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Microbial mats in siliciclastic coastal environments are considered as non-lithifying systems that lack the poten-
tial for calcification. This work documents precipitation and preservation of well-defined, laterally continuous
carbonate laminae in low-relief microbial mats from a siliciclastic supratidal flat in northern Patagonia (Paso
Seco, Argentina). Petrographic, epifluorescence, and SEM-EDS studies of surficial and buried microbial mats
show that they are composed of repeated sediment sequences comprised of four different types of laminae,
which are, from base to top: (A) a sand and silt lamina, (B) a lamina largely composed of organic matter
displaying moulds of subvertical cyanobacteria filaments, (C) a lamina composed of dense micritic carbonate,
which is cut bymoulds of vertical cyanobacteriafilaments, and (D) a lamina composed of organicmatter contain-
ing abundant horizontal cyanobacteria filaments. The formation of each different lamina is strongly controlled by
the environmental conditions, characterized by episodic seawater flooding, followed by several days to weeks in
which water remains covering the sediment and gradually evaporates producing a salinity increase and the pre-
cipitation of calcite, gypsum and halite. Thus, the basal sand and silt lamina forms as the result of the transport of
siliciclastic grains and particles during seawater flooding. The overlying lamina B, composed of organic matter
with moulds of subvertical cyanobacteria filaments, is formed when calm water conditions are recovered and
organic material is produced by photosynthetic microbial activity. The following lamina C, composed of dense
micritic carbonate, precipitates when the salinity of stagnant water reaches CaCO3 supersaturation. Finally, the
uppermost lamina D, composed of organic matter with horizontal cyanobacteria filaments, is developed while
the sediment surface is drying and gypsum and halite precipitate, although these minerals are not preserved in
the sediment because they dissolve during subsequent inundations. All these observations show that well-
developed, laterally-continuous carbonate laminae may be formed and preserved in a siliciclastic tidal environ-
ment if biotic and abiotic sedimentary processes closely interact to create the required conditions. The studied
microbial mats increase sediment impermeability, which favours water retention in the flat and, thus, subse-
quent evaporation of the retained seawater. Moreover, microbial cells and EPS (extracellular polymeric sub-
stance) suspended in seawater might act as nuclei for CaCO3 precipitation, which will later settle down on the
microbial mat. In addition, EPS of themicrobial matsmay also serve as nucleus for in situ carbonate precipitation.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Geological studies onmicrobialmats have been traditionallymarked
by two different approaches: some researchers focus on carbonate
three-dimensional microbial mats and others focus on siliciclastic two
ahía Blanca, Argentina.
ano).
dimensional microbial mats (Noffke and Awramik, 2013). These divi-
sions are motivated on the existence of a large group of calcifying
microbialites, which commonly show three-dimensional structures
and are typically developed in predominantly carbonate settings, and
another group of low-relief, poorly/non-calcified microbial mats,
which are typical in siliciclastic intertidal and supratidal environments
(Riding, 2011a, 2011b; Noffke and Awramik, 2013). These different ap-
proaches have traditionally conditioned studies on present-day and
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fossil microbial deposits, largely envisioning sedimentary environments
colonized by microbial mats as functioning differently depending on
their siliciclastic or carbonate character. However, this division is not
straightforward in all cases, but there are sedimentary environments
in which both overlap, as is the case in the environment presented in
this work.

Microbial mat calcification has been intensively studied in calcifying
microbialites (e.g., Burne and Moore, 1987; Douglas and Beveridge,
1998; Riding, 2000; Paerl et al., 2001; Kaźmierczak et al., 2004;
Dupraz and Vissher, 2005; Altermann et al., 2006; Benzerara et al.,
2006; Stal, 2012), and several models for carbonate precipitation
have been proposed, ranging from entirely microbial to chemically-
mediated mechanisms (Demicco and Hardie, 1994; Douglas and
Beveridge, 1998; Dupraz and Vissher, 2005). Microbial processes
favouring carbonate precipitation include metabolic and geochemical
processes that induce alkalization of the microenvironment around
the bacteria cells (see Riding, 2000; Visscher and Stolz, 2005; Dupraz
et al., 2009), such as photosynthesis (Défarge et al., 1994; Arp et al.,
2001; Ludwig et al., 2005) or sulphate reduction (Berner, 1985;
Chafetz and Buczynski, 1992; Reid et al., 2000). Moreover, microorgan-
isms provide nucleation sites that may help overcome the activation
energy necessary to begin carbonate precipitation (Burne and Moore,
1987; Défarge et al., 1996; Visscher and Stolz, 2005; Dupraz et al.,
2009). These nucleation sites may be the extracellular polymeric
substances -EPS- (Bhaskar and Bhosle, 2005), cyanobacteria sheaths
(Burne and Moore, 1987; Pentecost and Bauld, 1988; Défarge et al.,
1994), or even the bacteria cells themselves (Achal et al., 2010). On
the other hand, physicochemical processes in the macro-environment
may produce favourable conditions (high Ca2+ concentration, pH, and
alkalinity) for carbonate precipitation (Dupraz and Vissher, 2005;
Dupraz et al., 2009). In fact, purely chemically-mediated mechanisms
have also been described for carbonate precipitation within some
microbial mats developed in increased alkaline environments (Arp
et al., 2003).

