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Abstract. Microbialites were found in various lagoons of the Mediterranean coast of southern France. They preferentially develop on pebbles on the edge of
semi-enclosed water bodies, which can be temporarily dewatered and desiccated. The microbialitic building is achieved episodically with variations in the
characteristics of the di erent layers. Its cerebroid and pustular appearance is the most remarkable macroscopic feature. Occasionally, other organisms may
be involved in the construction, such as bryozoans and serpulid worms that form also in other places small unconsolidated bioconstructions. The analogy
of these phenomena with bryozoans-serpulid-microbialite reefs occurring during Miocene in Paratethys, like those noticed in Romania, proposed by some

authors, is considered unlikely, despite some common features.

Key words: mediterranean, coastal lagoons, microbial mats, biomineralization, serpulids, bryozoans, Miocene.

1. INTRODUCTION

The Mediterranean coast of Languedoc and Roussillon
comprises numerous coastal lagoons that di er very much in
size (Fig. 1). Many studies looked into the environmental as-
pect, the biodiversity, sheries and shell sh farming, subject
to the conditions of an unstable complex system, especially,
regarding the uctuating salinity. Nevertheless, some works
based on observations made in the French Mediterranean
coastal lagoons proved that salinity is not the only factor of
life distribution and led to the biological concept of con ne-
ment (Gu@dlorget et al., 1983) and a better understanding of
the paralic realm. The con nement corresponds to the water
renewal time and/or intake of marine-origin elements at a
given point. Thus, the settlements of lagoons are organized
from the sea to continental borders of lagoons according
to con nement gradient. The con nement at a given point
is characterised, in fact, by the lack of an element (or more)
of marine origin at this point. Bioconstructions considered

as reefs (Lepareur et al., 2013) were reported in such paralic
settings, including worms, bryozoans and more or less asso-
ciated barnacles.

Following the discovery of well developed microbial-
ites in coastal ponds in Sardinia (Saint Martin and Saint
Martin, 2015), it was interesting to know whether this phe-
nomenon is common to other coastal areas of the Med-
iterranean. The Mediterranean coast of Languedoc and
Roussillon may, thus, have similar physical-geographic
conditions, with confined and/or isolated environments
and temporary communications with the sea. A verifica-
tion of this assertion, therefore, needed to be performed.
So, using satellite images, we focused our investigation in
similar sites with the potential to support microbialite de-
velopment. Bibliographic resource about this topic is very
scarce, with only a unique short communication without
any image support of Boekschoten (1995), during the 2nd
European Regional Meeting of ISRS (International Socie-
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Fig. 1. A. Location of the studied area in France; B. Map of the Languedoc-Roussillon coast with the numerous coastal lagoons.

ty for Reef Studies). This author reported the presence of
small mineralized bioconstructions, with presumption of
microbial intervention in a brackish pond, named by him
Lac d EveEque (SE of Gruissan), but, formally unknown
under this name in the local toponymy. He evokes strom-
atolite limestone crusts developed underneath algal mats
on pebbles and small bioherms made of serpulids and the
bryozoan Electra and compares these structures to Mio-
cene buildups of Paratethys.

The rst objective of this study was to investigate the
whole region housing potentially microbialites sites, includ-
ing the one mentioned by Boekschoten (1995), in order to as-
sess their extensive distribution, to observe in situ the possi-
ble bioconstructions and to take samples for further studies.
Consecutively, our explorations nally led to the discovery
of microbialites in various lagoons that are distributed from
south to north: la Palme Lagoon, Ayrolle Lagoon, and Porti-
ragne Lagoon, near Agde (Figs. 1,2).
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The second objective is to compare the expected observa-
tions about current lagoonal mineralized bioconstructions with
the data acquired during our work on Sarmatian (Middle Mio-
cene) microbial buildups in Romania (Saint Martin and Pestrea,
1999; Saint Martin et al., 2013) in order to determine if they are,
according Boekschoten (1995), really identical phenomena.

2. REGIONAL SETTING

The part of the studied Mediterranean coast extends from
Leucate, south, to Agde, north (Figs. 1, 2). Most lagoons in this
area are in communication with the sea by passages called

graus and supplied with fresh water by a set of versants. The
graus of studied lagoons have not been arti cially modi ed
and they are the last to operate naturally on the French Medi-
terranean coast. The lagoons are characterised by the presence
of large seagrass areas and salinity gradients corresponding to
diverse environments: reeds, rushes, sansouires, salt steppes
The lagoons are of recent formation: the coastal plain was

ooded in Flandrian and gradually lled by Quaternary uvi-
al inputs. They are bordered by massive limestone reliefs with
karstic networks that play an important role in fresh or brackish
water supply. The lagoons are located in the northern zone of

Campignol {
“uhlagoon  HEvaque
e S
Le G3Ssat
pond |

Ayroles
lagoon

Mediterranean climate, with mild winters and hot summers,
relatively low annual rainfall and intense summer drought. Sig-
ni cant seasonal salinity variations occur, up from 10 g/l of salt
in the winter, after heavy rainfall, to more than 40 g/l in sum-
mer, due to the phenomenon of evaporation. The instability
of the environment is also re ected by changes in the trophic
quality with risk of eutrophication related to excess nutrient
inputs, causing blooms of algae macrophytes and, probably,
cyanobacterial mat development. The average water depth is
between 0.5 and 1 m, but the uctuations in water level can
be signi cant (— 0.5 m), depending on the speed and wind
direction. In general, the edges of the lagoons were not very
urbanized. Agricultural activity is occasionally operating, with,
mostly, vine crops causing potential supplementary pressure
on water quality of the nearby lagoons.

