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ABSTRACT

The Pernambuco Lagoon is a hypersaline water body located in the Massambaba barrier-island, coastal plain of Rio de Janeiro State, southeastern
Brazil. Its marginal environments are characterized by the development of microbial mats resulting from the organic activity produced by sediment
trapping and binding in the matrix. The aim of this study is to characterize the cyanobacterial and sedimentary composition of these mats, mainly
those with polygonal morphology, where a porous compact structure limits and forms polygonal fissures and cracks. The MEV and SED analysis
show a calcitic and sodium chlorate composition and dominance of filamentous cyanobacteria Microcoleus chthonoplastes (Thuret) Gomont 1892
in the polygonal microbial mats. The disposition of filamentous forms on the surface level and the spherical ones in the deeper layers results in a
stratification of the mats. These observations are useful in the identification of similar organic generated deposits in the fossil record.
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RESUMO

CIANOBACTERIAS E COMPOSICAO SEDIMENTAR DAS ESTEIRAS MICROBIANAS NA LAGOA PERNAMBUCO, RIO DE JANEIRO, BRASIL. A lagoa Pernambuco é um
corpo de agua hipersalino localizado na ilha de barreira da Massambaba, constituindo parte do sistema lagunar de Araruama, costa do Rio de Janeiro,
sudeste do Brasil. As esteiras microbianas formadas em suas bordas sao resultado da atividade de cianobactérias e resultam do aprisionamento de
sedimentos por sua matriz organica. O objetivo deste estudo é caracterizar sua composicao, em especial daquelas de carater poligonal, formadas por
uma estrutura compacta porosa em torno das fissuras de gretas de contracao. Os graos analisados por MEV e EDS demonstraram a presenca de calcita e
cloreto de sodio e da cianobactéria filamentosa Microcoleus chthonoplastes (Thuret) Gomont 1892 como elemento principal na formacao das esteiras. O
dominio das cianobactérias filamentosas nos estratos superficiais e das esféricas nas camadas mais profundas sao a causa da estratificacdo das esteiras.

Estes dados possuem uma importante aplicacao no estudo de esteiras microbianas de constituicdo e deposicao similar no registro fossil.

Palavras-chave: cianobactéria, esteira microbiana poligonal, calcita, lagoa Pernambuco.

INTRODUCTION

Microbialites are the organosedimentary
deposits formed mainly by the activity of
cyanobacteria, which involve algal mats,
stromatolites, thrombolites and oncoids/
oncolites, among many other geological
registers, since the Archean until the
present (Reitner et al., 1995).

Their study can focus either on the
interaction between microbial organisms
and their environment, particularly the
geochemical mobility of elements and
mineral formation (Geomicrobiology)
(Ehrlich, 2002), or the sedimentary
particles and rocks derived from the

microbial activity (Biosedimentology,
a Comparative Sedimentology branch)
(Selley ez al., 2004).

Also, their study addresses geological
problems like the origin and evolution
of early life, the origin of expressive
iron formations, and the search for
extraterrestrial life (Toporsky et al.,
2003).

Microbial mats (algal mats) are the
oldest of all known ecosystems. They
fringed all continents and shallow
waters of the Earth as early as 3,500
million years ago. Their lithified
remains originated the geological
structures known as stromatolites

(Knoll, 1989). Marine data show that
microbial carbonates episodically
declined during the Phanerozoic Eon,
with a peak at 500 Myr ago (Riding and
Liang, 2005).

Stromatolites are examples of an
interactive system involving radiate
accretive growth of microbial mats
(Dupraz et al., 2006). Most of these
microbial mats are formed by horizontally
stratified, multicolored and cohesive
thin layers of several functional groups
of microorganisms (Van Gemerden,
1993). Microbial mats develop in time
as the result of microbial growth and
activity, sediment trapping and binding
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in the organic matrix, and sedimentation
(Margulis et al., 1980).

The microbial mats vary from dark to
dark greenish, composed of a succession
of very thin (0.5-1 mm thick), dark
(rich in organic matter) and light grey,
calcareous layers, occasionally dispersed
with microgastropods, ostracods and
palinomophs (Srivastava and Almeida,
2000). Their description is rather
comprehensive: smooth, film, pustular,
polygonal, tufted, gelatinous and coloform
(Hoffman, 1976; Gerdes et al., 2000).

In the associated sediment the presence
of calcite, aragonite, micrite and Mg-
calcite is very common (Strivastava and
Almeida, 2000; Arp et al., 2002) and
the microbial mats could be formed on
siliciclastic sands as well as on fine-grained
siliciclastic substrates (Schieber, 1998).