Some low-relief microbial mats in muddy-sandy intertidal and
supratidal environments create the physicochemical conditions neces-
sary for carbonate precipitation and they carry out metabolic and
geochemical processes thatmight induce carbonate precipitation. How-
ever, the reported examples of this type of mats in the literature are
generally poorly lithified (Riding, 2011a, 2011b; Noffke and Awramik,
2013), and most of the intertidal-supratidal mats in which carbonate
precipitation has been documented are from predominantly carbonate
sedimentary environments, such as the tidal flats of northwestern
Andros Island, Bahamas (Monty, 1967; Shinn et al., 1969; Hardie and
Ginsburg, 1977) and the tidal flats of Abu Dhabi, Arabian Gulf
(Kinsman and Park, 1976; Bontognali et al., 2010; Strohmenger et al.,
2011). To the best of our knowledge, there is only one example in
the literature of calcium carbonate precipitates inmicrobial mats devel-
oped on a siliciclastic coastal environment, the sandy beaches of
Schiermonnikoog Island in the North Sea (the Netherlands), studied
by Kremer et al. (2008). They documented the carbonate precipitates
in uneven layers distributed in young and developing mats.

To re-evaluate the siliciclastic coastal microbial mats as non-
lithifying systems that lack the potential for calcification, the present
study documents a new example of calcium carbonate precipitation in
microbial mats from a siliciclastic coastal environment from northern
Patagonia (Paso Seco, Argentina). The present research documents
well-defined, laterally continuous carbonate laminae in surficial micro-
bial mats. Furthermore, these laminae are also preserved in buried
microbial mats several centimetres below the surface, which highlights
their preservation potential and their contribution to sediment accre-
tion. The results of this study provide insights into the environmental
conditions for carbonate microbial mat formation, highlighting the
changing water chemistry that favours the precipitation of calcium
carbonate within siliciclastic coastal environments in the presence of
microbial mats. Finally, a plausible explanation for the mechanisms of
carbonate precipitation in this environment is suggested, trying to
span the role of biotic influence in abiotic sedimentary processes.

2. Study area

2.1. Climatic and geomorphologic setting

The study area, Paso Seco, is a temperate coastal flat in southern
Buenos Aires province (40°33′S; 62°14′W) (Fig. 1a). The climate is clas-
sified as semiarid, according to the climatic classification of the Argen-
tinian Pampas proposed by Aliaga et al. (2017), and is characterized
by an average annual rainfall of b300mmand a potential evapotranspi-
ration that commonly exceeds precipitation (Ferrelli et al., 2012).
Therefore, the aridity is marked enough as to limit vegetation develop-
ment. The average minimum and maximum temperatures range
between 14 and 30 °C in summer, and from 2 to 12 °C in winter.

Paso Seco is located in amesotidal coast wheremean andmaximum
tidal ranges are 1.62m and 2.5m, respectively. Geomorphologically, the
area was originally a late Holocene tidal channel that was obstructed by
a sand spit (1.8 km wide) formed by NE longshore sediment transport
along the coast (Fig. 1b). Consequently, shoreline migration towards
the sea developed a progradational environment N100 years ago
(Espinosa and Isla, 2011). Behind the sand spit, a semi-closed basin of
3.5 × 0.4 kmwas developed (Fig. 1a), which is sporadically flooded dur-
ing storm surges (Stempels Bautista, 2019)when seawater breaches the
sand spit. Moreover, the landward area of Paso Seco coastal flat is con-
nected to a tidal channel, which outflows at the north (Fig. 1a). On occa-
sions, when the flat is subaerially exposed after flooding during warm
periods, evaporites are present as a consequence of high temperatures
and evaporation. This fact makes Paso Seco a saline-like basin (Perillo
et al., 2019).

2.2. Colonizing microbial mats

Episodic flooding of the coastal flat favours sediment colonization by
flat, ≈1 cm-thick epibenthic mats, which are developed in the upper-
most centimetre of the sediment. The arrangement of benthic microor-
ganisms in these microbial mats follows a vertical stratification pattern,
with representatives of the three domains of life on Earth, namely
archaea, cyanobacteria and other free-living bacteria, and diatoms. Due
to the hypersaline conditions that the sediments reach, these mats
are largely devoid of metazoans and bioturbation, with only a few
micronematodes and coleopterans exploiting the mats as a niche (see
Garrett, 1970). Filamentous cyanobacteria in the order Oscillatoriales
are by far the dominant members of the microbial consortium, with
Microcoleus chthonoplastes being the most abundant species (Cuadrado
and Pan, 2018). Regarding other components of the microphytobenthic
community, pennate diatoms are well-represented. The metabolism of
these microbes is characterized by the exudation of large amounts of
EPS as an immediate response to rapid changes in osmotic pressure
caused by variations in salinity or temperature during aerial exposure,
which protects the community (Stal, 2012). EPS also aid in microbial lo-
comotion and attachment to solid surfaces. Furthermore, the exudation
of large amounts of EPS confers a slippery appearance to themat surface
and modifies the physical properties of the sediment, which, coupled
with the particular hydrodynamics of Paso Seco, produces characteristic
microbially-induced sedimentary structures (Maisano et al., 2019; Pan
et al., 2019).