3. MATERIAL AND METHODS

Microbialites covering pebbles were sampled in the dif-
ferent sites. Petrographic thin sections of standard thickness
of 30 microns, with a cover-slip, were prepared in order to
perform observations under, both optical, and confocal mi-
croscopy.

“Portiragnes’ ..

Por‘tiragg_es',.a s
lagoom”™
3 i
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Fig. 2. Coastal lagoons in the studied area at the La Palme (1), southwest of Gruissan (2) and Portiragnes coast (3), Google Earth source.
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For optical microscopy, the thin sections were studied un-
der amicroscope Zeiss Axioscope 40 at x2,5, x10, x40, x63 and
x100 (oil immersion Zeiss) magni cations.

Confocal Laser Scanning Microscopy (CLSM) observations
(see Saint Martin and Saint Martin, 2015) were performed on
a Leica TCS SP5 microscope, at the University Pierre et Marie
Curie at x20, x40 and x 60 magni cations.

Examinations and EDS microanalysis in Scanning Electron
Microscope (SEM) were performed using a Hitachi SU 3500
hosted in the Mus@um National d Histoire Naturelle de Paris.

4. RESULTS
. .DESCRIPTION OF SITESBEARING MICROBIALITES
4.1.1. La Palme lagoon

The La Palme Lagoon (600 ha) communicates with the
sea by the natural grau of Franqui (Fig. 2) whose outlines
and openings vary over time (Larue et al., 2009). A general
synthesis of hydrobiological functioning and eutrophica-
tion state (Wilke and Boutitre, 1999, 2000; Souchu et al.,
2001; Ifremer, 2002-2012) shows that the watershed con-

sists, mainly, of limestone, partially, occupied by vineyards.
The freshwater inflows are, mainly, provided by constant
flow resurgences located in the northern part. From the
west, mainly temporal streams very dependent on rainfall
can partially supply the lagoon with fresh water. The mon-
itoring studies found a good general state of the lagoon
which shows no signs of eutrophication (Ifremer, 2002-
2012).

Two locations have led to the discovery of microbialites
(Fig. 2), one, to the south edge of pond and grassy areas,
and, the other, northwest, near the La Palme town. At the
south, several sub-lagoon expanses are lined by dense peb-
bles accumulations (Fig. 3A). The pebbles are easily distin-
guishable by their black surface color. They also have a brain
appearance with small meandering ridges and pustules
(Fig. 3B-C). These characteristics correspond to more or less
developed and thick microbialitic crusts. Some pebbles are
largely covered by the encrusting organisms, such as ser-
pulids, bryozoans and balanids (Fig. 3D).

Fig. 3. Site of La Palme. A. View of the lagoon edge with accumulation of pebbles; B. Pebbles with the microbialitic crust; C. Detail of pebble
showing the characteristic cerebroid aspect of the crust surface; D. Pebble covered by the serpulid (se)-bryozoan (br)-balanid (ba) consortium.
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4.1.2. Ayrolle lagoon

The Ayrolle lagoon covers a vast area (1400 ha), south of
the calcareous Clape mountain between Sigean lagoon and
the sea, in direct communication with the sea in its southern
part by a natural grau (Fig. 2). Freshwater inputs and freshen-
ing are, mostly, associated with contributions from the Cam-
pignol lagoon located northwest that serves as a bu er zone
in case of ooding in the Aude low plain and small resurgenc-
es (Souchu et al., 2001). Its perimeter being barely urbanized,
this ecosystem is not receiving e uents; when it does, itis on
a small part. South of Gruissan, there is Saint-Martin Island,
mainly made of Mesozoic carbonates. South of the island,
near the EvEque site, occur small ponds, often partially dried,
separated from the main Ayrolle lagoon by a cordon of 100-
200 m width and surrounded by cultivated elds of vineyards
and Mesozoic limestone (Fig. 4A). These small ponds include
the one called Gassot occupying the central part, where there
were observed, in fact, the bioconstructions cited by Boek-
shoten (1995) and studied in detail in this work. On the shore,
pebble concentric accumulations crop out (Fig. 4B). The peb-
bles are characterised by a black cerebroid-pustular aspect,
corresponding to the microbialitic coating (Figs. 4C-E). Some
pebbles are colonized by various encrusting organisms, such
as serpulids, bryozoans and balanids (Fig. 4F). During the dry
season, the pebble accumulations are covered by bleached
cyanobacterial laments (Fig. 4F). The pond bottom is full of
monospeci ¢ shell accumulation of the cardiid bivalve Ceras-
toderma glaucum (Bruguitre, 1789) (Fig. 4G).

