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Abstract. This study documents the occurrence of several MISS such as laminated microbial mats,
biostabilized ripples, gas domes, mat folds, erosional pockets and remnants, microbial cracks, and
gypsified mat chips in Salman hypersaline lagoon, north Jeddah city, Saudi Arabia. This study
indicates that both microbial and physical processes are reponsible for sediments biostablization
and formation of spits, bars and berms. It focuses on the role of waves generated by winds in
erosion of the microbially, biostabilized sediments and their deposition on the eastern shore of the
semi-closed Salman lagoon. In winter months, the floor of the lagoon shows a rippled surface that
mantled with green to black microbial mats. In summer months, gypsum crystals grow on the
surface of the mats and develop a gypsified microbial crust. A slight agitation of the lagoonal
water in winter months partially erodes the mat layer and impart a black stain to the water column
of the lagoon. In summer months, strong agitation of the waves generated by winds in the lagoon
leads to erosion of the gypsified micribial crusts and underlying bioclastic and gypsum layers into
gravelly mat chips that leave erosion pockets surrounded with erosion remnants. The gravely,
eroded sediments are transported by a longshore current and deposited on the eastern shore of the
lagoon as berms, spits and bars. The spits and bars enclose small, shallow pools filled with mud
sediments. The result of this study provides useful data to elucidate processes of change in coastal
landforms due to bio-stabilization by microbial mats and their erosion by waves induced by wind.
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1. Introduction

Studies on microbial mat structures are well
known from carbonate (Chafetz and
Buczynski, 1992; Andres and Reid, 2006),
clastic (Schieber, 1999; Cuadrado et al., 2014)
and evaporitic (Aref and Taj, 2018; Arefet al.,
2020)  environments.  Microbial = mats
constituted by photosynthetic organisms
dominated mainly by cyanobacterial species
are commonly colonize shallow and intertidal
marine to supratidal sediments (Noffke, 2010;
Pan et al., 2019; Cuadrado, 2020). The
cyanobacteria produce extracellular polymeric
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substances (EPS) that grow originally on the
water-sediment interface as thin biofilms or a
thick laminated layer forming a cohesive and
leathery carpet that trap, bind and stabilize
sediments (Gerdes et al., 2000; Stolz, 2000;
Noffke, 2010; Stal, 2012; Pan et al., 2019).
The EPS has a high water retention capacity
that protects the mats from sever desiccation
(Or et al, 2007, Decho, 2011). The
combination of bacteria, EPS and trapped
sediments that form microbial mats creates a
poorly permeable sediment surface, slowing
water percolating from the surface over
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periods of time (Bagbel, 2007). In fact, the
interaction of microbial mats with physical
dynamics have received the particular name of
MISS  (microbially induce sedimentary
structures, sensu Noffke et al., 2001). The
microbial mats flourish in the absence of
physical and biological perturbations (Oren,
2010) and develop peaks, ridges, and troughs
(e.g., Shepard and Sumner, 2010; Hawes et al.,
2013; Sumner et al., 2016). In the study area
of the Salman hypersaline lagoon, the MISS
are represented by laminated microbial mats,
biostabilized ripples, gas domes, mat folds,
erosional pockets and remnants, microbial
cracks, and gypsified mat chips.

The term ‘bio-stabilization’ (Sensu
Paterson, 1994) reports increasing in the
critical erosion threshold for the resuspension
of particles by bacterial activities that protect
the seafloor deposits against erosional
processes and increasing the preservation
potential of sedimentation (Gehling, 1999;
Cuadrado, 2020). Bio-stabilization also
includes the sealing of the sediment surface by
EPS secreted by micro-organisms (Noffke et
al., 2001). Filamentous cyanobacteria in
microbial mats provide mechanical strength
derived from the linkage of trichomes with the
sediment grains and contribute to sediment
bio-stabilization by an upward migration
during emersion by the excretion of EPS
strands (Staats et al., 2000; Garwood et al.,
2015; Cuadrado, 2020). Bio-stabilization by
microbial mats altering sedimentary processes
and their physicochemical properties in coastal
environments (Cuadrado et al., 2015), and acts
as a biogeomorphological force in sediments
(Stal, 2010). The bio-stabilization of sediments
alters and increasing the erosive critical
threshold in aquatic environments under
unidirectional ~ currents (Hagadorn  and
McDowell, 2012); tidal currents (Noftke,
2010), or even wave-shear stress (Cuadrado et
al., 2014).