3. Methods

Water level fluctuations within the coastal flat were measured from
May 2015 to present by placing a HOBOwater level logger (model U20)
40 cm below the flat surface (Fig. 1b). The sensor continuously records
water level and water temperature every 10 min. In September 2017,
six water samples were taken from the study area, one from a tidal



Fig. 1. (a) Location of the coastal flat of Paso Seco, limited by the cul-de-sac of a tidal channel and a sand spit. Box indicates the area shown in b). (b) Close-up view of the study area.
Location indicated in a). The yellow marks indicate the location of the HOBO station (HS) in which water level was recorded, and the location of the tidal creek (TC) where water
sample was taken. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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creek (TC) (Fig. 1b) and five samples from different ponds (P) with
varying degrees of water evaporation. Water salinity was determined
gravimetrically (Strickland and Parsons, 1972) and concentrations
of Ca2+ and CO3

2− from water were determined following standard
methods (APHA, 2005); pH measured in water and sediment was car-
ried out in the field with a HANNA HI991003 pH meter.

In order to analyse the sediments colonized by microbial mats, nine
sedimentary cores (inner diameter = 4.5 cm; depth = 22 cm) were
taken from the flat, which were subsequently studied under a SMZ
Nikon 1500 stereoscopic zoommicroscope. In addition, 33 thin sections
were prepared for petrographic analysis. To prepare these thin sections,
samples were left drying at room temperature (≈20 °C) for several
days, and theywere subsequently impregnatedwith a 4:1 ratiomixture
of epoxy resin Dicast 867 and Discure 383 hardener. No chemical pre-
servatives or fixatives were used in order to preserve the fluorescent
Fig. 2. (a) Water level record from February to October 2017 as an illustrative period (green li
periods in which the coastal flat remained dry for several days to weeks. Blue dash line indica
when the water samples were collected during a period of solar exposition of large areas of
long periods. (c) Appearance of the dried-up flat in summer. (For interpretation of the referen
pigments of the microbes. Thin sections were normally thicker than
30 μm (traditional thickness of petrographic thin sections) to avoid los-
ing fragments of sample. Several selected thin sections were stained
with a solution of Potassium Ferrocyanide Ke (CN) 6, Alizarin and Hy-
drochloric Acid for determining the nature of the carbonate (Dickson,
1966). Thin sections were petrographically analysed in a Nikon Eclipse
POL 50i transmitted-light microscope. The work was carried out under
plane-polarised light and cross-polarised light to identify mineral spe-
cies. Moreover, incident epifluorescence light microscopy was per-
formed by using a 100 W mercury lamp (halogen) combined with
differentfilters thatwere coupled to anEclipse 50i POL petrographicmi-
croscope. UV (334–365 nm), blue light (435–490 nm) and green light
(546 nm) filters were used to identify fluorescent pigments, organic
matter and minerals. X-ray diffraction analysis was performed using a
Rigaku D-Max III-C diffractometer with CuKα radiation and a graphite
ne). High inundations of the coastal flat are indicated by blue arrows. Black lines indicate
tes the cold season (austral winter). Orange arrow indicates the date in September 2017
the microbial flat. (b) Appearance of the flat during winter when it remains flooded for
ces to colour in this figure legend, the reader is referred to the web version of this article.)
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monochromator (Universidad Nacional del Sur, Argentina) to identify
evaporitic minerals.

To observe the relationship between microorganisms, sediment,
and EPS in depth, small blocks of sediment (≈0.25 cm2 in vertical
section; 0.2 cm in width) were examined by using scanning electron
microscopy (SEM). The sediment blocks were embedded with
gluteraldehyde 2.5% immediately after field sampling to fix the or-
ganic matter. The SEM analyses were developed at CONICET Bahía
Blanca (Argentina) using a LEO, EVO 40 XVP (2004) model at 20
kV, and the elemental composition of the mats was studied by en-
ergy dispersion spectroscope (EDS) Oxford, X-Max 50 (2017) con-
nected to the SEM. These SEM-EDS analyses were used to identify
the morphology and distribution of mineral precipitates based on
their chemical elements. Surface mapping techniques were used
for the detection of chemical elements on the vertical section of sed-
iment blocks. The linescan method was used to define the chemical
element distribution along a line.
Table 1
pH values of water and sediment measured in 2017 and 2018. n/d: no data.

Date of measurement Water pH Sediment pH

March 2017 9.1 9.89
May 2017 7.14 8.25
September 2017 8.29 8.33
October 2017 7.87 n/d
March 2018 n/d 7.03
June 2018 8.49 8.63
August 2018 8.14 8.61

Fig. 3. (a)Whiting water in the coastal flat during warm season. (b) Comparison between CO3
2−

creek (see location in Fig. 1b), Pn = pond. (c) Evaporated pond with halite crystals during dry
4. Results

4.1. Water level fluctuations

The coastal flat at Paso Seco is characterized by repeated water level
fluctuations caused by recurrent seawater floods (Fig. 2a). During
storms with strong winds, especially in coincidence with spring tides,
Paso Seco flat is rapidly flooded by seawater, reaching water column
heights of several tens of centimetres depending on the storm energy
(20 to 70 cm). After each flooding episode, the coastal flat remains
underwater (≈10 cm) for several days toweeks during the austral win-
ter period (Fig. 2a, b). Conversely, during warm periods, progressive
water evaporation may cause subaerial exposure of the flat (Fig. 2a, c).
4.2. Hydrochemistry of Paso Seco

