS appear as an aggregate of molecules with an undeﬁned
shape. Nanosize minerals with globular shape (nanoforms with an estimated diameter of about 200 nm) are visible within the EPS aggregates (Fig. 4.1B). With
progressive mineral growth, the nanoforms develop and tend to merge forming
larger globules with a diameter of about 5 – 30 μm (Fig. 4.1C). Microbial cells
are visible all around but not within these growing structures (Fig. 4.1D). Using
the Cryo-SEM, EPS is visualized as an alveolar structure (Dupraz and Visscher,
2005; Dupraz et al., 2004; Schaudinn et al., 2007) which cross-cuts the carbonate globules (Fig. 4.2A). The surface of the globules displays a grainy texture
(Fig. 4.2B). The size of the single grains composing this surface is comparable to
that of the single nanoforms observed by CLSM within the EPS aggregate (Fig.
4.1B). Microbial cells within the EPS agglomerate are rarely observed, especially
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Figure 4.1. CLSM images of culture experiment inoculated with D. brasiliensis. The sample
was stained to visualize the relationship among minerals (blue), bacterial cells (green), and
EPS (white). (A) Overview of the culture experiment. (B) Nanosize minerals nucleating in an
EPS aggregate. (C) Mineral globules enveloped within EPS surrounded by bacteria. (D) Sec100
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C

10 μm

D

10 μm
tion through the three-dimensional reconstruction of image C. Note that bacterial cells are not
included within the globular structures.
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Figure 4.2. Cryo-SEM photomicrograph
showing a section through an EPS aggregate formed during the bacterial culture
experiment. (A) Overview of carbonate
globules developing within the EPS matrix.
EPS is visualized as an alveolar structure
which cross-cuts the minerals. (B) Grainy
texture characterizing the surface of the
globules. (C) EDX spectrum of the carbonate (white circle in A). Elemental analysis
is consistent with a Ca-Mg-carbonate. Pt
peak corresponds to the coating applied
during preparation. Na and Cl peaks reflect
high salt content of the growing medium.

10 μm
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not in association with the carbonate globules. By conventional SEM, carbonate
globules display the same morphology, but the EPS matrix is not visualized (Fig.
4.3A). If the nanoforms are not well developed and merged together forming
larger globules, as in Figure 1B, they collapse as aggregates with an undeﬁned
shape. The size of the single nanoforms ranges from about 20 nm to 200 nm.
They usually display regular ovoidal morphology, but more elongated specimens
were also observed. Elemental analysis of nanoforms, indicating a Ca-Mg-carbonate, is similar to that of the larger globules (compare energy dispersive X-ray
(EDX) spectra of Fig. 4.2C and Fig. 4.3B).