Most of the coastal landforms such as
beach ridges and coastal sand dunes form from
sea level changes and/or changes of sediment
supply affected by climatic change (Koiwa et
al., 2018), or seismic events in tectonically
active areas (Catalan et al., 2014; Goff and
Sugawara, 2014). However, this study points
to the role of microbial mats in bio-
stabilization of the sediments that develop into
gravely berms, spits and bars by waves
induced by winds. Examples from barrier spits
composed of gravely sediments are known
from recent coastal, marine environments
(Stéphan et al., 2015; Koiwa et al., 2018; Ions
etal., 2021).

This study shows an example of the
formation of gravely berms, spits and bars
from the semi-closed, hypersaline Salman
lagoon , Red Sea coast of Saudi Arabia that
colonized by microbial mats due to its high
salinity. In this low energy environment, bio-
stabilization by EPS plays a key role in
binding fine grained, bioclastic sediment
particles and shells of cerithid gastropods.
Such microbially-colonized sediments tend to
be more resistant to erosional events than
mostly abiotic sediments at the floor of the
lagoon. The study focus on: (1) the description
and interpretation of several MISS with
respect to sediment composition,
hydrodynamics and geomorphology, and (2)
the description and interpretation of the
formation of the coastal landforms in the
eastern part of the lagoon such as berms, spits,
bars and intervening pools.

2. Study Area

The Red Sea coast of Saudi Arabia
consists mainly of Pleistocene and Recent reef
complexes that occasionally disconnected with
hypersaline lagoons. The lagoons are
dominantly  surrounded with  supratidal-
intertidal sabkhas. There are over twenty
lagoons (sharms, khors or khawrs) along the
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1832 km stretch of the Red Sea coast of Saudi
Arabia (Rasul, 2015). The studied hypersaline
Salman lagoon is located east of Dhahban area,
50 km north of Jeddah city (Fig. 1). The lagoon
has different synonymies as appeared in the
literatures, such as Hatiba lagoon (Meshal,
1987), Ras Hatiba lagoon (El-Sayed, 1987),
Sulaymaniya lagoon (Bahafzullah et al., 1993),
Salman Bay (Youssef, 2015; Hariri and Abu-
Zied, 2018), Khalig Salman (Youssef, 2015), or
Salman lagoon (Aref et al., 2020). The lagoon
is an isolated and elongated water body that
extends parallel to the Red Sea coast for about
13km with NNW-SSE direction. It is connected
to Red Sea by a narrow (about 70-160 m wide)
and shallow (20-50 cm in depth) tidal channel.
The lagoon water is hypersaline (salinity ranges
from 51-113%o), with a water depth < 2.5 m
deep and it has an elliptical surface area of 30
km?. The bottom sediments of the lagoon
consist of dominant bioclastic, and few
siliciclastic coarse sands with small patches of
fine silt and clay sediments. The lagoon is
bounded at north, south and west by a raised
beach and Pleistocene coral limestone (1.5 to 2
m high), and at east and southeast by sabkha
having gypsum and halite mixed with sand (EI-
Sayed, 1987). The eastern coast of the lagoon
contains berms, bars, spits and intervening
shallow pools.

Two hypotheses explain the formation of
the Red Sea lagoons. The first hypothesis
advocates that the lagoons were former
channels formed by erosion in the Late
Pleistocene that were drowned by the post-
glacial rise in sea level (Brown et al. 1989).
Wadies directly drained these lagoons during
the last glacial period when the sea level was
lowered by at least 140 m. The second
hypothesis assumed that the lagoons are
remnants of collapse features formed during
post-warming (postglacial?) emergence by
selective dissolution of Miocene evaporite

beds underlying the younger succession
(Rabaa, 1980).

The size and shape of lagoons and
associated channels are dependent on the
current velocity, wave energy and tidal range.
Al-Barakati and Ahmad (2012) pointed out
that currents are usually weak inside the
lagoons and are governed by both the spring—
neap tidal cycles and fluctuation in the water
level. Wind stress also plays a dominant but
variable role in the process of sediment
transport, depending on the strength of the
local tides and wind speed (Ahmad and Sultan,
1992), whereas the strength of the wave
energy controls the shape of the lagoons
(Rasul, 2015). The lagoon margins are
bounded by intertidal flats and sabkhas that
extend to a few kilometers inland from the
shoreline (Aref et al., 2020). Rasul (2015)
considered tides as of primary importance
because they provide a periodic exchange of
water through channels connecting the lagoons
to the sea.