The layers are formed mostly by
cyanobacteria (mainly of the genera
Microcoleus, Lyngbya, Spirulina and
Phormidium) and diatoms. There are
usually different populations of anaerobic
phototrophic bacteria: purple sulfur
bacteria (Chromatiaceae), green sulfur
bacteria (Chlorobiaceae) and green
non-sulfur bacteria, like Chloroflexus sp.
(Guerrero et al., 1993). Microbial mats
develop at the water-sediment interface
in shallow environments such as estuaries,
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sheltered sandy beaches, or hypersaline
salterns (Caumette et al., 1994).

The diversity of cyanobacteria results
from the distinct environments where
they grow. In these terms specially
call the attention those living in
extreme conditions, such as deserts,
soils, hypersaline microbial mats, cold
environments, freshwater lakes and
hydrothermal vents with temperature
nearly 85 °C (Raven et al., 2002; Abed
et al., 2003; Knauth, 2005).

Through biochemical process
the cyanobacteria could dissolve the
carbonate substrates and shell fragments,
extending microborers and holes already
existing and generating bioerosion (Perry
and Macdonald, 2002; Bottjer, 2005).

Extracellular polymeric secretions
(EPS) that are produced by cyanobacteria
represent potential structural agents in
the formation of microbial mats (Decho
et al., 2005). The EPS matrix is a key
structural component in the microbial
mats (Decho, 1990), and it could
influence a number of biological and
geochemical processes that are critical to
microbial mat formation. These include:
(i) physically stabilizing microbial cells
and calcium carbonate ooids against the
high-energy environments, e.g., waves,
tidal currents, in which these structures
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Figure 1. Map of the Araruama system of lagoons, Lagos region, northeast of Rio de
Janeiro State, Brazil, and the location of Pernambuco Lagoon (in red).
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commonly occur (Reid et al., 1995);
(ii) Ca*" buffer, that perhaps prevent
the CaCO, precipitation (Arp et al.,
1999a; Reitner et al., 2000); (iii) CaCO,
inducing precipitation (Reitner et al.,
2000); and (iv) a chemically protective
microenvironment for cells (Decho,
1990; Arp et al., 1999b).

So the calcification of the microbial
mats is dependent on ambient water
chemistry and its growth is influenced by the
competition with other organisms, such as
metazoans (Riding and Liang, 2005).

The filamentous cyanobacteria are
responsible for the union and impris-
onment of sediment to form the layers
in the mats. These cyanobacteria are
responsible for CaCO, precipitation and
for the lamination structure, according to
observing by Gerdes et al. (2000).

In the lamine of the microbial mats
the precipitation of calcite was due to the
cyanobacteria activity; inorganic chemical
precipitation of CaCO;decomposition
of organic substances composed
primarily of CaCO,; plant assimilation
and cyanobacteria activity resulted in the
precipitation of CaCO;submicroscopic
cyanobacteria fragments of CaCO,;
disintegration of CaCO, hard part
invertebrates and borings of endolithic
cyanobacteria and invertebrates into
calcareous exoskeletons similar with the
results of Welle ef al. (2004).

The objectives of the present study
are to characterize the polygonal
microbial mats and their cyanobacterial
and sedimentary composition in the
Pernambuco Lagoon.

STUDIED AREA

The Pernambuco Lagoon (22°55’42”
- 22°56°007’S; 42°20°45” - 42°21°30”W) is
a hypersaline water body located in the
Massambaba barrier-island. Compound
part of the more expressive Araruama
lagoon system, in the coastal plain of
Rio de Janeiro state, southeastern Brazil
(Figures 1-2) and it was formed during
the regressive and transgressive events
that result from the end of Pleistocene
and Holocene climatic changes (Silva e
Silva et al., 2004).
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The average salinity is 67.4 %o and
the average pH 8.6 (Iespa, 2006). The
air temperature varies from 19°C to 31°C
and the annual pluviometric rate is of
900 mm, with an evaporation of 1,400
mm (Iespa, 2006). The semi-arid climate,
with a great precipitation/evaporation
deficit ratio makes the region excellent
for salt extraction (Iespa and Silva e Silva,
2005; Silva e Silva ez al., 20006).

MATERIAL AND METHODS

The study in the region was based
on a monthly sampling made in the
intertidal and supratidal portions of the
marginal region of the lagoon, during
March and December of 2007. The
material was selected in agreement with
the integrity, size and color.

To verify the presence of cyanobacteria
was applied H O, at 20% over the
samples. Taxonomic analysis involved
the production of permanent, semi-
permanent and fresh slides (Silva e
Silva, 2002) and the cyanobacteria
identification were based in Prescott
(1975), Anagnostidis and Komarek (1988)
and Komarek and Anagnostidis (1999).

The grains of microbial mats were
analyzed by SEM and EDS at TRO/
CENPES/PETROBRAS.

Petrographic slides were prepared to
analyze the micro-stratification and the
cyclic succession of the stromatolitic
structure (Iespa, 20006).

