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This paper provides an ancient analogue for biologically mediated magnesite in lacustrine hypersaline environments. Thin beds 
of massive to crudely laminated magnesitic marls occur interbedded with mudstone and evaporite facies deposited in a saline 
lake-mudflat sedimentary system during the Lower Miocene in the Madrid Basin, Central Spain. Exposure of this succession in a 
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1. Introduction

Magnesite (MgCO3) deposits are not volumetrically important in
sedimentary sequences, although these carbonates are common in 
modern coastal and continental evaporitic environments (Müller et al., 
1972; Bush, 1973; Pueyo and Inglés, 1987; Last, 1992; Renaut, 1993; 
Wright, 1999; Pérez et al., 2002; Power et al., 2007; Luzón et al., 2009), as 
well as in ancient sedimentary sequences of the Earth (Zachmann, 1989; 
Ordóñez and García del Cura, 1994; Salvany and Ortí, 1994; Sanz-
Montero, 1996; Cañaveras et al., 1998; Melezhik et al., 2001; Sanz-Rubio 
et al., 2002; Sanz-Montero et al., 2006) and Mars (Russell et al., 1999; 
Ehlmann et al., 2008). In contemporary saline systems magnesite 
precipitates are found associated to microbial mats (Walter et al., 
1973; Last and De Deckker, 1990; Renaut, 1993; Braithwaite and 
Zedef, 1996; Coshell et al., 1998;
Edwards et al., 2006; Power et al., 2007; Power et al., 2009) and recent 
experimental studies are centred on simulate magnesite precipitation using 
benthic bacteria from natural lakes (Thompson and Ferris, 1990; Power et al., 
2007). These experimental investigations have demon-strated the importance 
of bacteria in promoting the formation of magnesium carbonate minerals. 
Along similar lines, the precipitation of carbonate minerals by microorganisms 
has been suggested to be biogeochemically coupled to the weathering of the 
associated minerals both silicates (Ferris et al., 1994; Power et al., 2009; Sanz-
Montero and Rodríguez-Aranda, 2009; Sanz-Montero et al., 2009a) and 
sulphates (Sanz-Montero et al., 2006; Ayllón-Quevedo et al., 2007; Sanz-
Montero et al., 2009 a,b). In Earth and in Mars, where large surface deposits of 
magnesite have been detected, magnesite occurs associated with phyllosilicates 
and mafic minerals (Sanz-Montero, 1996; Sanz-Rubio et al., 2002; Ehlmann et 
al., 2008; Power et al., 2009). The biologically-aided carbonatation of the 
magnesium silicates has been even suggested to be exploited for the purposes 
of CO2 sequestration (Power et al., 2009).

The authors examine the potential role of microbes in magnesite 
precipitation in Miocene evaporitic deposits from the continental Madrid 
Basin. Exposure of a magnesite-bearing succession in a recently excavated 
tunnel and in collected cores offered a good opportunity to
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Fig. 1. Paleogeographic sketch of the Madrid Basin with location of the study area 
(squared) at the time when the upper part of the Lower Miocene Unit was deposited.
examine magnesite precipitates and their relation with the remains of 
microorganisms that were sealed and preserved in excellent condition by 
evaporitic minerals.

The results of this study have implications for the role of 
microorganisms in the nucleation of magnesium carbonates and extend 
the record of biomediated magnesite to ancient rocks.
2. Geological context

The Tertiary Madrid Basin is a continental depression located in
central Spain. It is locked between the Central System in the northwest 
(mainly composed of granites and metamorphic rocks), the Mesozoic Iberian 
and Altomira Ranges in the east (mainly dolomite and limestone rocks), and the 
Toledo Mountains in the south (mainly granitic rocks)(Fig. 1). The up to 
2000 m thick Miocene stratigraphical record of the Madrid Basin is divided 
into three main lithostratigraphical units, each separated by unconformities 
from their underlying units (Calvo et al.,
Fig. 2. A) Outcrop view of the magnesite-bearing succession in the study area showing four compl
glauberite and anhydrite nodules). Magnesitic marlstones are associated to the evaporite beds. B) Detail 
1996). In many cases these unconformities are defined by paleokarstic surfaces 
(Rodríguez-Aranda et al., 2002). The sedimentary succession studied is 
included in the Lower Unit (Ramblian and early Aragonian). The general 
sedimentary context for this unit is established as a mudflat-saline lake 
complex characteristic of a hydrologically-closed basin. In the basin centre, the 
Lower Unit is composed of flat-lying saline rocks (mostly glauberite, halite, 
anhydrite and gypsum) that were accumu-lated in perennial hypersaline lakes 
(Fig. 1). The soluble salts are rarely observed in outcrop since Quaternary 
weathering processes have transformed anhydrite and glauberite into 
secondary gypsum and have dissolved the halite precipitates (Rodríguez-
Aranda et al., 2009).