3. Climate and Hydrography

The study area is characterized by scarce
annual rainfall of 6 cm in the winter months,
and high annual evaporation of 205 cm. Mean
daily temperatures range from a minimum of
26.7°C in January to a maximum of 39.3°C in
July. The humidity ranges from 19% in winter
time to 100% in summer time. The winds blow
from north and northeast in summer, and north
and northwest in winter with a speed range
from 4 to 10 km/h (PME, 2015). The pH value
of the lagoonal water ranges from 8.03 (in
October) to 8.14 (in February), and the
average water temperature is about 33.4°C
which is relatively higher than the Red Sea
water value 28.6° (Meshal, 1987). The water
salinity of the lagoon increases from 55%o (at
north) to 70-110 %o (at south), whereas the
salinity of Red Sea is approximately 40%o
(Aref et al., 2020). The tidal range in the
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lagoon is small (8 cm) because the lagoon is
close to the nodal zone. This tidal force is
dominating the water circulation in the lagoon
(Ahmed et al., 1989; Al-Barakati, 2011).

4. Methods of Study

This study is based on field examination
of the lagoon in October 2008, 2012,
December 2016 and January 2021. During the
field work, the coastal landforms of the lagoon
are photographed, measured and sampled. The
sediment samples are collected from the
shallow bottom and shore of the lagoon. In
addition, two cores were drilled at the eastern
margin of the lagoon by introducing manually
130 cm long PVC tubes. The salinity and
density of the lagoonal water are measured in
the field with glass hydrometers, and the brine
temperature is measured with a glass
thermometer.

5. Results

5. 1 Microbially Induced Sedimentary Structures
(MISS)

Several MISS were found in the
intertidal and shallow subtidal parts of Salman
lagoon such as microbial domes, microbial
folds, biostabilized ripples, erosion pockets
and remnants, microbial cracks, and microbial
chips. The floor of the lagoon is covered with
yellowish green microbial mats over black
decayed mats. In the subsurface, the
sedimentary sequence consists of laminated,
dark microbial layers and white bioclastic
layers that may show gas escape structure.

5. 1. 1 Laminated microbial mats

Laminated microbial mats occur in the
lagoon at water depths less than 40 cm.
Microbial mats exist as varicolored, green,
yellow, mauve or red, cohesive, leathery,
gelatinous, thick (>2 cm) cyanobacteria (Fig.
2a). At salinity less than 70%o, benthic
gastropods (cerithium sp.) flourish on the floor
of the lagoon and graze over microbial mats.

Burial of the mats due to increased supply of
suspended bioclastic sediments lead to the
death and decay of the mats. The result is
laminated sediments composed of black,
organic matter-rich laminae and bioclasts-rich
laminae (Fig. 2b).

5. 1. 2 Biostabilized ripples

The shallow subtidal part of the lagoon is
covered with asymmetrical and symmetrical
ripple marks (Fig. 2c and d). The height of the
crests is less than 5 cm and the wave length
ranges from 15 to 20 cm. A thin, leathery,
gelatinous, yellow diatom biofilm colonizes the
uppermost sediments that underlain with a thin,
green, epibenthic microbial mat layer, dominated
with filamentous cyanobacteria (Fig. 2d), similar
to the observations of Pan et al. (2019). The
diatom and cyanobacteria colonize and stabilize
the sediment surface of ripples. The mat layer is
thicker in depressions (1.5 mm) and thinner (0.3
mm) on top of ripples, similar to the
observations of Cuadrado (2020). Below the
green cyanobacterial mat, there is a purple layer
rich in sulfur bacteria. The subsurface sediments
below the surface mat layers show anoxic
condition due to the dominance of sulfate-
reducing bacteria (Figs. 2a and b), (Pan et al.,
2019).

5. 1. 3 Gas domes

This structure usually takes a circular to
slightly elliptical shape in a horizontal plane
view, and domal shape in a vertical plane view
(Fig. 2e). The domes range in diameter from 2
to 5 cm, with a height less than 3 cm. The
upper surface of domes consists of 2-4 mm
thick, green cyanobacterial mat layer over dark
grey to black laminated, microbial mat and
bioclastic layers. The upper surface of domes
are generally smooth or may show a hollow at
the crest of domes (Fig. 2e). Below the
cyanobacterial layer is a hollow filled with
organic gases from decay of the subsurface
microbial mats. In summer months, the domes
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are encrusted with 5-7 cm thick gypsum layer
to form gypsified gas domes (Fig. 3a). The
gypsum domes enclose a hollow filled with
organic gases. The subsurface sediments
below gypsum domes show injected, vertical
to slightly inclined veins and domes of white
bioclastic materials within the black microbial
layers (Fig. 3b).