Hydrochemistry analyses show pH values between neutral to alka-
line (Table 1). On some occasions whiting waters were observed on
the flat (Fig. 3a), presenting salinity values of around 115 and tempera-
tures of 24.4 °C. Salinity analysis of the water of the tidal creek (TC,
Fig. 1b) and five shallow ponds in September 2017 (austral spring)
showed an increment from the values in the TC to the different ponds
due to increased degrees of evaporation in each pond (Fig. 3b). In addi-
tion, Ca2+ and CO3

2− concentration values were closely related with sa-
linity. Thus, as salinity increased, CO3

2− concentration also increased,
until salinity reached values of 99.35 (Fig. 3b). After that point, the
carbonate ion was depleted, suggesting precipitation of carbonate
minerals. Contrastingly, Ca2+ concentration increased until salinity
and Ca2+ concentrations from six water samples obtained in September 2017. TC= tidal
season.
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reached values of 202.51. Then, Ca2+ concentration in water abruptly
dropped at a salinity of 279.4, when the precipitation of gypsum con-
sumed the Ca2+ ions (Fig. 3b). Gypsum sheets (identified by X-ray anal-
ysis) were observed on the flat, and cubic halite crystals were present in
the shallow pond that reached salinity values of 279.4 when the seawa-
ter is evaporated to 0.09–0.1 of the original volume (as was seen by
Usiglio, 1849) (Fig. 3c).

4.3. Biogenic bedding

Sedimentary cores from different locations of the tidal flat are char-
acterized by the presence of biogenic bedding (sensu Gerdes and
Klenke, 2007), consisting of vertical sequences of microbial mat layers
in alternation with siliciclastic units (Fig. 4a). Microbial mats are lami-
nated organomineral layers, b1 cm in thickness. Thickness of siliciclastic
layers varies from few millimetres to several centimetres and they are
composed of medium to very fine-grained sand, consisting predomi-
nantly of quartz, plagioclase, potassium feldspar, amphibole, pyroxene,
volcanic rock fragments, and minor magnetite grains. Bioclasts (ostra-
cod, bivalve and foraminifera shells) are scarce. Few vertical burrows
cut through both the sand layers and microbial mats.

Biogenic bedding is present all along the tidal flat. However, the
thickness of the microbial mats and the siliciclastic units, as well as
their proportions, varies in different sedimentary cores due to lateral
and longitudinal changes in sediment transport. In addition, the
Fig. 4. (a) Sediment core fromPaso Seco. The core is composedof an alternation ofmicrobialma
the carbonate laminae continuity along 1.5 cm. Cross-polarised light. (c) Thin section photomic
upper limits of each lamina) composed, from base to top, of laminae A to D. Plane-polarised l
sequences. Plane-polarised light. (For interpretation of the references to colour in this figure le
development of different MISS (i.e., mat folds, roll-ups, flipped over
edges, erosional pockets and others) along the tidal flat (Maisano
et al., 2019) produces significant variations in the vertical sedimentary
succession in the different cores.

4.4. Microbial mat composition and microstructure

4.4.1. Petrographic study
The petrographic study of themicrobial mats allowed the identifica-

tion of characteristic, laterally continuous, repetitive, up to 2 mm-thick
sequences composed of four different types of laminae (Fig. 4b–d),
which are recognized both in the surficial living and in theburiedmicro-
bial mats, developed in any location of the tidal flat. Each sequence
beginswith a sand to silt lamina (lamina A, Fig. 4c). Lamina A is overlain
by a lamina of organic matter and clay to fine-grained silt (lamina B),
which displays subvertical cyanobacteria filament moulds up to 20 μm
in diameter (fm in Fig. 4c, d) that continue into the overlying lamina,
which is composed of dense micritic calcite (lamina C), whose mineral-
ogy was identified by the staining method (Dickson, 1966). Finally, the
uppermost lamina is composed of organic matter, showing a horizontal
filamentous texture (lamina D). The sequence may be successively
repeated (Fig. 4d), and the main features of each of these laminae are
described as follows.