These evaporitic facies interfinger with carbonate, marl, and terrigenous 
deposited in alluvial fans mainly derived from the Toledo Mountains. The 
alluvial fan deposits extend up to 30 km northward from the basin margin. The 
catchment area that acted as source of ions and sediment is mainly located in 
the anatectic complex of Toledo. This Hercynian complex is composed of 
migmatitic rocks with abundant Mg-bearing minerals, namely garnet, 
cordierite and biotite (Barbero, 1995). Scattered basic rocks, containing up to 
20% of Mg, and calco-magnesian marbles also crop out in the complex 
(Barbero et al., 1990). In addition, the catchment area consists of cretaceous 
dolomitic rocks (Rodas et al., 1990).

Groundwater recharge in the lake that originated from carbonatic and 
evaporitic beds (Keuper facies) forming part of the Eastern margin of 
the basin, is regarded as a complementary source of ions (Rodríguez-
Aranda et al., 1991).
3. Methods

The samples were taken in the excavation front of a railway tunnel
and from six exploratory boreholes drilled with a continuous core by injection 
of compressed air as well as in outcrops located in the vicinity of Aranjuez 
(Fig. 1). Boreholes range from 70 to 80 m in depth. In order to compare the 
results, sampling was also undertaken in an underground mine for sodium-
sulphate extraction, located 30 km to the east from the tunnel. For this study, 
mineralogy of the samples was determined by X-ray diffraction (XRD) of 
powdered samples. Petrographic thin sections were examined by optical and 
fluorescence microscopy. High-resolution textures were studied with scanning 
electron microscopy provided with X-ray energy-dispersive spectros-copy, 
SEM-EDS. Total organic carbon (TOC) was determined as well as stable-
isotope analysis of carbonates.
ete superimposed sequences formed of mudstone facies and evaporites (secondary gypsum after 
of a typical sedimentary facies association showing saline lake facies over mudflat deposits.
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Fig. 3. Hand sample photos. A) Limpid halite crystals (Hl) embedded in grey magnesitic marls 
(Mgs). B) Hemypiramidal glauberite crystals (Gl) grown intrasedimentary in grey magnesitic 
marls (Mgs). Notice the transformation of clear glauberite crystals to white secondary gypsum 
(Gy) proceeding from the edges to the centre.
4. Facies association and paleoenvironment

The studied succession is located in the central areas of the Madrid
Basin and comprises the upper 100 m of the Lower Miocene Unit. The 
magnesite-bearing succession consists of mudstone, marlstone and evaporite 
facies that were deposited in the saline mudflat and saline lake 
subenvironments (Sanz-Montero, 1996). The vertical succession
Fig. 4. SEM, BSE thin-section photomicrographs of magnesite microfacies. A) Loosely-packed mag
Subhedral to euhedral magnesite crystal adopt a variety of morphologies. Some dumbbell-like crystas a
empty. D) Detail of a composite magnesite crystal with a carbonaceous nucleus showing alveolar arrang
of facies reflects a progressive expansion of lake facies over mudflat deposits 
(Fig. 2). The distribution pattern of magnesite closely coincides with the areal 
extension of evaporitic lacustrine deposits of the Lower Unit (Fig. 1). 
Magnesite is the exclusive carbonate phase found in the succession and is 
present both in the saline mudflat and saline lake subenvironments (Fig. 2).

The saline-mudflat facies association consists of red to green mudstone, 
greenish-gray magnesitic marlstone and green magnesitic marls-bearing 
hemypiramidal gypsum and/or glauberite crystals (Fig. 2). The deposits can 
show bioturbation and locally contain displacive or replacive anhydrite 
nodules after glauberite. Iron sulphide recognizable as mm-sized, black 
minerals and celestite are common in the marlstone and sulphate beds. 
Magnesitic marls are present as massive to vaguely laminated, centimetre-
thick beds.