5. 1. 4 Mat folds

This structure usually takes an elongated,
slightly twisted microbial folds in a horizontal
plane view (Fig. 3c). In a vertical profile, the
folds show a vertical convex-upward layer with
intervening concave-downward depressions
(Fig. 3d). Several folds show different
orientations that may intersect with each other.
The upper surface of folds consists of 3-6 mm
thick, green cyanobacterial layer. The
underlying sediments are laminated that
commonly show a wavy structure compromise
to the surface microbial fold (Fig. 3d).

5. 1. 5 Erosional remnants and pockets

Erosional remnants and pockets are
composed of an elevated, flat-topped surface
portions, and intervening depressions floored
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with ripple marks, respectively (Fig. 4a, b).
Erosional remnants are overgrown by green,
brown to black microbial mats. The erosional
remnants range in height from 5 to 8 cm,
extend laterally from 5 to 20 cm, and show a
high slope angle at their prepheries. In a
vertical cross-section, the remnants are
overgrown with green microbial layer that
underlains with dark grey to black lamination
of buried microbial mat laminae, alternating
with white bioclastic layers. The erosional
pockets exist between the remnants and are
commonly not overgrown by microbial mats.
The floor of pockets are covered with ripple
marks that show the same orientation to that of
the surrounding mat-free sediment surface of
the lagoon. The ripple marks indicate the
direction of the waves induced by winds that
form the erosional pockets. The erosional
pockets may exist as light, yellow patches
within the dark, black color of the surrounding
remnants (Fig. 4c). The eroded microbial
filaments from the erosion pockets are floating
in the water column of the lagoon and is
responsible for its black coloration (Fig. 4d).

Fig. 1. Location map of the study area, and satellite images showing the location of spits and bars in Salman lagoon.
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Fig. 2. Laminated microbial mats, ripples and gas domes. (a) Leathery, gelatinous, varicolored microbial mats overlying
organic matter-rich sediments. (b) laminated, dark microbial mats and light bioclastic layers. (c) Ripple marks close
to a spit and biostabilized by microbial mats. (d) Biostabilized ripples that contain coarse bioclasts and gastropod

shells. (e) Gas domes in the surface mat layer.

Fig. 3. Gypsified gas domes and microbial folds. (a) A hollow beneath gypsified gas domes overlying organic matter-rich
bioclastic sediments. (b) A white, fluidized sediments inject the organic matter-rich zone to form gas domes. (c)
Irregular, polygonal folds on the surface of microbial mats. (d) A convex-upward crests, and concave downward
troughs in polygonal folds that overlie wavy, organic matter-rich laminae.
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Fig. 4. Erosion pockets and remnants. (a) A subaqueous, erosion pockets surrounded with erosion remnants. (b) Erosion
remnants show high elevation that surrounded with erosion pockets. (¢) A light-colored zone of erosion pockets
surrounded with black zone of erosion remnants highly enriched in black, microbial layers. (d) Black color of the
water of lagoon due to suspended organic matter from the erosion pockets.

5. 1. 6 Gypsified mat chips

Microbial mat chips are recorded as
detached fragments of flattened or slightly
curved microbial mat at the shallow part of the
lagoon (Fig. 5a). They are recorded on the
down current direction of erosion remnants
and pockets. They are spread over recently
developed microbial mat layer. They are also
dominating the coastal bars, spits and berms.
The wet mat chips have a green or yellowish
green color (Fig. 5b). Also, the dry mat chips
show white or beige color (Fig. 5¢). The mat
chips range in thickness from 3 to 6 mm, and
diameter ranges from 2 to 4 cm. They are
composed of gypsum crystals and bioclastic
grains that are firmly attached with green
cyanobacterial filaments (Fig. 5b). The
gypsified mat chips are derived from gypsified
microbial layer or gypsified gas domes that are
easily separated from the underlying bioclastic

sediment layer. The mat chips expose high
cohesiveness and plasticity that resist further
disintegration into small pieces in the sand
size. The mat chips have rounded edges that
differ in geometries from mud clasts, similar to
observation by Noftke (2010).