4.5 DISCUSSION
4.5.1 Nanobacteria-like particles
The nanoforms produced in our experiment are similar in size and morphology
to structures observed in both terrestrial and extraterrestrial rocks, which A
have been interpreted as possible fossils of nanobacteria (Folk, 1993; Folk
and Lynch, 2001; McKay et al., 1996;
Vasconcelos and McKenzie, 1997;
Vasconcelos et al., 1995). Alternative
explanations for nanoforms include
protein-associated
mineralization 400 nm
(Vali et al., 2001), mineral by-product B
of enzyme-driven tissue decay (Schieber and Arnott, 2003), nucleation
on microbially derived nanoglobules
(Aloisi et al., 2006), artifacts related to
sample preparation process (Bradley
et al., 1997) and other processes occurring without the presence of living
organisms (Kirkland et al., 1999). In Figure 4.3. (A) SEM photomicrograph showing nanoforms formed in bacterial culture exour experiments, we can exclude that
periment. Without cryogenic device, EPS is
nanoforms were produced during the not visualized. (B) EDX spectrum of nanoforms
metal coating procedure required for (white circle in A), with composition similar to
SEM imaging. Indeed, nanoforms are that of the larger globules (cf. Fig. 4.2C).
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also visible using CLSM imaging (Fig. 4.1B). In this case, no coating was applied
to the sample, which was investigated in its hydrated form at room temperature
and under atmospheric pressure. CLSM imaging provides the ﬁrst unambiguous
evidence that nanoforms represent an early step of mineral nucleation on EPS
molecules rather than fossilization of nanometric bacterial cells. Indeed, nanoforms appear directly as a multitude of mineral particles within glyco-conjugate
aggregates (Fig. 4.1B), while a precursor stage consisting of non-mineralized
nanoforms was not observed. If living nanobacteria were present, they should be
stained and visible as single identities, as is the case for widespread D. brasiliensis
cells (Fig. 4.1).
4.5.2 Grainy texture
With progressive mineral growth, the nanoforms develop and merge together
forming larger globules (Fig. 4.2A) with grainy surfaces (Fig. 4.2B). A similar
texture has been described in both terrestrial (Folk and Lynch, 2001; Vasconcelos and McKenzie, 1997) and extraterrestrial (McKay et al., 1996) rocks and
interpreted as a possible product of microbiological activity. Alternative explanations include partial dissolution of the carbonate globules forming grainy surfaces
(Kirkland et al., 1999; McKay et al., 1996) or an artifact texture created during
sample preparation (Bradley et al., 1997). The results of our laboratory experiments show that a similar texture can form unambiguously through a biological
process. Texture surfaces and associated nanoforms were produced in the presence of microbial activity, without any carbonate dissolution step. Cryo-SEM
imaging of our microbial cultures shows that the grainy texture characterizes the
external surface of all carbonate globules and is not a rare and localized phenomenon. We suggest that these irregular surfaces result from mineral growth within
the EPS aggregate. Indeed, Cryo-SEM magniﬁcation of the texture shows that
single grains composing the surface of the globules are similar in size, morphology and elemental composition to the nanoforms (cf. Fig. 4.2 and Fig. 4.3). With
progressive mineral development, the nanoforms cement and eventually recrystallize forming the solid core of the carbonate globules. This interpretation is also
consistent with the 3D reconstruction from CLSM images, which illustrates how
the surface of the carbonate globules is completely enveloped in the glyco-conjugates (Fig. 4.1D). The presence of organic polymers, i.e. poly(sodium acrylate),
was shown to extend the lifetime of metastable amorphous calcium carbonate
(DiMasi et al., 2006). This may explain why the carbonate growing within the
EPS lacks cleavage and angular surfaces. Also, the viscosity of the organic matrix
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can have an eﬀect on the crystal morphology, with a tendency to form spherical
shapes (Braissant et al., 2003; Buczynski and Chafetz, 1991).
4.5.3 Paleontological signiﬁcance of the observed microsedimentary structures
In the speciﬁc case of microbial dolomite formation in laboratory experiments,
we have demonstrated that nanobacetria-like particles represent mineral nucleation and growth within EPS, and not nanobacteria as previously proposed (see
Fig.1 in (Vasconcelos et al., 1995)). However, we do not recommend the use of
nanobacetria-like particles and grainy texture as morphological biosignatures in
ancient rocks. Indeed, it has been demonstrated that similar structures, as well
as a large variety of unusual morphologies, may form in response to abiotic processes, or in the presence of organic molecules which origin may not be linked
to a biological process (Bradley et al., 1997; Braissant et al., 2003; Kirkland et
al., 1999; Tracy et al., 1998). Moreover, at the nanometer scale, biosynthetic
and inorganic forms display similar smoothed morphology, since both types of
structures are controlled by similar physical and chemical processes (Cady et al.,
2003). Diagenesis and metamorphism are additional factors which must be considered for the interpretation of putative biosignatures in the geological record.
For example, in Precambrian rocks, carbonate are often replaced by silica, which
abiotic precipitation may self-assemble complex microstructures (Garcia-Ruiz et
al., 2003). Both morphology and bulk chemical composition of these microstructures can hardly be diﬀerentiated from that of fossilized biogenic materials. Therefore, the simple morphology of nanobacteria-like particles and grainy
textures observed in our experiments cannot be used as an unequivocal evidence
for mineralization within ancient microbial EPS. Future research at the sub-micrometric scale is required in order to identify additional chemical attributes (e.g.
trace metal enrichment or speciﬁc isotopic fractionation), which may allow for
the diﬀerentiation between abiotic and biogenic microstructures. Without such
additional bioindicators, we can only suggest that EPS, and not exclusively the
cell or the body of the organism, may be the precursor biologic material which
leads to the formation of a potential biosignature.
4.5.4 Mineralization through excretion of EPS
The role of SRB in carbonate formation is considered important in both modern and ancient environments (Riding, 2000). Microbial carbonate formation
mediated by SRB has implications for the study of early life on Earth. Indeed,
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a close association between SRB and precipitation of lithiﬁed laminae has been
documented in modern microbial mats, which are regarded as possible analogues
for Precambrian stromatolites (Visscher et al., 2000). However, the exact role
of SRB in the mineralization process is not yet fully understood. Many of the
current models predict that SRB induce carbonate formation through the excretion of metabolites, which increase the alkalinity and pH of the water solution
(Castanier et al., 1999). However, this mechanism does not explain the ability
of SRB to mediate low temperature dolomite formation. Indeed, shifts in water chemistry due to microbial activity can be reproduced in abiotic laboratory
experiments. But, such experiments did not succeed in dolomite formation at
low temperatures (Land, 1998). Therefore, it has been proposed that the electric
charge and the consequent binding capacity of the cell surface or EPS may play a
crucial role in biogenic carbonate formation (van Lith et al., 2003b; Warthmann
et al., 2000).
SEM-imaging of microbes, which shows a close spatial association between
cells and small crystals, provides indirect evidence that carbonate nucleation takes
place on the cell wall (Bosak and Newman, 2003; Roberts et al., 2004; van Lith
et al., 2003a; Warthmann et al., 2000). However, assuming nucleation on metabolizing cells, it remains unresolved how SRB can avoid the complete entombment of the cell, with consequent death of the microbe. On the other hand, even
nucleation on dead cells, as observed by (Bosak and Newman, 2003), appears
to be inconsistent with the rare occurrence of microbial microfossils in some
carbonates thought to be of microbial origin (e.g. microbial dolomite or most
stromatolites). CLSM imaging of the D. brasiliensis culture (Fig. 4.1) provides a
possible solution to this paradox. It shows that the major sites of mineral nucleation and growth are the EPS aggregates, and not the wall of the cells. In terms of
microbial ecology, mineralization through excretions of EPS appears more likely
than nucleation on metabolizing cell wall. This mechanism is consistent with an
expected self-preservation behavior of the bacteria. Simultaneously, it explains
why microbial relics are rarely found within the biogenic carbonate.
Conventional sample preparation for SEM does not preserve EPS. Thus, because EPS is excreted from the cell, it is certainly possible to observe minerals
which appear to have developed directly on the cell wall. However, our results
suggest another mechanism, whereby most of the mineral formation takes place
within the EPS located at micro-distances from the cells. This hypothesis is also
consistent with a recent study on microbial calcite nucleation, which shows that
carbonate formation initiates on globules formed near the cell, but calcify signiﬁ106
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cantly only when released in the aquatic environment (Aloisi et al., 2006).