The saline lake facies association is made up of green mudstone and 
grey magnesitic marls interbedded with evaporitic facies that occur as 
millimetre to centimetre intrasedimentary crystals or forming laterally 
continuous, centimetre-to decimetre-thick layers separated by partings of 
mudstones and marlstones (Fig. 3). In recent exposed surfaces, the rocks 
smell of organic compounds. The major evaporites are halite, glauberite and 
anhydrite. Minor proportions of thenardite and gypsum are also present. Halite 
occurs as millimetre to centimetre chevron, hopper, cements and displacive 
crystals that often incorporate inclusions of the host sediment (Fig. 3A).

Glauberite generally occurs as intrasedimentary crystals, although 
contorted or nodular beds are also observed. Glauberite consists of 
euhedral to subhedral hemipyramidal crystals with abundant in-clusions 
of the host magnesitic marls (Fig. 3B). Some glauberite facies are tightly 
cemented by cubic halite precipitates.

Anhydrite is present as intrasedimentary, isolated or nodular 
aggregates of millimetre-sized and lath-shaped crystals.

In outcrops, anhydrite nodules and glauberite are partially or totally 
transformed into secondary gypsum (Fig. 3B), and iron sulphides into iron 
oxide and hydroxide. The superficial alteration of sulphate facies to secondary 
gypsum is commonly accompanied with calcite.
nesite microcrystals with interspersed detrital grains. B) Magnification of the central part of A. 
re arrowed. C) Many magnesite crystals are observed to have grown from an inner nucleus, locally 
ement.
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5. Results

5.1. Magnesite: petrography and composition

Marlstone facies are made of a mixture of up to 30 wt.% of magnesite, clay 
minerals (illite and subordinately kaolinite), quartz, biotite and feldspars. 
Thin-section examination of the marlstone beds reveals a massive to 
vaguely laminated microfacies in which magnesitic laminae interdigitate 
with laminae enriched in silt-sized detrital grains (Fig. 4A). Intrasedimentary 
evaporitic crystals and variable quantities of celestite (up to 7 wt.%) and pyrite 
(up to 5 wt.%) are associated with the carbonate.

Observations under fluorescence microscopy of magnesitic lam-inae show 
that the carbonate crystals fluoresce whereas the detrital grains and evaporites 
do not. The fluorescence patterns and the distribution of carbonaceous masses 
observed by SEM indicate that some organic matter is associated with the 
crystals and it should be responsible for the fluorescence of the carbonate. In 
addition, the TOC
Fig. 5. SEM, SE photographs of freshly broken samples. A) Aggregates of magnesite 
microcrystals showing no well-defined boundaries or morphologies. B) Asymmetric dumbbell-
shaped crystal built up by the self-assembly of nanorods, plates, and fibres.
C) Magnesite crystals attached to a carbonaceous substrate (arrowed). The crystal on
the left exhibits an inner hole with an array of subcrystals around it.
content in the magnesite-bearing samples ranges from 0.1 to 0.9 wt.
%.

Magnesitic laminae are characterized by loosely packed, unor-iented 
subhedral to euhedral composite magnesite crystals (Fig. 4A). The up to 12 μm 
in size magnesite crystals adopt rhombohedral to dumbbell-like shapes with 
variations in between these forms (Fig. 4B). Many crystals are observed to 
have grown radially from a carbonaceous nucleus that often displays a 
spheroidal morphology and is around 2 to 5 μm in diameter (Fig. 4C). 
Occasionally, the central structure shows an alveolar arrangement (Fig. 4D).

In more detail, magnesite occurs as amorphous masses (Fig. 5A) or as 
single crystals (Fig. 5B and C) that are generally connected by organic strands 
and fibrils so there may be no sharp well-defined boundaries between adjacent 
crystals. Magnesite crystals result from the aggregation of micron-sized 
subcrystals displaying a variety of morphologies such as rods, platelets and 
nanoglobules and include organic fibrils (Fig. 5B and C). Commonly, the 
subcrystals are seen to arrange around inner hollows and are attached to a 
carbon-rich substrate (Fig. 5C). The energy-dispersive X-ray spectrometer 
analyses of magnesite indicate that the mineral contains minor Ca (1%) and 
traces of Mn (0.1%) (Fig. 6).