RESULTS

The polygonal microbial mats here
analyzed show three principal broad
strata distinguished by their colors: the
superficial one green, the interior red and
the basal, deep brown. Below the brown
stratum, a layer composed by shells of
the bivalve Anomalocardia brasiliana
Gmelin 1791 and the gastropod Heleobia
australis & Orbigny 1835 are detected.
Skeletal remains, distributed between
bivalves, gastropods, foraminifers and
ostracods from the genera Cyprideis
Jones 1857 are also found in the interior
layers of the mats, associated with organic
matter, subangulate and subrounded

quartz grains with fine to medium sand
sizes, and many white laminations of
calcium carbonate.

On the surface exists a polygonal and
porous structure (Figure 3), with its limits
marked by fissures and cracks (Figure 4).
This layer is dominated by filamentous
forms of bacteria, while the deeper ones
are characterized by sphetical ones.

The grains of microbial mats analyzed
by SEM and EDS are composed by
calcite and sodium chloride.

The taxonomic analysis allows to
the identification of 49 distinct species
of cyanobacteria (Table 1), represented
by 51% of Cyanophyceae and 49% of
Hormogonae.

The most representative family is
Phormidiaceae Anagnostidis and Komarek
1988, representing 30.6%0 of the assemblage.
It is followed by Synechococcaceae
Komarek and Anagnostidis 1995 (24.5%);
Chroococcaceae Nigeli 1849 (22.5%);
Oscillatoriaceae Gomont 1892 (8.2%);
Pseudanabaenaceae Anagnostidis and
Komarek (4.1%0); Schizothricaceae Elenkin
1934 (4.1%); Entophysalidaceac Geitler
1925 (2%); Merismopediaceae Elenkin
1933 (2%) and Nostocaceae Bourrelly
1970 (2%).

The filamentous cyanobacteria
Microcoleus chthonoplastes (Thuret)
Gomont 1892 (Figure 5) are the common
species in the polygonal microbial mat.

Figure 2. Panoramic view of a marginal area of Pernambuco Lagoon.

Figure 3. Polygonal microbial mats developed at Pernambuco Lagoon.
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Table 1. Cyanobacterial distribution in the polygonal mats.

Aphanothece castagnei
Aphanothece clathrata
Aphanothece halophytica
Aphanothece marina
Aphanothece pallida
Aphanothece salina
Aphanothece saxicola
Aphanothece stagnina
Chroococcus dispersus
Chroococcus giganteus
Chroococcus membraninus
Chroococcus microscopicus
Chroococcus minimus
Chroococcus minor
Chroococcus minutus
Chroococcus obliterates
Chroococcus quaternarius
Chroococcus turgidus
Cyanosarcina thalassia
Entophysalis granulosa
Gomphosphaeria aponina
Gloeothece confluens
Gloeothece linearis
Johanesbaptistia pellucida
Kyrtuthrix maculans
Leptolyngbya komarovii
Leptolynbya tenuis
Lyngbya aestuarii
Lyngbya fragilis
Microcoleus chthonoplastes
Microcoleus tenerrimus
Microcoleus vaginatus
Oscillatoria limnetica
Oscillatoria subbrevis
Phormodium acuminatum
Phormidium acutum
Phormidium breve
Phormidium formosum
Phormidium hamelli
Phormidium hormoides
Phormidium hypolimneticum
Phormidium minesotense
Phormidium okenii
Phormidium terebriforme
Phormidium willei
Schizothrix arenaria
Schizothrix friesii
Spirulina subtilissima
Synechococcus elogantus
PARTIAL TOTAL
TOTAL SPECIES

Green layer
X
X

< X

X X X X X X X X

>

X X X X X X X X X X X X

X X X X X X X X X X X X X

N
—_

Red layer
X

X X X X > X X X X X X

X X X X X X X X X X

>

>

35
49

Brown layer
X

<X X X X

< X

<X X X X

<X X X X

>

28
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The purple sulfur bactetia Chromatium
Perty 1852; the diatom Navicula Bory
1822; the Chlorophyta macroalgae
Enteromorpha Link 1820 were also
observed in the polygonal mats.

Both shells of Anomalocardia
brasiliana Gmelin 1791 (Figure 6) and
quartz grains (Figure 7) show perforations
caused by the cyanobacteria.

DISCUSSION

The main organic component
of the polygonal microbial mats is
Microcoleus chthonoplastes. Tts presence,
also common in hypersaline waters
from China (Zhang and Hoffman,
1992), approximates the microbial mats
here studied from that growing in the
proximal area of the Pitanguinha Lagoon
(Damazio, 2004) and those developed in
Shark Bay, Australia (Hoffmann, 1974;
Hoffman, 1970), leading to conclude that
M. chthonoplastes is the main element
in the composition and structure of
polygonal mats.