4.6 CONCLUSIONS
Combining CLSM and Cryo-SEM imaging techniques, it has been possible
to resolve important questions concerning the role of SRB in the production of
biogenic carbonate. Conventional SEM is insuﬃcient to reveal such details. Our
observations indicate that EPS play a key role in the formation of dolomitic globules. Carbonate crystals nucleate as nanoforms within the EPS produced by the
SRB, and, in our experiments, not on bacterial cells, as previously proposed. We
excluded the possibilities that the nanoforms represent fossils of nanobacteria,
dissolution surfaces or artifacts created during sample preparation. With progressive mineral growth, the nanoforms develop and tend to agglomerate forming
larger globules displaying grainy textures. Bacteria are principally located outside
the EPS aggregates where carbonate growth takes place. Thanks to this self-preservation behavior, they remain mobile and are not entombed during the mineralization process. These observations demonstrate why bacterial microfossils
are not necessarily found encased in the carbonate, even when it is of microbial
origin. Mineralization through excretion of EPS, as observed in our experiments,
may not be limited to dolomite formation by D. brasilinesis, but it could be a
widespread process occurring today and during the geological past. However, because imaging EPS is technically diﬃcult, the importance of this mineralization
mechanism may still be underestimated.
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Chapter 5

Dolomite-mediating bacteria isolated from
the sabkha of Abu Dhabi (UAE)
5.1 ABSTRACT
Dolomite CaMg(CO3)2 is a common carbonate mineral, whose origin has
long been debated. Dolomite formation at Earth’s surface conditions appears
to occur only in association with microbial activity, but, the exact involvement of microbes in the mineralization process is not completely understood.
Here, we report on a strain of sulfate-reducing bacteria capable of inducing
low-temperature dolomite formation in laboratory culture experiments. The
bacterium was isolated from a microbial mat that colonizes the lower intertidal environment of the sabkha of Abu Dhabi, UAE. This hypersaline
evaporitic environment is frequently cited as the type location for modern
dolomite formation. The complete 16S rDNA gene sequence of the isolate
revealed a 99.6% identity with Desulfovibrio brasiliensis, a dolomite-mediating bacterium isolated from Lagoa Vermelha, Brazil. This ﬁnding establishes
a link between two geographically distant natural environments, suggesting
that microbial mediation of dolomite may be a widespread mechanism today,
and possibly throughout the geological past, in environments habitable for
the microbe and the genome concerned. The signiﬁcance of low-temperature
micritic dolomite as a possible evidence for ancient microbial activity is addressed.
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5.2 INTRODUCTION
Research in natural environments, in conjunction with laboratory culture experiments, has demonstrated that microbes can induce low-temperature dolomite formation (Rivadeneyra et al., 1993; Roberts et al., 2004; Sánchez-Román
et al., in press; van Lith et al., 2003; Vasconcelos et al., 1995; Warthmann et al.,
2000; Wright and Wacey, 2005). The implication of this ﬁnding is twofold. First,
microbial mediation is a possible solution to the long-standing problem concerning the origin of sedimentary dolomite (McKenzie, 1991). The impossibility to
reproduce and constrain the settings of natural dolomite formation in abiotic
laboratory experiments (Land, 1998; Lippman, 1973) has long prevented an
unambiguous interpretation of ancient dolomite. Culture experiments in which
microbes mediate dolomite precipitation have now opened new possibilities to
address this problem. Secondly, because dolomite formation at low temperature
appears to occur preferentially in the presence of microbes, it may be referred to
as a biomineral when appropriate environmental conditions can be elucidated.
This has interesting ramiﬁcations for the study of the evolution of life on the early
Earth. Indeed, dolomite is an abundant mineral phase in Precambrian rocks, and
it is often found in association with stromatolitic structures though to be of microbial origin (Grotzinger and Knoll, 1999). By establishing a close link between
dolomite formation and speciﬁc taxa of organisms, ancient dolomite, which is
not of hydrothermal or burial origin, may be used to trace the existence of speciﬁc
microbes throughout the geological past.
This study focuses on a new strain of dolomite-mediating bacteria, which has
been isolated from the sabkha of Abu Dhabi, UAE. The costal sabkha of the
Arabian gulf is a modern environment where Holocene dolomite formation was
discovered in association with evaporitic minerals (Wells, 1962). The sedimentary sequence characterizing the sabkha is frequently cited in the literature as the
type example for analogue assemblages of carbonates, evaporites and siliciclastics
found throughout the geological record (Alsharhan and Kendall, 2003). In this
region with extreme hypersaline conditions, dolomite was observed to form in
association with microbial mats, likely as a consequence of mineral nucleation
and growth within extracellular polymeric substances (EPS) (Bontognali et al.,
2008a). Mixed cultures of bacteria were isolated from the EPS composing the
modern and buried mats. The ability of mediating dolomite was tested among
the cultivated microbes. We propose that the identiﬁcation of new microorganisms capable of mediating dolomite, and their comparison with other known spe114
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cies, may provide crucial insights for resolving the exact mechanism of dolomite
formation.