Frequently magnesite is found intergrown with celestite, iron-sulphides 
and, in minor proportion, with phosphates and barite. Celestite appears as 
subhedral–euhedral isolated or commonly grouped into intergrown clusters of 
prismatic crystals up to 10 μm in length and 2 μm in width (Fig. 7A). Celestite 
crystals are relatively pure containing 0.8–1.6% BaO (Fig. 8A) . The iron 
sulphides consist of up to 5 μm-sized subhedral crystals (Fig. 7B) with low 
contents of iron (Fig. 8B). Occasionally the sulphide crystals show a hole in 
the centre similar to those recognizable in magnesite precipitates (Fig. 7B).

The isotopic composition of magnesite samples from different facies is 
characterized by negative values for carbon, δ

13
CPDB ranging from−8·78‰ to 

−3·22‰, averaging −6·2‰. In contrast, the δ18OPDB values oscillate within a 
wider range, δ

18
O r a n g i n g  f r o m −18·90‰ to +4·93‰, average −1·12‰ 

(Fig. 9).
5.2. Relationships between magnesite and associated minerals

Detrital silicates, sulphates and halite occur associated with the 
carbonate in the magnesitic laminae. Silicate grains and sulphate 
precipitates are corroded by coeval magnesite crystals that form the matrix 
(Figs. 10 and 11). Whereas, displacively-grown halite, halite cements and 
the fast-growing faces of glauberite have been observed to incorporate 
inclusions of the host sediment.
Fig. 6. EDS spectrum of magnesite.
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Fig. 7. SEM photographs of minerals associated to magnesite (Mgs). A) SE image of a freshly 
broken sample showing prismatic celestite intergrown with magnesite crystals.

B) Thin-section BSE image of pyrite (Py) with an inner hole similar to the associated
magnesite crystal in the vicinity of a biotite (Bt) grain.

Fig. 8. EDS spectra of celestite (A) and pyrite (B) associated with magnesite.

Fig. 9. Plot of δ
13
C versus δ

18
O for the main facies of magnesite. Values are reported in permil 

relative to PDB standard.
5.2.1. Silicates
Although all type of detrital silicates (biotite, feldspars, muscovite and 

quartz) are seen to be corroded and replaced by magnesite (Fig. 10), 
biotite is the mineral more transformed into magnesite. Fig. 10A shows a 
biotite grain partly replaced by microcrystalline magnesite and the 
replacement by the carbonate led to decreased preservation details in the 
silicate. Together with magnesite, biotite is commonly replaced by iron-
sulphide crystals, which commonly follow the cleavage lines of the 
silicate (Fig. 10B). In the facies containing anhydrite precipitates, clusters 
of replacive celestite can be further present in the vicinity of the replaced 
biotite (Figs. 10B and 11). Feldspars are replaced by magnesite and 
celestite that tend to adopt the outlines of the former minerals (Figs. 10C 
and 11). In the case of the K-feldspar grains, micrometric-sized barite 
preferentially arranged along the weakness planes of the silicate are also 
present (Fig. 10C). Dissolution textures observed in quartz grains deposited in 
the neighbourhood of magnesite crystals range from surface etching and 
pitting to extensive disaggregation. In some grains, the etch-pit features 
seem to be controlled by the presence of mineral inclusions in quartz. Fig. 
10D shows regular etch-pits in quartz with relics of a mineral containing 
Fe and Ti, probably ilmenite. In general, the quartz grains are less altered than 
other silicate grains found in the vicinity (Fig. 10D).

5.2.2. Sulphates
Magnesite has been seen to corrode and replace intrasedimentary 

sulphates, anhydrite and glauberite. The corrosion signs in glauberite are 
mostly concentrated in the slow-growing faces (curved hemi-pyramidal 
faces). By contrast, the fast-growing faces are not so transformed into 
carbonate. Anhydrite has undergone a general and intensive alteration 
resulting in carbonate engulfment and replace-ment, fragment isolation, 
dissolution, creation and enhancement of structural discontinuities (Fig. 
11). The microfabric of replacive magnesite is markedly more 
compacted than the observed in the embedding matrix. Unlike what 
was observed in biotite, the transformation of sulphates into magnesite 
is typically accompanied by celestite microcrystals (Fig. 11).