Lamina A is 0.15 to 1 mm in thickness and is composed of fine-
grained sand to silt (Fig. 5a, b), clearly seen in thin-section
ts (white arrows) and sand layers (red arrows). (b) Thin section photomicrograph showing
rograph of a buriedmicrobial mat showing one complete sequence (dashed lines indicate
ight. (d) Thin section photomicrograph of a buried microbial mat showing two complete
gend, the reader is referred to the web version of this article.)
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photomicrographs with plane and cross-polarised light. The lower
contact is sharp and commonly shows a fining-upwards trend. Lam-
ina B is finer than A, up to 400 μm in thickness, and smoothly overlies
lamina A (Fig. 5c, d). It is composed of detritic clay, fine silt and amor-
phous organic matter (probably EPS together with degraded
cyanobacteria filaments), diatoms and cyanobacteria sheaths with
different grades of preservation. This lamina is traversed by
cyanobacteria filament bundles (in surficial mats) or their moulds
(in buried microbial mats), which show elongated irregular shapes
up to 20 μm in diameter. The cyanobacteria bundles or moulds are
predominantly subvertically-oriented continuing into the overlying
lamina, as clearly seen in thin sections under plane-polarised light
(yellow arrows in Fig. 5e).
Fig. 5. Thin section photomicrographs of a buried microbial mat at different magnifications. (a
(c) Plane-polarised light photomicrograph of the yellow square in a). (d) Cross-polarised light p
Red arrows show the subhorizontal filamentous texture of the uppermost organic matter lamin
peloid developed in lamina D. (f) Cross-polarised light photomicrograph of e). (For interpretatio
of this article.)
Lamina C is up to 100–200 μm in thickness and is composed of
dense micritic calcite (Fig. 5e, f). The micritic lamina is also cut by
subvertically-oriented cyanobacteria filaments or moulds. This lamina
can be easily distinguished by the high-order interference colours of
calcite under cross-polarised light (Fig. 5f).

Lamina D is up to 250 μm in thickness and is composed of amor-
phous organicmatter, diatoms and cyanobacteria sheathswith different
grades of preservation (Fig. 5e, f). This lamina shows a predominantly
subhorizontal, filamentous texture produced by the arrangement of
cyanobacteria filaments sub-parallel to the sediment surface (red ar-
rows in Fig. 5e and light blue lines in Fig. 6a). In addition, some areas
of lamina D present disperse organic matter clumps that produce slight
irregularities on the surface of this lamina (yellow arrows in Fig. 6b, c).
) Plane-polarised light photomicrograph. (b) Cross-polarised light photomicrograph of a).
hotomicrograph of c). (e) Plane-polarised light photomicrograph of the yellow square in c).
a. Yellow arrows show the subvertical filament moulds. Pink arrow indicates a carbonate
n of the references to colour in this figure legend, the reader is referred to theweb version



Fig. 6. (a) Thin section photomicrograph under cross-polarised light of a surficial microbial mat showing three repetitive sequences. Pink arrows point to carbonate peloids within lamina
D, and light blue dashed-lines within laminae D indicate subhorizontally-arranged filaments. The sequences are indicated by numbers at the right. Lamina A is absent in the second
sequence. (b) Surficial microbial mat sequence where lamina B is discontinuous. Pink arrow indicates a peloid and yellow arrows indicate organic matter clumps in lamina D.
(c) Cross-polarised light photomicrograph of b). (d) Carbonate peloids (pink arrows) surrounded by subhorizontal cyanobacteria filaments (light blue dashed-lines) in lamina D.
Plane-polarised light. (e) Incomplete sequence in a buried microbial mat overlain by lamina A of the following sequence. Plane-polarised light. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Some of these clumps are calcitized, resulting in carbonate peloids from
30 to 500 μm in size (pink arrow in Fig. 5e–f, Fig. 6a–c), enclosed among
the cyanobacteria filaments (Fig. 6d).

Although most of the sequences within the microbial mats include
the four characteristic laminae (A to D), some sequences are not com-
plete, with one or several laminae absent. Such is the case when se-
quences are composed of a fine-grained sand to silt lamina (A) at the
base, overlain directly by themicritic calcite lamina (or even themicrite
may be among the sand grains in the upper part of lamina A) and,
finally, covered by the organic-rich lamina D (Fig. 6b, c, e). Another
case is when sequences do not show a lamina A at the base, and consist
only of organic-rich laminae (B and D) with a micritic lamina
(C) between them (second sequence in Fig. 6a).

Analyses of the surficialmats under a stereoscopic zoommicroscope
(Fig. 7) discriminate the carbonate lamina (whitish colour), the laminae
composed predominantly of amorphous organic matter (brownish col-
our), and the sand and silt layer (Fig. 7a, b). Moreover, cyanobacteria fil-
aments (green colour) are clearly recognized under the stereoscopic
zoom microscope, as well as diatoms on a topmost biofilm (Fig. 7a, b).
Buried microbial mats several centimetres below the sediment surface
show the same carbonate, organic matter, and sand and silt laminae, al-
though in these buried microbial mats cyanobacteria filaments are not
generally preserved, but vertical filamentous moulds occur instead
(Fig. 7c).

4.4.2. Epifluorescence analysis
Different filters used in epifuorescence analysis allow the observa-

tion of the relationships between the cyanobacteria filaments and the
mineral components, especially in samples of surficial microbial mats,
in which the pigment contents of filament sheaths are better preserved.
Fig. 7.Microbialmats of Paso Seco observed under the stereoscopic zoommicroscope. OM=or
(a) Surficial microbial mat composed of a sequence made up of laminae A to D. (b) Surficial m
diatoms “d”. (c) Buried microbial mat showing two sequences composed of different laminae
figure legend, the reader is referred to the web version of this article.)
The cyanobacteria filament sheaths, identified by blue light excitation
filter present vertical and subvertical orientation among the sand and
silt grains of lamina A (Fig. 8a, b). Calcitic lamina C, which shows
greenish-yellowish colourwith blue light excitationfilter and red colour
with green light filter, is also traversed by vertical to subvertical
cyanobacteria sheaths (Fig. 8a, b) or their moulds in buried microbial
mats (Fig. 8c, d). Lamina D shows bright yellow colour, under the blue
light excitation filter, and also a horizontal to subhorizontal filamentous
texture (which bends around the carbonate peloids) is identified
(Fig. 8a, b). This bright yellow filamentous texture probably corre-
sponds to cyanobacteria filament sheaths and diatom biofilm.