5.3 METHODS
5.3.1 Sampling, isolation and cultivation
A total of about 30 cultures were inoculated in a region of the coastal sabkha
of Abu Dhabi (UAE), from surface and buried microbial mats, which are known
to contain dolomite spheroids (Bontognali et al., 2008a). These microbial mats
are present along a transect from the intertidal to the supratidal zone, situated
about 45 Km south-west of Abu Dhabi, on the coast close to Al Quantair Island
(Strohmenger et al., 2004). Enrichment cultures were inoculated in the ﬁeld,
squishing samples of excised microbial mat within Eppendorf tubes. The resulting solutions were then injected using syringes into 50 ml or 100 ml vials, containing anoxic growth medium.
Two artiﬁcial growth media were designed for this study. The composition of
the liquid medium named AD1 is based on pore-waters chemistry of the sediments present in the supratidal environment of the sabkha (Bontognali et al.,
2008a; Wood et al., 2002). In this location abundant dolomite is found within
microbial mats buried below about 15 cm of gypsum and anhydrate (Strohmenger et al., 2004). Total salinity of AD1 is 28% and the Mg/Ca is 14.8. The
liquid medium named AD2 is similar to the hypersaline medium used in previous laboratory experiments, in which dolomite was successfully precipitated
from solution (Warthmann et al., 2000). In contrast to AD1, the composition
of AD2 more closely mimics the conditions that characterize the lower intertidal
environment of the sabkha. Here, at the surface of the tidal ﬂat, the existence of
a dolomite-producing microbial mats has recently been reported (Bontognali et
al., 2008a). Total salinity of AD2 is 7.4 % and the Mg/Ca is 6.1.
The enrichment cultures were transferred to the Geomicrobiology Laboratory of
the ETH of Zürich, and placed at 30° in a thermostat-controlled incubator for
one month. By optical microscopy, it was possible to observe various microbial
communities developing within both growth media, inoculated from diﬀerent
samples of the sabkha. However, carbonate-mineral precipitation was observed
only in AB2 cultures inoculated from the microbial mat colonizing the lower intertidal zone. After one week of incubation, a grey mineral powder was visible by
naked eye on the bottom of the vials. The enrichment culture, which showed the
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3 mm
Fig. 5.1. (A) Overview of the lower intertidal environment of the coastal sabkha of Abu Dhabi
(UAE). The surface is colonized by a few centimeters thick microbial mat. (B) Cross section through the microbial mat from which the dolomite-producing bacterium was isolated.
Dispersed within the EPS (brown layered slime) constituting the mat, it is possible to see a
mixture of authigenic and detrital minerals (white particles), which also include dolomite.
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most prominent mineral precipitation, was subsequently inoculated into deep
agar dilution series to obtain a pure culture. The pure culture, grown in liquid
medium AD2, demonstrated the same ability to precipitate minerals as observed
in the mixed culture. The bacterial strain of the pure culture was isolated from a
sample of EPS excised from the internal part of a microbial mat, which colonize
the lower intertidal environment of the sabkha (Fig. 5.1). The exact location is
24° 8’ 55.60”N; 54° 6’ 9.60” E.
5.3.2 Detailed composition of the growth media
AD contained (per liter): KH2PO4 0.027 g, CaCl2·2H2O 3.38 g, MgSO4·7H2O
12.325 g, KCl 5.14 g, NaCl 206.86 g, MgCl2·6H2O 46.75 g, NH4Cl 0.25 g, Naformate 3.5 g, Na-acetate 1g, NaHCO3 0.21 g (autoclaved separately), and Na2CO3 0.06 g (autoclaved separately). AD2 contained (per liter): KH2PO4 0.027 g,
CaCl2·2H2O 1.91 g, MgSO4·7H2O 2.46 g, KCl 0.5 g, NaCl 45 g, MgCl2·6H2O
14.21 g, NH4Cl 0.25 g, Na-formate 3.5 g, NaHCO3 3.725 g (autoclaved separately), and Na2CO3 1 g (autoclaved separately). After autoclaving and cooling
under N2, the following compounds were added to both AD1 and AD2 from
sterile stock solutions: 1 mM Na2S, 1 ml vitamins solution (Balch et al., 1979),
1 ml trace elements solution SL-10 (Widdel et al., 1983) and 1 ml of Se + W
solution (22.8 μM Na2SeO3·6H2O, 24.3 μM Na2WO4·2H2O). The media were
dispensed under N2 into sterile crimp-top vials with butyl rubber stoppers.
5.3.3 16S rDNA analysis
Genomic DNA was extracted and 16S rDNA gene ampliﬁed at the Institut
für Medizinische & Molekulare Diagnostik AG, Zürich. The DNA was extracted
using the QIAmp DNA blood mini kit (Qiagen). The sequencing was carried
out using the BigDye kit and an automatic DNA sequencer (ABI Prism 310 Genetic Analyzer; Applied Biosystems). The following primers were used: BAK11w
(forward) UNIR or 1492RPL (reverse) for PCR and sequencing; UNI-338 (forward), BAK533r (reverse), BAK2 or PC3mod (reverse), UNI-787 or Bact-787s20 (forward), UNI-1088 or PL06 (forward), UNI-1088r (reverse) for sequencing
(Bosshard et al., 2002; Dasen et al., 1998; Goldenberger et al., 1997; Greisen et
al., 1994; Persing et al., 1993). A representative phylogenetic tree (Fig. 5.2) was
produced using the Bio Informatic Bacteria Identiﬁcation (BIBI) program provided on-line by the University of Lyon.
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Fig. 5.2. Phylogenetic position of the isolate within the ∂-Proteobacteria based on 16S rDNA sequence
analysis. An unrooted maximum likelihood tree based on 1,420 alignment positions is shown. The isolate
revealed a 99.6% identity with Desulfovibrio brasiliensis. Scale bar corresponds to 1% sequence divergence.