5. 1. 7 Microbial cracks

In the study area, lowering of the water
level of the lagoon due to summer fall in
seawater and/or evaporation leaves microbial
mats subjected to desiccation and cracking. In
a plane view, microbial cracks form polygons
with smooth outlines (Fig. 5d). In a vertical
profile, the cracks occur only in the surficial
zone of the black microbial mats and have a
wedge-shape that pointing downwards. The
substrate bioclastic sediments immediately
below the microbial cracks show irregular
layering and not affected by cracking. Most
cracks are partially filled with bioclastic
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sediments that derived during tidal storms
(Fig. 5d).

5. 2. Subsurface Sediments

Two cores in the eastern shore of the
lagoon exhibit a few millimeters to several
centimeters thick alternation of gravel, sand
and mud laminae or layers (Fig. 6). The
subsurface sedimentary section consists of a
laminated structure from black, mud-rich
microbial laminae that may be encrusted with
gypsum layer and a benthic, cerithid-rich,
bioclastic layers. The contact between laminae
and layers is sharp, planar or wavy, with
occasional occurrence of deformed horizons.
The gravel layers are 5-10 cm thick and
composed of aggregates of cerithid gastropod
shells. The sand laminae (or layers) are
composed of bioclasts or gypsum crystals and
may include sponge pore fabrics. These pores
are regarded as a secondary high porosity
typical for sand intercalated between two
buried mat layers caused by gases derived
from bacterial metabolic activity (Noffke,
2010; Cuadrado, 2020). The thin, deep black,
organic matter-rich laminae in the cores
represent decayed, buried microbial mats
(Noffke, 2000; Nofftke et al., 2002 and
Cuadrado, 2020). The Ilamination of the
subsurface sediments indicates the fluctuation
in the salinity that controls the type of
flourishing organisms, whereas the seasonal
variation in sea level and hydrodynamic
control the persistence or erosion of the
sediment materials (Cuadrado, 2020).

5. 3. Berms, Spits and Bars

Berms (or beach ridges according to
Otvos, 2020) are recorded as 3 successive
ridges at the coast, where they mark the

successive high tide levels that follow the
spring tide through to the neap tide. Berms
show narrow, wedge-shaped shore ridges,
located on the upper foreshore. The berm
ridges form shore-parallel linear bodies of
triangular cross section (Fig. 7a). Their
seaward slope is steeper than the landward-
inclined side. They are composed of gravel
sized particles of gypsified mat chips, bioclasts
and gastropod shells (Fig. 7b). Similar berms
composed of cobble-to-boulder-sized clastics
are recorded by Sander et al. (2019), and Ions
etal. (2021).

Several spits and bars occur at the
eastern coast of hypersaline Salman lagoon
(Fig. 1). Spits occur as extended stretch of
beach materials that project out to the lagoon
and they are attached at their proximal end to
the mainland (Fig. 7a, b), whereas bars are
joined with the mainland from both directions.
The length of spits and bars, and their
submerged shoal range from 130 to 1700 m,
and width from 70 cm to 10 m. The distal part
of spits may be varied according to the local
hydrodynamic conditions and the amount of
sediment materials (Fig. 7c), similar to
observation by Krylenkoa et al. (2018). Spits
and bars may curve inwards at the seaward
side and at the distal part due to wave
refraction (Fig. 7c, d). The spits and bars are
composed of gravel sized bioclastic materials,
gypsum clasts and gastropod shells (Fig. 7e).
The spits and bars are separated from the coast
with small pools that floored with finer
sediments (Fig. 7f). The pools have a calmer
water that sheltered by the spits and bars. They
also enclose several runnels that extend normal
to the coastline and filled with grey, muddy
sediments (Fig. 71).
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Fig. 5. Mat chips and microbial cracks. (a) Gypsified mat chips scattered on the floor of the lagoon. (b) Mat chips and
gastropod shells with greenish yellow color from microbial filaments. (¢) Gypsified mat chips, bioclasts and gastropod
shells thrown to the margin of the lagoon. (d) Polygonal, microbial cracks filled with bioclastic sediments.