4.4.3. SEM-EDS analysis
Element mapping and linescan through blocks of microbial mats by

SEM-EDS show repetitive continuous laminae (tens of micrometres
thick) with a high content of Ca, C and O (Fig. 9). This analysis corrobo-
rates the presence of calcite laminae observed under the petrographic
microscope. A close-up view of the carbonate laminae reveals that
they consist of irregular clusters of subglobular to globular clots com-
posed of submicrometric carbonate grains (Fig. 10a–c). Each CaCO3

grain is a b1 μm-sized, anhedral to subhedral crystal, and some b2 μm-
sized platy crystals are also occasionally present (arrows in Fig. 10c).

Furthermore, SEM analysis permits a detailed view of the arrange-
ment of the cyanobacteria filaments in the microbial mats. Empty
sheaths of cyanobacteriafilaments and/or theirmoulds cross themicrite
laminae, and they are oriented mainly vertically or subvertically
(Fig. 10a, d). The filament sheaths or moulds change to a horizontal or
subhorizontal orientation at the overlying lamina D (yellow arrows in
Fig. 10a). Thewalls of cyanobacteriamoulds present a smoother appear-
ance due to the presence of microbial EPS (Fig. 10d), and even some of
ganicmatter, C= calcite, Gr= sand / silt grains, f = cyanobacteria filaments, d= diatoms.
icrobial mat with carbonate precipitates, green cyanobacteria filaments “f” and pennate
. Arrows point to filament moulds. (For interpretation of the references to colour in this



Fig. 8. (a) Epifluorescence thin section photomicrographwith blue light (435–490 nm) filter of a surficial microbial matmade up of a silt to sand lamina (A), a carbonate lamina (C) and an
organic matter-rich lamina with subhorizontal filamentous texture (D). Preserved filaments sheaths can be distinguished due to their bright yellow colour, and carbonate due to its
greenish-yellowish colour (paler than filaments). Filaments present between grains in lamina A, as well as traversing lamina C, are oriented vertically to subvertically (red arrows).
Filaments in lamina D are oriented parallel to the surface (yellow arrows). Carbonate peloids surrounded by filaments are present in lamina D (pink arrows). (b) Plane-polarised light
photomicrograph of a). c) Thin section photomicrograph analysed under epifluorescence with green light (546 nm) filter of a buried microbial mat. Note vertically oriented
cyanobacteria moulds (green arrows) in calcitic lamina C. (d) Plane-polarised light photomicrograph of c). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the mucilaginous external sheaths of cyanobacteria are preserved
(Fig. 10d, right).

5. Interactions between biotic and abiotic factors that control car-
bonate precipitation

The flat microbial mats of Paso Seco provide an excellent case study
to document the formation of distinctive, continuous, and repeated car-
bonate laminae in microbial mats from a predominantly siliciclastic
supratidal flat developed in a progradational coastal system, which is
strongly controlled by cyclic environmental changes that produce
recurrent saline conditions. The hydrodynamic conditions in Paso Seco
are characterized by a recurring (not periodic) pattern marked by
flooding events during storm surges that produce a rapid increase in
water depth over the flat (Fig. 2a). Ebb currents are slow because sea-
water is retained on the flat due to its semi-closed topography, which
delays water retreat after the inflow event. Water retention is addition-
ally favoured by the presence of epibenthic microbial mats, which
causes a decrease in sediment permeability (a 5.1-times slower water
infiltration rate than where no microbial mats are present; Perillo
et al., 2019). The retained water progressively evaporates, especially
when temperatures are warm and intense and frequent drying winds
prevail.

During the process of evaporitic concentration, particular ions in the
brine increase together with the increase in salinity. Thus, the seawater
evaporation follows the first steps of the sequence of crystallization up
to saturation of salts in agreementwith solar saltwork, where carbonate
precipitates at salinities between 70 and 140 (Babel and Schreiber,
2014). The initial Ca2+ concentration increase is due to reduced water
volume by evaporation, but when the half of the initial volume of sea-
water is reached, CaCO3 begins to precipitate (Usiglio, 1849), which is
sustained by the total depletion of CO3

2− from the solution (Fig. 3b).
This agrees with Ludwig et al. (2005) who supported that calcification
does not depend only on the concentration of Ca2+, pH and alkalinity,
but also on CO3