5.3.4 Scanning Electron Microscopy (SEM)
SEM observations and analyses of the precipitate formed in the cultures were
performed with a Zeiss supra 50 VP equipped with a EDAX energy dispersive
X-ray spectrometer. Samples were washed in distilled water in order to avoid artifact morphologies, which may result with salt precipitation from the hypersaline
medium used for the culture experiments. A 5 nm platinum coating was applied
to the samples. Figures 3A, B C, as well as the EDX analysis presented in Figure
4, were obtained with a backscatter detector, an accelerating voltage of 12 kV, and
a working distance of 8 mm. Figure 3C was obtained with an inlens detector, an
accelerating voltage of 4 kV, and a working distance of 1 mm.
5.3.5 Powder X-ray Diﬀraction (XRD)
The mineralogy of the precipitate formed in the cultures was determined with a
powder X-ray diﬀractometer (Bruker, AXS D8 Advance), equipped with a Lynxeye superspeed detector. XRD spectra were used to identify the Ca/Mg ratio of
the carbonate. The mol% of Mg2+ was calculated from the position of the d104
peak of the carbonate with respect to an internal standard quartz (Lumsden,
1979). To document the unambiguous presence of Ca-dolomite, the samples
were reacted for 6h in a 0.3 M C10H16N2O8 (EDTA) solution with a pH adjusted
to 7.2. EDTA promotes a preferential dissolution of the Ca-rich end member of
the solid solution, which presence prevents the detection of the less abundant
dolomite (Vasconcelos, 1994).

5.4 RESULT AND DISCUSSION
5.4.1 Phylogenetic position of the isolate
The complete 16S rDNA gene sequence of the isolate capable of dolomite mediation showed 6 mismatches within a 1464 base pairs alignment to Desulfovibrio
brasiliensis (AJ544687), which corresponds to a 99.6% identity. D. brasilinesis
and D. hydrogenovorans are, among sulfate reducing bacteria, the only dolomiteproducing species identiﬁed until now (Warthmann et al., 2005). The type strain
for D. brasiliensis (i.e. LVform1) was isolated from anoxic, organic carbon-rich
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5 μm

B

10 μm
Fig. 5.3. SEM imaging of the precipitate formed in culture experiments inoculated with the D. brasilinesis
strain isolated from the coastal sabkha of Abu Dhabi. Photomicrograph A shows minerals formed after an
incubation time of 5 months at 30°, photomicrographs B, C, and D show mineral formed after 15 months
at 45°. (A) Overview of the precipitate showing interconnected globules with “dumbbell” and “cauliflower”
morphologies. (B) Overview of the precipitate incubated for longer time. White circle indicate the area cor-

120

Dolomite-mediating bacteria isolated from the sabkha of Abu Dhabi (UAE)

C

1 μm

D

100 nm
responding to the EDX analysis presented in Fig. 5.4 (C) Rhombohedric crystals constituting the external
surface of a dumbbell-shaped globule, which is characterized by a grainy texture. (D) Sub-micrometric
magnification of the mineral surface shows the presence of a multitude of nanoglobules (white arrows).
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sodium-dependent and grows at
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NaCl concentrations up to 15%.
The growth temperature ranges from 15°C to 45°C, with an optimum at 33°C.
Analogue settings characterize the site from which the new strain was isolated,
making the intertidal environment of the Abu Dhabi sabkha an optimal environment for bacteria of the D. Brasiliensis species. The new brasilinesis strain was,
indeed, inoculated from the anoxic interior of a microbial mat, which has an
average internal temperature of 30°C. During low tide, the seawater which daily
submerges the microbial mats, evaporates producing strongly hypersaline conditions (i.e. up to 24% in the pore-waters of the upper intertidal sediments).
For the interpretation of this result, it is important to consider the limits of
the procedure used to isolate the new strain, as well as those of the precipitation
experiment performed for identifying dolomite-mediating bacteria. The growth
media were selective for cultivable SRB, and the precipitation experiments were
carried out under conditions which are very similar to that described in the studies involving the strain isolated from Brazil (van Lith et al., 2003; Warthmann
et al., 2000). Thus, it would be inappropriate to speculate that D. barsilinesis is
the singular microbe responsible for dolomite formation in the Abu Dhabi sabkha. However, this result demonstrates that the microbial model for dolomite
formation (Vasconcelos and McKenzie, 1997), inferred from the study of Lagoa
Vermhela, can be applied to the sabkha environment, which shares a similar hypersaline water chemistry as well as a closely related bacterial species.