Together with Chroococcus Nigeli
1849; Leptolyngbya Anagnostidis and
Komérek 1988; Oscillatoria (Vaucher)
Gomont 1892 and Phormidium
(Kutzing) Gomont 1892 were registered
also in microbial mats from France by
Fourcans et al. (2004).

In Laguna Mormona, Mexico,
Horodyski et al. (1977) found M.
chthonoplastes, Lyngbya aestuarii
(Liebman) Gomont 1892; the genera
Lyngbya (Agardh) Gomont 1892;
Entophysalis Kiitzing 1843 and
Oscillatoria (Vaucher) Gomont 1892.

In French Polynesia, Défarge et al.
(1994) and Abed et al. (2003) identified
Aphanocapsa Nigeli 1849; Phormidium
(Kiitzing) Gomont 1892; Entophysalis
Kiitzing 1843; the species Chroococcus
membraninus (Meneghini) Nigeli
1849; C. minutus (Kutzing) Nigeli
1849; C. rurgidus (Kiitzing) Nigeli
1849; Jobanesbaptistia pelucida (Dickie)
Taylor and Drouet 1938; Lyngbya
aestuarii, Microcoleus chthonoplastes,
Phormidium breve (Gomont)
Anagnostidis and Komarek 1988 and
Spirulina subtilissima Kiitzing, 1843.
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In Ebro Delta, Spain, Lyngbya
aestuarii and Microcoleus chthonoplastes
already characterized the microbial mats
(Martinez-Alonso et al., 2004), the
same forms identified in the Salgada

and Pitanguinha lagoons, in Rio de
Janeiro, Brazil, with Schizothrix friesii
(Agardh) Gomont 1892 (Silva e Silva,
2002; Damazio, 2004).

According to Baeta Neves and
Casarin (1990), M. chthonoplastes and
Aphanothece stagnina (Sprengel) A.

Figure 4. Photomicrography of the
microbial mat showing a transversal
lamination and the disposition of
quartz grains. Scale bar = 1 mm.

Figure 5. Microcoleus chthonoplastes
(Thuret) Gomont 1892. Scale bar = 10 pm.

Figure 6. Perforations in shell
fragments of Anomalocardia brasiliana
Gmelin 1791 made by cyanobacteria
filaments. Scale bar = 0.1 mm.

Braun 1863 (Figure 8) are tolerant
species to the hypersaline environments.
The same is observed by Damazio
et al. (2005) in Pitanguinha Lagoon
where the cyanobacterial dominance is
justified through its high morphologic
adaptations that ensure its survival
in many environments, including the
hypersaline ones.

Draganits and Noffke (2004)
proposed that silicified lamination of the
polygonal microbial mats led a strong
support to the mats, that becomes more
stable. And according to Giralt et al.
(2001), the presence of calcite is also
common in its composition.

Silva e Silva et al. (2004) showed
that the skeleton remains of mollusks,
foraminifers and ostracods are the
source of calcium carbonate to construct

the structure of the mats.

Figure 7. Perforations in quartz grains
by filamentous cyanobacteria. Scale
bar = 0.1 mm.

Figure 8. Aphanothece stagnina (Sprengel)
A. Braun 1863. Scale bar = 10 pm.
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The purple sulfur bacteria
Chromatium here detected also
forms the microbial mats in Vermelha
Lagoon (Vasconcelos, 1988) and Ebro
Delta (Guerrero et al., 2003), and it
is responsible for sulfur degradation.
For otherwise, the diatom Navicula,
destroys the organic matter and was also
previously registered in Pitanguinha
(Damazio, 2004) and Mormona
Lagoons (Horodyski et al., 1977) and in
Ebro Delta (Urmeneta and Navarrete,
2000). To the first area are associated
with the chlorophyta Enteromorpha
(Damazio, 2004).

Finally, the perforations in quartz
grains and shell fragments caused by
microorganisms and biofilms were also
observed by Brehm et al. (2005).

CONCLUSION

Polygonal microbial mats are
common in aquatic environments
characterized by the presence of mineral
salts, good light incidence and absence
of predation. In these conditions the
organic construction is controlled by
tides, wind regime, rainy seasons, water
table level, water chemistry and by their
own microbiocenosis. The filamentous
cyanobacteria are responsible for the
union and imprisonment of sediment
grains to form the layers in the microbial
mats. They are capable of causing
the disintegration of minerals and
producing biochemical dissolution of
carbonate structure and shell fragment
from molluscs, foraminifers and
ostracods that compound the structure
of the mat.

Their stratification is the result of
the disposition of filamentous forms
on the surface level and the spherical
ones in the deeper layers, and the
dominance of cyanobacteria is justified
by its great capacity to survive in
severe environmental conditions, like
hypersalines water bodies.

The observation and study of
these biofilms and organic induced
deposits are of large application in
similarly generated deposits in the fossil
record.
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