Fig. 6. Two cores from the eastern coast of the lagoon.
The black core is from the intertidal zone and it
is highly enriched in organic matter. The light
core is from the coastal berms and shows an
upper mat chips, bioclasts and gastropod shells,
and a lower black, organic matter rich sediments.
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Fig. 7. Berms, spits and bars. (a) A coastal berm and spits separated with a shallow pool. (b) A trench in the berm shows
several layers from gravel-sized, mat chips, bioclasts and gastropod shells. (c) A spit join to the mainland at one end
and projecting to the lagoon at the distal end. (d) A zigzag boundary of the spits due to wave action induced by winds.
(e) Cross-section in a spit showing a seaward cliff and a landward gently sloping side. The sediments are generally
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gavel-sized, mat chips, bioclasts and gastropod shells. (f) A pool between spit and berm shows runnels normal to the

coast and consist of grey mud sediment.

6. Discussion
6. 1 Formation of MISS

6. 1. 1 Laminated microbial mats and sediment
biostabilization

The occurrence of microbial mats in the
lagoon indicates the high productivity of
cyanobacteria due to the absence of grazers or
predators, a low salinity value below gypsum
saturation level, and good light penetration in
very shallow waters, similar to interpretation
by Cornée et al. (1992), and Arefet al. (2021).
The mats form tight and impervious layers that
form a barrier between underlying sediments
and brines. This impedes gas and solute
transfer and enhances reducing conditions in
the underling black sediments (Fig. 2a). The
laminated structure of microbial mats with
gypsum and bioclastic sediments (Fig. 2b, 3d)
reflects the interplay between biological and
physical factors (Jorgensen et al. 1983). The
biological factor is represented by the
flourishing of cyanobacteria under a certain
salinity range (70-150%o), absence of grazers,
slight wave agitation and shallow depth of the
water column. The physical factors that limit
growth of microbial mats are high salinity,
strong waves and supply of much bioclastic
and siliciclastic = materials. The  bio-
stabilization of the bioclastic sediments of the
intertidal area of the lagoon is due their
trapping and binding by microbial filaments
(Gerdes et al. 1993). Hagadorn and McDowell
(2012) indicated that the bio-stabilization
process is due to the entangling of the
sedimentary grains by cyanobacterial filaments
and the role of extracellular polymeric
substances (EPS) to adhere grains into a
cohesive matrix. The bio-stabilization protects
sedimentary surface overgrown by microbial
mats against erosion (Noffke and Paterson,
2008). Bio-stabilization may result into some

structures such as gas domes and erosional
pockets (Noffke, 2010; Maisano et al., 2019).

6. 1. 2. Formation and primary preservation of
ripples

In winter months, the relatively high sea
level of the Red Sea transport suspended
sediments to the lagoon (Al-Barakati, 2011).
The increased water depth to 40 cm at the
eastern and southern margins of the lagoon,
waves and currents generated by northwestern
wind have sufficiently high flow velocity to
allow transport of sediment particles. Such
waves and currents form symmetrical and
asymmetrical ripples that may be created over
the microbial mats of the last summer season
(Fig. 2c, d). In the summer months, the
lowering of the sea level and the decreases in
the amount of transported and suspended
sediments, in addition to the increased salinity
of the lagoon favor the development of
epibenthic microbial mats atop the ripples due
to a rapid motility of the filaments (Shepard
and Sumner, 2010), leading to their bio-
stabilization. Cuadrado (2020) noted that the
rapid reorganization of microbial mat fabrics
stabilizes ripple marks when the sedimentation
ceases through binding of sedimentary
particles and creation of an organic layer
covering ripple marks.

The sediment surface of the shallow
subtidal and intertidal zones is overgrown by
epibenthic microbial mats, which are typical in
intertidal and supratidal zones (Noftke, 2010;
Cuadrado, 2020). The cyanobacteria secrete
large amounts of EPS as a protection against
desiccation when the submerged sediments are
exposed. Such a slippery mat surface reduces
the frictional forces of the water flow and
protecting the underlying sediment from
erosion by moderate currents, and only strong
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currents can damage them (Noffke, 2010; Pan
etal., 2017).