5.4.2 Precipitation experiment
Mineral precipitation occurred from anoxic medium AD2, inoculated with the
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pure strain isolated from the sabkha of Abu Dhabi. The mineral is visible by naked eye after an incubation time of about 10 days, seen as a light gray layer on the
bottom of the vials. Precipitates formed at 30°C and 45°C were both investigated
by SEM after an incubation time of 5 and 15 months, respectively. No signiﬁcant
morphological diﬀerences were observed comparing the mineral formed at 30°C
(Fig. 5.3A) and 45°C (Fig. 5.3B) at the two diﬀerent incubation times. The minerals consist of globules with a diameter of about 5 - 50 μm (Figs. 5.3A and B).
The globules are often interconnected forming multi-spheroidal aggregates. They
display characteristic morphologies already described in association with microbial-dolomite, referred to as “dumbbells” and “cauliﬂowers” (Warthmann et al.,
2000). The external surface of the globules is composed of rhombohedric crystals, which are characterized by a grainy texture (Fig. 5.3C). This texture is due
to the presence of a multitude of nanoglobules with an average size ranging from
10 to 50 nm (Fig. 5.3D). Recent studies demonstrated that these microstructures
result from mineral nucleation and growth within a EPS matrix (Bontognali et
al., 2008b). In earlier works, the same microstructures were interpreted as nanobacteria assisting the carbonate precipitation (Folk, 1993; McKay et al., 1996;
Vasconcelos et al., 1995). This hypothesis generated an animated debate on the
possible existence of microbes measuring less than 200 nm (Nealson, 1997).
Energy dispersive X-ray spectrometry (EDX) performed on the globules indicate Ca-Mg carbonates (Fig. 5.4). The precise mineralogy of the precipitate was
determined by XRD (Fig. 5.5). The bulk precipitate formed after an incubation
time of about 5 months at 30°C is a solid solution between high-Mg calcite and
Ca-dolomite. The two main d104 peaks correspond to 23 and 37 mol% of Mg2+
substituting for Ca2+. The bulk mineralogy of the precipitate formed after an
incubation time of about 14 months at 45°C is a solid solution of between highMg calcite and Ca-dolomite, which main composition is Mg-calcite with 28.7%
mol% of Mg2+. However, the broad d104 peak suggests that the solid solution includes Mg-rich end members with up to 52.7 mol% of Mg2+. The spectra of the
samples treated with EDTA clearly demonstrate that Ca-dolomite with mol% of
Mg2+ up to 49%, was formed within the pure cultures (Fig. 5.5).
The co-presence of various carbonate phases was already observed in previous
studies involving D. brasiliensis (Vasconcelos et al., 2005; Warthmann et al.,
2000), as well as in the natural environments from where the microbes have been
isolated (Warthmann et al., 2005). A possible explanation for why dolomite not
the unique carbonate phase forming in the culture is proposed by (Bontognali
et al., 2008c). Low Mg-calcite is interpreted as a former biogenic/organogenic
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mineral, whose growth continues outside of the EPS aggregates produced by the
microbes within the culture vials. Indeed, in the absence of an organic matrix,
dolomite growth at low temperatures does not occur, and the carbonate evolves
to a more Ca-rich phase. The shift from dolomitic to calcitic composition was
observed even on the surface of a perfectly cleaved dolomite crystal immerged in
a dolomite-supersaturated solution (Fenter et al., 2007). Thus, the presence of
diﬀerent phases may be related to the inhomogeneous occurrence of EPS within
the vials of the culture, as well as to partial EPS degradation during the time of
the experiment. Within the vials, the co-presence of two substantially diﬀerent
precipitation environments (i.e. within and outside the EPS) leads to the formation of diﬀerent carbonate phases. An alternative explanation could be that,
in the culture experiments, replacement processeses are taking place. However,
no evidence for mineral replacement was observed, neither by SEM-EDX in
these experiments, nor in previous experiments involving D. Brasilinsis, in which
the precipitate was investigated by TEM and analyzed by electron diﬀraction
(Warthmann et al., 2000).
5.4.3 Dolomite formation in the sabkha of Abu Dhabi
In the studied area of the sabkha of Abu Dhabi, abundant dolomite is found
within a buried microbial mat located in the supratidal zone (Bontognali et al.,
2008a). This microbial mat, which is about 1000 years old, is part of a prograding sedimentary sequence (Strohmenger et al., 2004). The modern equivalent
of the buried mats is nowadays colonizing the surface of the lower intertidal
environment. The dolomite-producing strain was isolated from this surface microbial mat. Whether the dolomite found in the supratidal buried mat is forming
today or was formed a thousand years ago when the mat was still at the surface
is an unsolved issue. Assuming that D. barsiliensis is responsible for dolomite
formation, our results suggest that microbial activity related to dolomite formation occurred most probably at the time the buried mat was bathed by seawater.
Indeed, the 28% salinity measured from the pore-waters of the buried mat is