5.2.3. Halite and organic structures in magnesite
Displacively-grown halite within interlayered magnesitic marls and halite 

cements often incorporate inclusions of the host sediment. Thin-section 
examination reveals that the inclusions occur in bands or zones that are more 
abundant along the edges of the crystals in contact with the host sediment (Fig. 
12A). The inclusions within the halite precipitates consist of a mixture of 
magnesitic matrix, primary reticular fluid inclusions trails, curved and straight 
tubular structures and fluorescent organic matter (Fig. 12B and C). Scanning 
electron microscopy of the organic structures included in the banded salt
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Fig. 10. SEM, SE photograph of a freshly broken sample (A) and BSE photomicrograps (B–D) of magnesite (Mgs) together with celestite (Cls), pyrite (Py) and phosphates (Ph) replacing silicate 
grains: Biotite (Bt), K-feldspar (K–F), Na-plagioclase (P), quartz (Q) and ilmenite (I). A) Biotite grain partially replaced by magnesite with poor preservation details.
B) Biotite grain partially replaced by magnesite and pyrite crystals arranged along the phyllosilicate cleaveages. Celestite clusters are also present in the surroundings. C) Feldspars
partly replaced by magnesite and celestite clusters that seem to follow the outlines of the silicates. Inside the K-feldspar minute barite is observed (some arrowed). D) Different silicate minerals 
deeply altered in a magnesitic lamina enriched in detrital grains. Pitting in the quartz grain seems to conform to the habit of a Ti and Fe-bearing mineral, possibly ilmenite.

Fig. 11. SEM, BSE photomicrograph of magnesite (Mgs) and celestite (Cls) replacing 
intrasedimentary anhydrite crystals. Some relics of the sulphate are arrowed. Notice 
engulfment in the associated plagioclase (P) grain and biotite replacement by pyrite 
(Py).
reveals the abundance of tridimensionally-distributed microfossils (Fig. 13). 
These are rod-shaped and very uniform in size. The fossils consist of solid 
structures around 3 μm in length and 1 μm in diameter, which appear 
embedded in mucus-like films and commonly include long and flexible 
flagella-like fibres (Fig. 13A and B). Turgid and collapsed microfossils co-
exist (Fig. 13B), with turgid forms exhibiting a central hollow tube.

In the immediate vicinity, magnesite clots are observed to result from the 
agglutination of these microfossils and the embedding organic films. Many of 
these carbonate crystals are knobby and irregular with no sharp well-defined 
boundaries since they are embedded by organic films (Fig. 13C and D). 
However, dumbbell or semi-dumbbell morphologies, typically found in the 
magnesite crystals throughout, are also seen to result from the amalgamation 
of these organic structures (Fig. 13B and D). Magnesite crystals that have 
grown in open spaces are observed to comprise euhedral crystalline faces (Fig. 
13D).

6. Discussion

6.1. Evidence for microbial precipitation of magnesite

Sedimentological and petrographical features as well as a combination 
of biosignatures (morphological and geochemical) recognized in magnesite 
crystals suggest that microbes played a role in the precipitation of this 
carbonate. The main evidence that supports the microbial involvement in 
magnesite precipitation is its association with abundant microfossils embedded 
in sheets of organic matter, interpreted as the remains of extracellular 
polymeric substances (EPS). The organic material that formed a biofilm has 
not been subject of strong diagenetic degradation because it was entrapped 
and/or encased by primary evaporites, namely halite and glauberite that show 
no sign of alteration. Thus, evaporites yield valuable information on the 
prevailing biological conditions during magnesite precipitation.
According to Westall (2008), the main concerns to identify 
microfossils as microbes in ancient rocks are related to the 
establishment of the syngenicity and biogenicity of such microfossils. The 
tridimensional distribution of the microfossils in the banded salt crystals as 
shown in Fig. 13 allows establishing the syngenicity. This arrangement 
indicates that microfossils were present in the immediate ambient (matrix) 
during euhedral growth of the host crystals from a solution. The banding 
within crystals further suggests relatively rapid growth over periods of 
days to weeks (Li et al.,
1996).