2− concentration. Thus, carbonate precipitation is proba-
bly a purely chemical process, and the role that microbial metabolic
activity plays in the process is not known. However, the presence of
whiting hypersaturated waters during warm seasons (Fig. 3a) suggests
that carbonate precipitation could be biologically-influenced (sensu
Dupraz et al., 2009). Even though there are few studies on this subject,
some authors sustain that whitings are related to microbial activity,
being an outcome of photosynthesis (Thompson et al., 1994), or consid-
ered to be part of a mechanism directly associated with marine phyto-
plankton as diatoms (although it is not possible to confirm the
formation process; Long et al., 2017), or related to autotrophic
picoplankton in oligotrophic lakes (Dittrich and Obst, 2004). Riding
(2000) argued that seawater becomes milky due to the suspension of
microcrystalline calcite crystals, which can be associated with microbe
blooms and floccules that can be sites of nucleation. Regarding these
considerations, microbial cells or EPS suspended in the water column
of the saline basin of Paso Secomight act as nucleation sites for carbon-
ate precipitationwhen CaCO3 supersaturation is achieved due to seawa-
ter evaporation. Additionally,whilewater concentration above themats
is at CaCO3 supersaturation point, carbonate might also precipitate in
the EPS of the microbial mats, forming the peloids in laminae D
(Fig. 6a–c, pink arrows).

A conceptual interpretation of the sedimentary and microbial pro-
cesses that could control the cyclic character of the sedimentation and
lead to carbonate precipitation is sketched in Fig. 11a. During the fre-
quentflooding events, sandy and silty sediments are transported and de-
posited onto the flat surface (stage I in Fig. 11a). The flooding event, thus,
may generate the sandy to silty lamina A, which would constitute the
basal layer of each sequence. The granulometry and thickness of this
lamina depend on the energy of the event, so very thin laminae might
be present, or even lamina A can bemissing if the velocity of the flooding
current is not high enough to transport grains (sequence 2 in Fig. 6a).



Fig. 9. (a) Scanning electron microscope (SEM) image of a surficial, microbial mat sample. (b) EDS map of the sample shown in (a), showing the calcium carbonate rich layers in pink
colour. (c) Linescan of the carbonate layers presented in (b), which show a high content of Ca, O and C. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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After inundation, water level lowers gradually, and the flat remains
covered with stagnant seawater (≈10 cm), sometimes for several
days to weeks during the cold season (Fig. 2a). During this time, calm
conditions prevail, and organic matter is produced by photosynthetic
microbial activity (stage II in Fig. 11a). The filamentous cyanobacteria
presentwithin themicrobialmatmigrate vertically to the sediment sur-
face to reach the supernatantwater and towardsmore intense light con-
ditions (Consalvey et al., 2004; Cuadrado, 2020). This vertical migration
is evidenced by the vertical and subvertical orientation of the
cyanobacterial filament bundles (or their moulds) in lamina A and
lamina B (Figs. 4c, d, 5, 8). The linear dimensions of these filaments
and moulds found in thin-section petrographic slides are consistent
with the diameters of dominant oscillatorian cyanobacteria present in
the area (see Table 2 in Cuadrado and Pan, 2018). The vertically-
oriented filaments on the microbial mat surface may also increase the
dynamic viscosity of the water and enhance the fall-out of silt and clay
particles (baffling and trapping; Noffke, 2010). As a result, lamina B
composed of organic matter, silt, and clay, and displaying vertically-
oriented cyanobacteria trichomes or moulds, develops (Figs. 4c, d, 5).
However, on some occasions, especially during summer, the flat might



Fig. 10. Scanning electronmicroscope (SEM) images. (a)Moulds of cyanobacteria filaments across the carbonate lamina and the overlying organicmatter lamina. Moulds in the carbonate
lamina are oriented mainly vertically (black arrows) and subvertically (white arrows), whereas moulds in the overlying lamina are horizontally or subhorizontally-oriented (yellow
arrows). Below the carbonate lamina diatom frustules (D) are shown. Red dash line indicates the upper carbonate lamina limit. (b) EDS map of the area shown in (a) showing the
limit of the Ca-rich layer. (c) Close-up view of globular carbonate (see location in Fig. 10a) made up of submicrometric, anhedral to subhedral crystals and some platy irregular crystals
(arrows). (d) Close-up view of cyanobacteria filament moulds (see location in Fig. 10 a). The inner moulds show a smoother appearance and some cyanobacterial sheaths are still
encased in the moulds (arrows in the right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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remain covered by seawater for a brief period of time and not long
enough to develop lamina B (Fig. 6b, c), because of quick water evapo-
ration caused by higher temperatures than in winter or/and windy
conditions.

The seawater retained in the basin is subject to evaporation, and
consequently the salinity of the remaining water gradually increases
up to the CaCO3 supersaturation point, which normally triggers carbon-
ate precipitation (see Kaźmierczak et al., 2015). At this point, whiting
might occur where suspended cells (diatoms), cyanobacteria sheaths,
or EPSmolecules act as nucleation sites for microcrystalline calcite crys-
tals, which will finally deposit, covering the sedimentary surface (stage
III in Fig. 11a). Cyanobacteria filaments in microbial mat continue their
upward movement, leaving moulds in micritic calcite in lamina C
(Figs. 5e, f, 8c, d, 10a, d); furthermore, some of the mucilaginous
external sheaths of cyanobacteria, which are inhibited in degradation
due to their fibrillary nature, are preserved (Li and Devaux, 2001) (de-
tail in Fig. 10d, right). The morphology of mat-forming microbiota
preservation is due to intense and fast carbonate precipitation that im-
pedes the bacteriolysis decay of the original cell configuration (see
Kaźmierczak et al., 2015).