4.1.3. Lagoon and channels near Portiragnes

South of the Portiragnes town, a water body forms a
small lagoon (Fig. 5A), but with varying dimensions, depend-
ing on season, and leading on the beach Portiragnes-Plage.
This is, actually, the spreading area of the Ancien Grau du
Libron, itself formerly involved in the natural outlet of the Li-
bron coastal river. The entire outlet of Libron went, recently,
through development management in the region, especially,
for the prevention of oods, mitigating the natural settings.
So, there remains a grau currently not directly related to the
Libron ow.

In the lagoon, only scattered pebbles (Fig. 5B) occur and
the samples were collected during a dry period. These rare
pebbles, mainly made of volcanic rocks, probably, resulting
from the erosion of nearby outcrops of Pliocene volcanoes,
are covered by thin microbialitic crust with pustular surface
(Fig. 5C). Behind the pond, several channels connected to the
Ancien Grau du Libron are noteworthy for the presence of
bioconstructions dominated by worm tubes and bryozoans,
also observed and sampled (Fig. 5D-E).

. . MICROBIALITE FEATURES

Macroscopically, the microbialite crusts are characterised
by their black surface and their arrangement on pebbles or
rocky substrate, according to a meandering ridges and pus-
tules pattern.

The combination of di erent observation techniques
used in this work allow complementary information and a
good understanding of the microbialitic phenomenon in the
studied sites (Figs. 6-8). The principal feature is that pustules
and ridges are formed by the successive episodes of devel-
opment of erected lamentous cyanobacteria and laminated
or wavy layers accompanied by Mg calcite micritic minerali-
zation. The erected laments correspond to Scytonema-like
cyanobacteria exhibiting a thick lamellar sheath and false
branching.

Pustules match digitations not exceeding the length of
a few centimeters. Depending on the site, the age of the mi-
crobialite and the density of the mineralization, carpet la-
mentous cyanobacteria appear clearly, sometimes, revealing
the preserved remains of sheaths (Fig. 6A-B, 7A-D,). Several
stages in the mineralization process are distinguished from
poorly cemented layers where micrite is relatively sparse (Fig.
8A-C) to dense micrite layers corresponding to a very con-
sistent and solid crust (Fig. 8E-F). When the mineralization is
more consistent, the location of cyanobacterial laments is
marked by elongate voids (Figs. 6C-D, 8E-F). Both ways can
follow one another in the thickness of the microbialite (Figs.
6A-D, 7A-C, 7E, 8E). In some cases, we clearly noticed that the
poorly cemented external part consists of cynaobacterial |-
aments gathered in tufts explaining, probably, the pustular
appearance (Figs. 6E, 7E, 8D). Such a feature is known from
Scytonema mats (Dupraz et al., 2006; Dupraz et al., 2013). The
direct encrustation of pebble substrates may occur through
erected lamentous carpets (Fig. 7D), or dense micritic crusts
(Figs. 6E, 7E).

Other encrusting organisms providing some cohesion
to mineralized microbial mats are present, either on the sur-
face sealing the construction, in the case of bryozoans (Fig.
6A-B), or incorporated in the microbialite, as noticed in Porti-
ragnes, in the case of serpulids (Figs. 6F, 7C).

These microscopical observations allow to highlight the
sequence of events involving settlement phenomena on sub-
strates, development of microbial mats and mineralization.
These various events are marked by lines of growth stops,
a more or less density of produced micrite and variations in
color

. . ASSOCIATED BIOTA
4.3.1. Invertebrates

Three main types of invertebrates with mineralized parts
(skeleton or protecting tube) are involved in the constitu-
tion of bioconstructions, in various crusts on the pebbles
and rocky substrates, or in the formation of microbialite: ser-
pulids, bryozoans and barnacles.

The main contributor to bioconstructions found in the
studied coastal area is the polychaete serpulid Ficopomatus
enigmaticus Fauvel, 1923 (Figs. 3, 4). This invasive species is
considered a, reef-builder in estuaries or brackish temper-
ate environments and colonizes many areas in the world in
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Fig. 4. Site of Gassot ponds, southwest of Gruissan. A. General view showing the examined ponds situated between the main lagoon and the

land characterised by cultivated elds of vineyards and Mesozoic limestone outcrops; B. View of the pond river with pebble accumulations;

C-D. Pebbles with microbialitic coating exhibiting the characteristic cerebroid aspect; E. Detail of pustular cerebroid surface of microbialitic crust;

F. Pebble colonized by the serpulid (se) - bryozoan (br) - balanid (ba) consortium and covered by cyanobacterial laments; G. Monospeci ¢ shell
accumulation on the pond bottom of the cardiid bivalve Cerastoderma glaucum.
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Fig. 5. Site of Portiragnes. A. General view of the pond with few scattered pebbles (arrow); B. Pebble covered by thin microbialitic crust;
C. Detail of the pustular crust surface (arrow); D. Internal channels invaded by constructions with serpulid worms and bryozoans; E. Individual
construction with serpulid worms and bryozoans; F. Detail of construction with serpulid worms (se) and bryozoans (br).
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