The second concern is to establish the biogenicity of the structures 
observed in the evaporites consisting of rod-shaped microfossils, very uniform 
in size, arranged as a colony and embedded in a film-like substance of 
carbonaceous composition interpreted to be EPS. The size and rod shaped 
structures are identical to those known for modern prokaryotes inhabiting 
saline environments, for example, in Saline de
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Fig. 12. Photomicrographs of organic-rich magnesitic matrix (M) associated to halite and 
glauberite precipitates. A) Intrasedimentary glauberite (Gl) cemented by halite (Ha). The matrix 
(M) is seen to be displaced to the intercrystalline spaces and also incorporated as inclusions mostly 
by halite (some arrowed). B) Detail of inclusions trapped in halite consisting of a mixture of solid 
and fluids. A magnesite crystal is arrowed. C) Epifluorescence image of B. Notice that some 
inclusions are fluorescent organic matter.
Giraud saltern (Caumette et al., 1994), and show colony biofilm formation. All 
the microfossils are associated with EPS and fibres that demonstrate flexibility. 
These observations produce evidence that confirms a biogenic origin for the 
structures agglutinated in magnesite crystals encased in the evaporites. In 
addition, primary fluid inclusions in magnesite-hosted glauberite present 
raman spectral signatures attributed to carbonaceous molecules (Sanz-Montero 
et al., 2011b). Numerous workers have further recorded the entrapment of 
bacteria within evaporites either within the fluid inclusions or encased in the 
solid material (e.g. Vreeland et al., 2000).

Spheroidal and dumbbell forms are commonly found in Miocene 
magnesite crystal (Figs. 4, 5 and 13). The shape and dimension of the 
spheroidal nucleus of many magnesite crystals strongly resemble those of 
living coccoid bacteria that are present in modern microbial mat 
communities and commonly are interpreted as fossilized bacterial 
forms (Rao et al., 2003; Sanz-Montero et al., 2006; Ayllón-Quevedo et 
al., 2007; Sanz-Montero et al., 2008). Dumbbell morphologies are 
also typical for microbially induced carbonates (Chafetz and Buczynski, 
1992). Magnesian carbonate crystals precip-itated simultaneously by bacteria 
can develop several morphologies, including dumbbell (González-Muñoz et 
al., 2000).
The isotopic signature in the carbonate, with the δ
13
C(PDB) values averaging 

−6.2‰, provides further geochemical support for a biogenic source for the 
carbon. The δ

18
O(PDB) values of the magnesite fluctuate significantly (average 

−1·1‰) indicating that the lake underwent dilution–evaporation events. The 
majority of positive values correspond to evaporite-bearing facies deposited in 
the saline subenvironments and are thus, attributed to evaporitic events. By 
contrast, the depleted 

18
O isotopic values are characteristic of the magnesitic 

marlstone interpreted as mudflat deposits formed during relatively dilute 
episodes.

The presence of pyrite and celestite interspersed with magnesite also 
indicates microbial activity. The formation of low-temperature microbial 
pyrite is linked to sulphate-reducing bacteria (Machel, 2001). Along similar 
lines, recent findings tie minor celestite occurrences with microbial 
microenvironments (Schultze-Lam and Beveridge, 1994; Douglas, 2002; 
Douglas and Yang, 2002; Douglas, 2005; Sanz-Montero et al., 2011a). 
Parallelly, from the study of ancient sulphate-bearing sequences, Taberner et 
al. (2002) inter-preted celestite as a byproduct of sulphate-reducing bacteria 
and Sanz-Montero et al. (2009b) suggested that the transformation of reduced 
sulphur (produced by sulphate reducers) to oxidized forms (sulphate for 
celestite) may have been induced by sulphide oxidizing microbes. The typical 
occurrence of a mineral assemblage that includes corroded gypsum, elemental 
sulphur, celestite and carbon-ates in the purple-dark layers of microbial mats 
hosted in modern saline lakes of Central Spain (Sanz-Montero et al., 2011a), 
would support this interpretation.

The global environment of deposition, saline lake-mud flats, was clearly 
conducive to microbial growth and activity. The generalized association of 
magnesite to microorganisms in microbial mats has been highlighted by 
different authors in modern evaporitic environ-ments (Walter et al., 1973; Last 
and De Deckker, 1990; Renaut, 1993; Braithwaite and Zedef, 1996; Coshell et 
al., 1998; Edwards et al., 2006; Power et al., 2007; Power et al., 2009).

On the basis of the combined sedimentological, mineralogical, chemical 
and morphological characteristics of the magnesite deposits, which include the 
fossilized remains of individual microorganisms, colonies and biofilms, it is 
interpreted that the carbonate crystals precipitated in microbial mats. Thus, 
magnesite layers in the Miocene evaporitic successions can be considered as 
microbialites. The distribution pattern of magnesite, closely coincident with 
the areal extension of evaporitic lacustrine deposits (Fig. 1), suggests that 
microbial mats colonized the whole surface of the shallow lake during periods 
of low sediment input.