6. 1. 3 Formation of gas domes

Gas domes were described from modern
tidal flats in arid and temperate humid climatic
zones, and also in supratidal and subaqueous
areas (Noffke, 2010; Bose and Chafetz, 2011;
Aref and Taj, 2018). They occur with thick,
epibenthic microbial mats that seal tidal
deposits (Noftke, 2010). Gas domes result
from upward, pressurized, intra-sedimentary
organic gases that produce a flexible
deformation of biofilm or microbial mat
(Noffke, 2010; Maisano et al., 2019). The
organic gases such as Oz, CO2 and CH4 are
produced by microbial activity, photosynthesis
and decomposition (Gerdes et al., 2000;
Schieber, 2004). Noffke (2010) mentioned that
gas domes are associated with the normal
high-water line due to the pushing of gases by
the rising tide. In the study area, the injected,
white sediments within black, decayed
microbial layers (Fig. 3b) may result from
fluidization of the subsurface sediments by
pressurized organic gases and/or pore water
due to tidal or wave effect, similar to
observation by Taj et al. (2014), and Maisano
et al. (2019).The fluidization process of the
underlying white bioclastic sediments result
from the tidal and/or wave action on the water
column that produces their temporal fluid
behavior. The entering sea water percolates
through the sediment, pushing air and gases
through sedimentary pores forming gas domes
at the surface (Figs. 2e, 3a). Gas domes
develop due to microbial gassing (from O:
production through photosynthesis or CO2
production due to bacterial activity and
organic matter decay), underneath EPS-rich
microbial mats constructed by filamentous
cyanobacteria, which avoid much of the fluid
exchange of gases between underlying and the
water or atmosphere above (Fig. 2a) (Noftke,
2010 and Cuadrado et al., 2015). Therefore,

gas accumulates underneath the sealing
flexible mat and its pressure lifts it, losing
contact with the underlying substrate and
generating a hollow cavity (Fig. 3a). After dry
condition, the microbial mat maintains the
separation from the underlying sediments.

6. 1. 4 Mat folds

The mat folds are formed through
migration of subsurface organic gases from
buried microbial mats that entrapped below the
impermeable  barrier, surficial, leathery
microbial mats. Lateral movement of the
escaped gases below the slippery surface of
the mats produced variable shapes of
polygonal folds according to the slope of the
sediment surface (Fig. 3c, d). Reineck et al.
(1990) and Cornée et al. (1992) mentioned the
role of subsurface gas pressure in the origin of
polygonal folds (petee structures). Gerdes et
al. (1993) interpreted the formation of folds as
due to the interplay between bio-stabilization
of the sediment surface by microbial mats,
decay of subrecent mats and gas production in
the subsurface. The effect of tidal current and
waves induced by wind is pushing the organic
gases in the sediment pores to move to the
surface making doming and folding of the
surface mat layer (Noffke, 2010) and the
separation of the surficial mat from the
underlying sediment.

6. 1. 5 Erosional pockets and remnants

Strong waves induced by winds at the
shallow margin of the lagoon detached the
microbial mats from the floor leaving erosion
pockets (Fig. 4a-c). This turns the clear water
of the lagoon to slightly turbid, brownish or
reddish color due to floating, detached,
reddish, microbial filaments (Fig. 4d), similar
to observation by Davis (2006). The erosional
remnants with higher slope angles indicate
microbial mats with higher bio-stabilization
properties than remnants having lower slope
angles (Noftke, 2010).
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6. 1. 6 Microbial cracks

Microbial cracks result from subaerial
exposure and desiccation of microbial mats
(Noffke, 2010). The intimate occurrence of
polygonal shallow cracks in the waterlogged,
microbial mats and their absence in the
underlying sediments (Fig. 5d) is due to
shrinkage of the surface mat layers
(Kovalchuk et al., 2017). Shrinkage of the
mats through bringing the entangled sediment
grains into a closer packed arrangement is
highest at the sediment surface and decrease
downward to develop V-shaped cracks
(Kovalchuk et al., 2017). The underlying
sediments that are free from microbial mats
preserve the pore spaces and are not
contracted. The fluctuation in the tidal water
levels favors bio-stabilization, desiccation and
shrinkage of the mats that exceed their tensile
strength during low tide, and filling of the
microbial cracks with bioclastic sediments
during high tide (Fig. 5d), similar to the
interpretation of Noffke et al. (2001), and
Porada et al. (2007). Kovalchuk et al. (2017)
indicated that the cohesive nature and
heterogeneous distribution of microbial mats
prevents the formation of a regular crack
network.