likely too high for D. brasiliensis, which was cultivated at a maximum salinity
of 15% (Warthmann et al., 2005). Furthermore, this consideration is consistent
with our unsuccessful attempts to inoculate dolomite-mediating bacteria from
the buried mat, using both AD1 and AD2 growth media. Dolomite present in
the supratidal environment of the sabkha may form, or may have formed, as a
consequence of mineral precipitation within buried EPS. However, such EPS was
more likely excreted earlier, when the microbial community was in the intertidal
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environment, under less hypersaline conditions.
5.4.4 The mechanism of dolomite formation and its biological implications
As mentioned in the introduction, the microbial model for dolomite formation has ramiﬁcations not only in sedimentary geology but also for the study of
Precambrian life. However, the exact involvement of microbes in the mineralization process is not yet fully resolved. Also, it has not been determined to what
extent the ability of mediating dolomite formation is limited to certain branches
of the “tree of life”. This information is crucial for using primary dolomite, which
demonstrably precipitated at low temperature in shallow-water environments, as
evidence for past microbial activity.
Today, only a few identiﬁed microbes are known to mediate dolomite (i.e.:
Desulfovibrio brasileinsis, Desulfovibrio hydrogenovorans, Virgibacillus marismortui, Halomonas meridiana, Marinobacter sp. NT N31) (Sánchez-Román et al., in
press; Warthmann et al., 2005). However, this ability may be widespread within
the microbial world. In most of the studies involving SRB mediating dolomite, it
is postulated that their role in the mineralization process is mainly related to excretion or consumption of metabolites (van Lith et al., 2003; Warthmann et al.,
2000; Wright and Wacey, 2005). Microbial increase of pH and alkalinity and decrease of SO4, which is considered as an inhibitor for dolomite formation, would
provide the adequate conditions for dolomite precipitation. This mechanism is
often simpliﬁed with the following reactions:
4CHO2- + SO42- + H+ → 4HCO3- + HS- (sulfate reduction) and
4HCO3- + 2Mg2+ + 2Ca2+ → CaMg(CO3)2 + 4H+ (dolomite precipitation).
However, these models do not explain why, in natural environments, under the
same pore water conditions and in the presence of similar microbial activity, dolomite precipitation sometimes occurs and sometimes not (Mazzullo, 2000). Additionally, diverse closest relatives of D. brasilinesis based on 16S rDNA analysis
(e.g. D. profundus, D. halophilus, D. oxyclinae) do not mediate dolomite formation at the same conditions, while D. hydrogenovorans showed this ability (Warthmann et al., 2005). Considering that the metabolism of all these sulfate-reducing
bacteria satisﬁes the above-mentioned reaction, what diﬀerentiates the microbes
capable and not capable of dolomite formation? And, what links D. brasiliensis
and, for example, the areobic dolomite-producing bacterium Halomonas meridiana, whose 16S rDNA is known to be so diﬀerent?
A possible answer to these questions is proposed in recent studies, which suggest
that extracellular polymeric substances (EPS) play a key role for dolomite forma126
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tion (Bontognali et al., 2008a; Bontognali et al., 2008c). These studies propose
that dolomite forms as a consequence of mineral nucleation and growth within
EPS, which, acting as an organic template, inﬂuences the elemental composition
of the precipitate. Thus, dolomite-mediating microorganisms are probably linked
by the ability of excreting a speciﬁc EPS, rather than by a speciﬁc metabolic
pathway. A deﬁnitive solution to the “dolomite problem” may thus be achieved
by characterizing and comparing the EPS excreted by dolomite-mediating bacteria. Linking dolomite, a speciﬁc EPS compound, and the genes responsible
for its production, would give low-temperature dolomite a well deﬁned signiﬁcance in terms of a biomineral. However, in order to consider ancient dolomite
as an indirect fossil of a speciﬁc taxa of microorganisms, an additional important
question has to be addressed. In hydrothermal and burial settings, where the
kinetic inhibitors that prevent dolomite formation at Earth surface pressures and
temperatures are known to be readily overcome, dolomite can form as a physicochemical precipitate, without any microbial involvement. The discrimination
between these two fundamentally diﬀerent types of dolomites is therefore crucial
for its interpretation in terms of a biomineral. Though this diﬀerentiation is
not problematic in recent environments, it can be very diﬃcult in ancient sedimentary rocks, which have been aﬀected, often during billions of years, by several events of metamorphism. Future research will attempt to identify additional
chemical attributes (e.g. trace metal enrichment, speciﬁc isotopic fractionation),
which may allow for a diﬀerentiation between abiotic and biogenic/organogenic
dolomite. However, if not as a direct microfossil, putative biogenic dolomite may
still allow for a rapid recognition of potentially interesting samples, containing, in
addition to the mineralogy, other evidence supporting its biogenicity.