6.2. Microenvironmental modifications by microbes

Experimental investigations have demonstrated the importance of bacteria 
in promoting the formation of the magnesite mineral in 
microenvironments through alteration of carbonate alkalinity and Mg2+ 

availability, and acting as nucleation sites (Thompson and Ferris, 1990; 
Pontoizeau et al., 1997; Power et al., 2007).

The cell walls of bacteria and the extracellular polymeric sub-stances have 
a strong affinity for Mg2+ cations under saline conditions (Souza-Egipsy et al., 
2005). Fixation of magnesium ions to the microbial cells seems to play a 
crucial role in the precipitation of magnesite through two alternative 
mechanisms. Wright (1999) concluded that cyanobacterial degradation by 
sulphate-reducer bacteria releases unhydrated magnesium ion and increase the 
activity of carbonate. Besides, the transformation of sulphate into sulphide by 
sulphate-reducer bacteria reduces the kinetic inhibition of Mg-carbonate 
formation. Whereas, Power et al. (2007) suggested that the presence of 
adsorbed magnesium ions and possibly their partial dehydratation on cellular 
surfaces with elevated carbonate activities in the immediate vicinity of the cell 
wall results in conditions of supersaturation with respect to the magnesium 
carbonates. After the
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Fig. 13. SEM, SE photograph of a freshly broken sample showing organic structures enclosed by halite crystals (Hl). A) Abundant bacilli-like microorganisms are aligned along growth bands parallel to 
halite crystal faces and are associated to magnesite crystals and pores, possibly former fluid inclusions. The microorganisms are linked by flexible flagella-like fibres (arrowed). B). Tridimensionally-
distributed microfossils are incorporated into the magnesite crystals. Both turgid and collapsed forms of the rod-shaped microorganisms are seen in the magnesite. A magnesitic rod arranged vertically 
shows an inner tube (arrowed). C) Microorganisms (simple arrows) and a mucus-like film embedding them (double-headed arrows) occur amalgamated in magnesite clots. D) Magnesite crystals resulting 
from the amalgamation of the microorganism display irregular to dumbbell or semi-dumbbell morphologies and may show rhombohedral faces (arrows). Notice crystal-linking by organic membranes.
biologically-aided nucleation, subsequent growth of the carbonate crystals 
can proceed physicochemically.

Parallelly, calcium ions were efficiently removed from the water column 
by precipitation with sulphate to produce calcium-bearing sulphates 
(glauberite, anhydrite, gypsum), thereby reducing the availability of calcium 
and favouring the formation of magnesium carbonate phases.

6.3. Microbial influence in the coeval carbonatation of sulphates and silicates

Magnesite crystals, together with pyrite and celestite minerals, are seen to 
replace the minerals deposited in their vicinity, which are sulphates and 
silicates (Figs. 10 and 11). The replacement mecha-nisms involve both the 
dissolution of the original minerals and the concomitant precipitation of 
the replacive phases. It follows that biological processes involved in 
the precipitation of the host magnesite crystals also played a role in 
the replacement of the associated minerals. The basic mechanisms by 
which all organisms affect mineral dissolution is by producing CO2 that react 
with minerals generating soluble cations and bicarbonate.

The syngenetic replacement of sulphates by magnesium carbon-ates has 
been described elsewhere in adjacent Miocene deposits by Sanz Montero 
et al. (2006). Those authors considered that the formation of 
magnesium carbonates as a replacement product after gypsum had been 
related to the metabolic activity of sulfate-reducing bacteria. During bacterial 
sulphate reduction the release of metabolic CO2 and the formation of 
bicarbonate ions lead to the precipitation of carbonate and the nearly 
coincident formation of pyrite (Glenn and Arthur, 1998). Analogously, 
Pueyo and Inglés (1987) reported that magnesite formation takes place in 
gypsum facies under reducing environment caused by bacterial decay of 
organic matter in recent
deposits from Los Monegros playa-lake, Spain. Wright (1999) 
concluded that sulphate-reducing bacteria and other microbes play an 
essential role in dolomite, hydromagnesite or magnesite precip-itation in 
distal ephemeral lakes of the Coorong region, Australia. Parallelly, 
experiments on bacterial activation of the sulphur cycle in anaerobic 
conditions also led to the precipitation of magnesite (Pontoizeau et al., 
1997). Greenish to grey colours that typically show the magnesitic facies 
also suggest prevailing reducing condi-tions for the carbonate precipitation 
in the Miocene deposits (Sanz-Montero and Rodríguez-Aranda, 2008).