6. 1. 7 Gypsified mat chips

The occurrence of mat chips indicate the
high energy events of waves or currents
induced by surface winds in the semi-closed
nature of the hypersaline Salman lagoon. The
strong waves or currents partially erode the
microbial mat layer into erosion pockets
surrounded with erosion remnants (Fig. 4a-c).
The eroded mat fragments are deposited close
to the edges of erosional remnants (Fig. 5a),
where the wunderlying bioclastic grains
underneath the microbial mat are washed
away. The fringes of the undermined mat tear
and break off into pieces. These fragments are
transported by currents and distributed

randomly on the depositional surface (Fig. 5b,
¢). The rounded edges of mat chips may result
from erosion during transport across the
sedimentary surface, or from continuous
growth of the mat (Nofftke, 2010). The
accumulation of mats chips in the coastal
landforms of bars, spits and berms support the
strong cohesion of the mats chips during
transportation to the shore.

6. 2 Formation of Berms, Spits and Bars

The sediments of the Salman berms,
spits and bars are derived from the nearby,
shallow subaqueous gypsified microbial mats.
The abraded fragments of erosion pockets
(Fig. 4a-c) are drifted to the shore by strong
waves induced by wind action. In wintertime,
the high sea level of the lagoon coupled with
strong waves induced by wind transport the
gravely gypsified mat chips, bioclasts and
gastropod shells to the coast forming berms at
several levels (Fig. 7a, b). The strong swash
pushes these gravely sediments up the beach at
an angle. The weaker backwash brings fine
mud sediments straight out that follows the
gradient of the beach (Fig. 7f). In summertime,
the low sea level of the lagoon is below the
coastal berms. Strong waves induced by winds
form a longshore current that transport the
coastal sediments in a zigzag pattern further
along the beach by longshore drift (Fig. 7d).
When the swash is stronger than backwash
results in deposition of sediments at the spits.
The direction of waves influences the direction
of longshore drift.

The prevailing northwest wind pushes
the waves at an oblique angle toward the
shore, where the waves pick up sediment from
erosion pockets and swash it up the beach at
an angle. The retreat of waves by weak
backwash drags fine sediment particles (Fig.
7f). Such longshore drift of sediments in a
zigzag pattern builds up deposited sediments
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to form a spit, with a curved end because of
the waves pushing sediments inland (Fig. 7d).

The occurrence of spits at some parts of
the eastern side of the lagoon and their absence
in the northern, southern and western sides
(Fig. 1) is related to the direction of the
prevailing wind with respect to the coastline.
The strong northwest blow of wind towards
the eastern coast of the lagoon result into
longshore drift of sediment particles and
formation of spits.

The continuous supply of sediments to
the spits may lead to their further extension
and elongation to form a bar, which join the
mainland from both directions. The bar
becomes a stable landform if it is not breached
by the lagoonal water.

7. Conclusion

The main factor controlling the
deformation of microbial mats and formation
of the coastal landforms is the intensity of
waves induced by surface winds. The
hypersaline Salman lagoon is a semi-closed
system that disconnected from the Red Sea
with a Quaternary coral reef barrier that
prevent sea waves from reaching of the
lagoon. In addition, the small tidal range in the
area has a limited effect in the formation of
coastal landforms. Moreover, slow currents
(0.5 m/s) under weak winds may easily uplift
ripped gypsified microbial fragment from the
underlying sediment due to the action of the
shear stress over the bottom (Noftke, 2010).

In winter time, waves generated by wind
and tidal currents in the lagoon create wave
and current ripples before flourishing of
microbial mats. In the summer months,
increasing in the salinity of the lagoonal water
favors growth of microbial mats atop of
ripples and lead to their bio-stabilization. Gas
domes on the surface of microbial mats are
formed by escaping of subsurface gases
through the sediment from decayed microbial

mats. The gases may be derived also from the
effect of tidal water on entrapped, subsurface
gas-filled sponge pores beneath the microbial
mats. However, despite that the lagoon is
semi-closed and it is protected from strong
waves of the Red Sea by a Quaternary reefal
terraces, the high speed of the winter time,
northwestern wind initiates storm waves, up to
2 m high. These waves created erosional
pockets due to the detachment of the microbial
mats from the underlying sediment. In Rabigh
lagoon, north of the studied Salman lagoon,
Al-Barakati and Ahmed (2012) found that the
tidal current velocity varied from about 0.05
m/s to about 0.2 m/s depending on the spring-
neap cycle and the seasonal variations of the
mean sea level in the Red Sea, whereas the
tidal currents at the inlet are faster owing to
the narrowness of the entrance. If the speed of
tidal current is similar to that in Rabigh
lagoon, then the main controlling factor in the
formation of the berms, spits and bars is the
speed of wind that initiates waves capable to
detach and transport the gypsified mat layer
into the coast.
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