5.5 CONCLUSIONS
A new strain of SRB capable of mediating low-temperature dolomite formation in laboratory experiments was isolated from the sabkha of Abu Dhabi, UAE.
The isolate was inoculated from a microbial mat that colonizes the lower intertidal environment of the sabkha. The EPS composing this microbial mat is
known to contain authigenic dolomite. The complete 16S rDNA gene sequence
of the isolate revealed a 99.6% identity with Desulfovibrio brasiliensis, a dolomitemediating bacterium isolated from Lagoa Vermelha, Brazil. Laboratory precipitation experiments demonstrate that the isolate is capable of mediating Mg-calcite
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and Ca-dolomite with up to 49 mol% of Mg2+. At the micrometric scale, the precipitate displays morphologies commonly described in association with microbial
dolomite, in both laboratory experiments and natural environments, including
dumbbells, grainy surfaces and nanoglobules. The ﬁnding of a SRB strain of the
D. brasiliensis species in the sabkha of Abu Dhabi support the microbial model
for dolomite formation developed by Vasconcelos and McKenzie (1997). Indeed,
the link between two geographically distant natural environments, suggests that
microbial mediation of dolomite is a widespread mechanism, today and possibly
throughout the geological past, when the anoxic conditions which favor SRB were
globally more prevalent. Future work will attempt to clarify what diﬀerentiates
D. brasiliensis from many of its genetically closer relatives (based on 16S rDNA
phylogensis), which are not capable of inducing dolomite formation at the same
experimental conditions, although they apparently perform the same metabolic
reactions. Answering this question is crucial to decipher the exact mechanism of
low-temperature dolomite formation, as well as to link microbial dolomite to
speciﬁc taxa of microbes. The use of ancient dolomite as an evidence of microbial
activity is an interesting but delicate issue. The discrimination between primary
shallow-water precipitated dolomite, which is a possible biomineral, and hydrothermal or burial dolomite, which can form abiotically at higher temperatures,
is a diﬃcult task. This is especially true for ancient rocks, which are the most
interesting for the detection of early life, but which are commonly aﬀected by low
to high metamorphism. The indentiﬁcation of new attributes which allow for an
unambiguous dicrimination between biotic and abiotic dolomite, would greatly
reinforce the interpretation of low-temperature dolomite as an evidence for past
microbial activity.
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General conclusions and outlook
The microbial model for dolomite formation has been successfully tested in
the studied area of the Abu Dhabi sabkha (UAE). A close association between
microbial mats and dolomite formation has been documented in this extreme
hypersaline evaporitic environment. A new D. brasiliensis strain capable of mediating low-temperature dolomite in laboratory experiments was isolated from
the modern microbial mat. The study of microbe-mineral interactions occurring
in the sabkha and in laboratory culture experiments led to the formulation of a
revised hypothesis for microbial dolomite formation, in which EPS play a crucial
role.
Herein, possible answers to yet unsolved questions concerning the microbial
model for dolomite formation are provided according to this revised hypothesis.
The same questions were formulated in the introductory chapter, and were used
as a guidelines throughout this research.
What is the exact role of microbes in low-temperature dolomite formation?
Microbes mediate low-temperature dolomite formation through the excretion
of speciﬁc EPS. The molecules of the EPS probably act as an organic template,
which inﬂuences the elemental composition of the precipitate leading to dolomite formation. Metabolic processes that increase pH and alkalinity favor carbonate precipitation, in general, but low-temperature dolomite formation occurs
only when speciﬁc EPS are present in the solution. In the presence of appropriate
EPS, dolomite may even form in the absence of microbial activity. This is apparently the case in the sabkha of Abu Dhabi, where supersaturation due to strong
evaporation induces dolomite precipitation within 1000-year-old buried microbial mats, which no longer show signs of strong metabolic activity. The key role
of EPS for dolomite formation was further tested with laboratory experiments
under controlled conditions. Dolomite was precipitated at low temperature in
the presence of EPS in laboratory experiments, even it the absence of an active
microbial community at the time of mineral nucleation and growth. The microbial activity was inhibited with antibiotics, before Ca2+ and Mg2+ required for
dolomite precipitation was added to the solution.
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Future work will attempt to identify the exact organic molecules of the EPS,
which are involved in the mineralization process. Knowledge of the structure and
the electric charges of such molecules may lead to the formulation of a model for
low-temperature dolomite formation at the atomic scale. This would provide a
deﬁnitive solution to “The Dolomite Problem”.
What diﬀerentiates microbes capable of mediating dolomite from their genetically close relatives that lack this ability, although they perform the same
metabolic reactions?
The hypothesis that speciﬁc EPS, rather than a speciﬁc metabolic pathway, play
the key role for dolomite formation provides a possible explanation for why not
all the genetically close species of microbes are capable of mediating dolomite,
although their metabolisms are based on the same reactions. Current models,
which propose that microbes mediate dolomite formation by increasing pH and
alkalinity and by removing dissolved sulfate from solution, do not account for the
lack of dolomite precipitation when the appropriate geochemical conditions are
present. Microbial species capable of mediating dolomite are more likely linked
by having the same ability to produce speciﬁc dolomite-templating EPS, rather
than by altering their geochemical microenvironment.
Assuming that the cell wall is the site of mineral nucleation, why are microfossils of bacteria so rarely found within microbial dolomite?
CLSM observations of culture experiments revealed that nucleation of microbial carbonate takes place within EPS aggregates, and not on the cell wall as previously proposed. This explains why relics of microbes are not necessarily found
within the carbonate, even though it is of microbial origin.
Is there any ecological beneﬁt for microbes to mediate dolomite formation?
CLSM imaging showed that the cells of the bacteria are not entombed during
the mineralization process. This self-preservation behavior indicates that microbial mediation of dolomite is not unfavorable for the microbial community. Dolomite formation under certain conditions may even imply an ecological beneﬁt
for the microbial community. Precipitation of Mg-rich carbonate decreases the
Mg2+ concentrations, which in evaporitic environments, such as the sabkha of
Abu Dhabi, are usually much greater than Ca2+ and may be toxic for life. Future
research is required in order to test this hypothesis, resolving whether dolomite
formation through excretion of EPS is a passive uncontrolled process or an adap134
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tation strategy used by microbes to inﬂuence the chemistry of their surrounding
environment.
What is the exact signiﬁcance of microbial dolomite in terms of a biomineral?
Microbial dolomite is a mineral whose formation requires the presence of speciﬁc organic molecules that in this study are referred to as EPS. The identiﬁcation of such molecules, combined with a taxonomy of microbes capable of their
production, will give low-temperature dolomite a precise connotation in terms of
a biomineral. Its identiﬁcation in ancient rock may then be used as an evidence
for past microbial activity.
Is there a method to discriminate microbial dolomite from burial/hydrothermal dolomite within ancient sedimentary rocks?
Characteristic crystal morphologies have been documented in association with
microbial dolomite, in this thesis as well as in previous studies. Such morphologies are referred to as dumbbells, cauliﬂowers, nanobacteria-like particles, and
grainy textures. CLSM imaging showed that, in bacterial culture experiments
with dolomite-mediating bacteria, these morphologies result from mineral nucleation and growth within EPS. Nanobacteria-like particles represent the early
stage of mineral nucleation on EPS molecules and not, as previously proposed,
fossils of nanobacteria that assist carbonate precipitation. These morphologies
may be helpful for discriminating microbial dolomite from burial/hydrothermal
dolomite in the rock record. However, because similar structures may also form
in the presence of abiotically synthetized organic molecules, or by replacement
of amorphous silica precipitates, their presence in ancient rocks cannot be used,
alone, as a conclusive evidence for past microbial activity.
The formation of alveolar microfabrics consisting of mineralized EPS was observed within the buried microbial mats of the Abu Dhabi sabkha. The three-dimensional architecture of these microfabrics, which reﬂects the original arrangement of the EPS molecules, shows a much higher degree of complexity when
compared to the putative morphological biosignature described above. These
alveolar microfabrics, in combination with an unusual Mg-Si phase that characterize the early stage of the mineralization process, are proposed as a new tool for
the recognition of microbial dolomite in ancient rocks.
Biomineralization through excretions of EPS may not be limited to dolo135
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mite formation. Similar processes may be widespread in natural environment,
today and during the geological past. Conventional techniques are insuﬃcient
for studying the delicate and highly hydrated EPS molecules, which require the
implementation of a new methodological approach. Today, the importance of
EPS in many geobiological processes remains highly underestimated. Future research on microbe-EPS-mineral interactions will provide new insights in many
ﬁelds of science, which focus on biomineralization processes, survival strategies
and production of speciﬁc materials.
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