As the magnesitic deposits described in this work, magnesite commonly 
occurs associated with phyllosilicates and mafic minerals both in the Earth and 
Mars (Ehlmann et al., 2008). The release of ions from the alteration of these 
minerals likely provided most of the Mg required for the carbonate 
precipitation in the Madrid Basin. Silicate grains associated to magnesite in 
Miocene samples are deeply altered and syngenetically replaced by magnesite 
and, the iron-bearing minerals also by iron-sulphides. The alteration of 
silicates coupled with carbonate precipitation that appears to have been 
catalyzed by microbial activities is further a widespread phenomenon in 
adjacent dolomite-bearing successions, as described by Sanz-Montero and 
Rodríguez-Aranda (2009) and Sanz Montero et al. (2009a,b).

The preferential etching of Fe-rich minerals, chiefly biotite, recognized in 
the Miocene samples and concomitant iron-sulphide precipitation would be 
indicative of the interest of microorganisms for this limiting nutrient, 
especially in anoxic conditions, where it can be used as an electron acceptor 
(Lierman et al., 2007; Sanz-Montero et al., 2009a). Silicate minerals can be 
also sources of essential elements, such as Mn, P, K and trace elements (Ferris 
et al., 1994). Our observations are in accordance with those of Calvaruso et al. 
(2006), who demonstrated in an experimental work that bacteria increase 
biotite weathering and showed that the weathering process was
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Fig. 14. Model showing the interrelated pathways for the formation of magnesite, Sr–Ba sulphates and Fe-sulphide coupled with the weathering of sulphate precipitates and detrital silicates. The 
microbial organic matter provides suitable nucleation sites and appropriate geochemical conditions. The solid phases are in squares and the dissolved ones in circles. Based in Sanz Montero et al. 
(2009a and b).
coupled with the formation of carbon precipitates associated with sulphur 
and phosphorus as well as iron precipitates.

6.4. Model of precipitation

Results are depicted in the model shown in Fig. 14 that is also based on 
previous works on adjacent successions (Sanz Montero et al.(2006, 2009a and 
b). Our observations suggest that the formation of magnesite, celestite (minor 
barite) and iron-sulphides took place in biofilms and microbial mats that 
provided suitable nucleation sites and appropriated geochemical conditions. 
The precipitation of this mineral suite is thought to be coupled through 
interrelated pathways with the dissolution of sulphates (anhydrite and 
glauberite) and silicate detrital grains and, thus, entails complex interactions 
between different microorganisms. Soluble Sr might have released from 
anhydrite through the activity of sulphate-reducing bacteria, whereas 
biologically weathered biotite and K-feldspar acted as a major source of iron 
and barium, respectively. Sulphide for pyrite and sulphur was provided by 
sulphate reduction of sulphates and then reprecipitated as celestite and barite 
possibly by bacterial oxidation of sulphide to sulphate. The processes of 
bacterial sulphate reduction and microbial degradation may have favoured the 
concomitant precipitation of the carbonates through the formation of 
bicarbonate ions and the supply of unhydrated Mg. The cell walls of bacteria 
and the extracellular polymeric substances may have acted as nucleation sites, 
which further may have aided the mineral nucleation.

7. Conclusions

Evaporites favour the excellent preservation of the sedimentary
precipitates and associated microorganisms, which offers the re-
searchers the opportunity to analyse mineral–microbe interactions in fossil 
rock samples. This has broad applications given the abundance of evaporites 
in the rock record.

Magnesite is the only carbonate mineral associated to the evaporites 
precipitated in hypersaline lakes of the Madrid Basin. Fossilized 
microorganisms showing colony-biofilm formation are aggregated in 
magnesite crystals. This provides evidence of their implication in the 
carbonate nucleation and indicates that the
precipitation took place in microbial mats and biofilms that provided suitable 
nucleation sites and appropriated geochemical conditions.

Carbonate precipitation appears to be biogeochemically coupled with 
the weathering of the associated minerals in the sediment through 
interactions between microorganisms. The precipitation of magnesite is thus 
favoured by the dissolution of the associated silicate and sulphate minerals.
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