Following carbonate precipitation, when the flat becomes almost
completely dried, the microorganisms adopt a horizontal orientation,
parallel to the surface (stage IV in Fig. 11a), and lamina D composed of
amorphous organic matter, diatoms and cyanobacteria sheaths, is de-
veloped (Figs. 5e, f, 6, 7a, b, 8a, b). Similar alternating orientation of
cyanobacterial filaments was documented by Monty (1967) in carbon-
ate tidal flats from Andros Island (Bahamas). Likewise, this feature was
also interpreted as the result of alternating periods with sufficient
moisture for microbial mat formation, favouring vertical growth of
cyanobacteria, and periods of drought during which the cyanobacteria
filaments flatten.

Carbonate peloids present in some laminae D (Figs. 5e, f, 6a–d, 8a,
b) resemble the peloids enclosed by cyanobacteria filaments described
by Gerdes et al. (1994) in microbial mats from a salina in Lanzarote
(Canary Islands, Spain). The subrounded to elongated morphology of
the carbonate peloids and their surrounding elastic biogenic tissue
(Fig. 6b–d) suggest that peloid formation is strongly influenced by the
microorganisms of the mat community and their arrangement in lam-
ina D. Furthermore, there is a close similarity in shape, size, and location
of the carbonate peloids with the proximate organic matter clumps that
occur also in laminaD (Fig. 6b, c). These clumpswere previously studied
in Paso Seco by Cuadrado and Pan (2018), who demonstrated that the
motility of filamentous cyanobacteria produces areas of higher density
of cyanobacterial trichomes. Sim et al. (2012) stated that clumps
(denser cyanobacterial filaments and heterotrophic microbes) promote
the retention of carbon and the assimilation of inorganic carbon, and
therefore, it is possible that they serve as calcite nucleation sites likely
related to mat decay (see Gerdes, 2007). Moreover, based on laboratory
experiments, Riege et al. (1991) suspected that aerobic degradation of
the organic acids produced by cyanobacteria and other microorganisms



Fig. 11. (a) Schematic representation of the cyclic processes that lead to carbonate precipitation in microbial mats at Paso Seco (see explanation in text). (b) Scheme showing the biotic
(green) and abiotic (orange) factors that lead to the formation of carbonate laminae in themicrobial mats at Paso Seco. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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could lead to carbonate precipitation. In a similar way, Arp et al. (2012)
and Ionescu et al. (2015) claimed that carbonate precipitation in micro-
bial mats of a hypersaline lake on the atoll of Kiritimati was related to
aerobic heterotrophic decomposition of Ca2+ binding EPS, which re-
leased Ca2+ and decreased kinetic inhibition for carbonate precipitation
caused by EPS. Therefore, regarding all these considerations, carbonate
peloids observed in lamina D of the microbial mats of Paso Seco are
interpreted as the result of carbonate precipitation on decaying organic
matter clumps.

At the end of the sequence, progressivewater evaporation on theflat
produces precipitation of gypsum and halite, as was revealed by field
observations and corroborated by X-ray analysis (Fig. 3c). However,
these minerals are not preserved in the sedimentary sequence because
they are dissolved during the following inundation. Eventually, water
evaporation, coupledwith slowwater infiltration, may lead to subaerial
exposure of the mat surface (stage V in Figs. 2a, c, 11a).

The good correlation between the characteristic sedimentary
sequences recorded in the microbial mats and the recurrent environ-
mental changes that take place in Paso Seco indicates that sedimenta-
tion is strongly controlled by environmental factors. Thus, the
formation of carbonate laminae within these low-relief microbial mats
of a siliciclastic environment is due to the interplay of abiotic and biotic
factors (Fig. 11b). The development of suitable conditions for carbonate
precipitation in this environment suggests that similar processes may
occur in other siliciclastic settings colonized by microbial mats and in
which saline conditions are recurrently developed, which, by analogy
with the present case study, may occur in progradational coastal set-
tings. A more intense effort on the study of microbial mats of such sed-
imentary environments may contribute to build bridges between the
carbonate and siliciclastic research areas into which the study of micro-
bial mats has been traditionally divided.

6. Conclusions

This contribution documents well-defined, cyclic and laterally-
continuous carbonate laminae in low-relief microbial mats from amod-
ern, siliciclastic, supratidal flat. Both physical and biotic factors most
likely play a strong role in sedimentation and carbonate precipitation
in the microbial mats studied.

The most important abiotic factors are the temperate semiarid cli-
mate and the topography of the tidal flat environment, which together
produce a semi-closed saline basin, where the seawater, recurrently
recharged, becomes stagnant and covers the flat for several days to
weeks. Then, the CaCO3 supersaturation conditions necessary for car-
bonate precipitation are attained due to evaporation. The presence of
a continuous microbial mat over large areas of the sedimentary basin
constitutes a significant biotic factor, as it increases the impermeability
of the sediment surface, making gradual evaporation possible. Further-
more, microbial mats may also play a key role in the formation of the
carbonate laminae by providing a nucleus for precipitation, both as
sheath-encased microbial cells or EPS within the water column, which
will eventually settle down on themicrobialmats, and as organicmatter
in the microbial mats, which may later calcify in situ.
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