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Abstract Accumulation of microbial mats and stromato-
lites dominate in the crystallization ponds of solar salt works
west of Alexandria, Egypt. These microbial mats are lami-
nar in the permanent submerged part of the ponds. The
microbial mats commonly form sites for growth of gypsum
crystals during periods having higher salinity. In the domi-
nant submerged part of the pond, domal stromatolites are
common around groundwater seepage holes. In the shallow,
intermittent margin of the ponds, the laminated microbial
structure forms laterally close-linked hemispheroidal stro-
matolite type, with unidirectional and multidirectional ripple
mark-like morphology on their surface. The microbial lam-
inite and stromatolite types in the modern solar salt works
are similar to the organic-rich Miocene gypsum beds of El-
Barqan (west Alexandria, Egypt) and Rabigh (north Jeddah,
Saudi Arabia). The Miocene organic-rich beds consist of
interlayered dark-colored microbial laminae and light-
colored gypsum laminae. These beds may have three differ-
ent variations: regular even lamination, laterally closed-
linked hemispheroidal stromatolites, and/or discrete hemi-
spheroidal stromatolites. Petrographic examination of the
microbial laminites and stromatolites in the solar salt works
and the Miocene gypsum beds indicate that the dark-
colored, organic-rich laminae are composed of micritized

microbial laminae and/or brown organic filaments. In El-
Barqan area, the light-colored gypsum-rich laminae are
composed of either gypsum crystal fragments, or lenticular
and prismatic gypsum. These gypsum crystals are either
entrapped within the microbial filaments or are nucleated
at the surface of the microbial laminae to form a radial
pattern, whereas in Rabigh area, the light-colored gypsum-
rich laminae are composed of secondary porphyrotopic,
poikilotopic, or granular gypsum crystals. By comparison
of the microbial structure in the Miocene gypsum beds with
the recent occurrence of the microbial laminites and stroma-
tolites in the solar salt works, it is demonstrated that the
organic-rich Miocene gypsum beds were formed in a very
shallow salina with slightly fluctuating brine levels.
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Introduction

Environments of hypersaline deposition have received in-
creased attention in recent years because of the increased
recognition that hypersaline sedimentation might be a poten-
tial source for oil (Russell et al. 1997; Schreiber et al. 2001),
the association of several heavy metals in both evaporites and
their stromatolitic association (Gerdes and Krumbein 1987;
Taher et al. 1995; Scheiber 2004; Scheiber et al. 2007; Kato et
al. 2009), and the influence of microbial processes on the
quality of commercial salt production (Davis and Giordano
1996; Magaña et al. 2005; Davis 2009). In addition, much of
our knowledge concerning ancient sedimentary facies of evap-
orites and siliciclastics and their depositional environments
has been derived from the study of modern sedimentary
environments, for example tidal flats (Noffke et al. 1996
and 2007; Eriksson et al. 2007; Gerdes 2007; Cuadrado et al.
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2011) evaporitic sabkhas (Duane and Al-Zamel 1999;
Stivaletta et al. 2006; Basyoni and Aref 2007; 2011; Taj and
Aref 2009, 2011), salinas (Cornee et al. 1992; Aref 2000;
Oren et al. 2009), and under subtidal conditions (Dill et al.
1986; Glunk et al. 2011). Modern models for stromatolite
formation in evaporitic environments are those based on the
sabkhas of the Arabian Gulf (Kendall and Skipwith 1968),
hypersaline lagoons and lakes (Cohen et al. 1984; Jones and
Hunter 1991), and large tide-free salt works (Orti Cabo et
al. 1986; Cornee et al. 1992). Further information on micro-
bialites has been obtained from Quaternary coral reefs
(Webb et al. 1998; Cabioch et al. 2006). Modern stromato-
lites that form in such environments range in size from
giant subtidal types growing in normal salinity waters of
the Bahamas bank (Dill et al. 1986) to centimeter-sized
examples in the Arabian Gulf (Kendall and Skipwith
1968; Duane and Al-Zamel 1999).

Hypersaline environments in which microbial growth
flourish (stromatolites and laminites) have been described
for the Holocene gypsum deposits of Ras El-Shetan (Aref
1998), the Miocene gypsum deposits of El-Barqan area,
north Western Desert of Egypt and Rabigh area, Red Sea,
Saudi Arabia (Aref 2003). Comparison of recent microbial
mat systems in Borg El-Arab solar salt works (Fig. 1), with
the assumed ancient analog in the Miocene evaporites of
Egypt and Saudi Arabia, may help to understand the envi-
ronmental conditions necessary for the variable morpholo-
gies of stromatolites, similar to those interpreted by Knoll
(1985), Krumbein (1985), and Stivaletta et al. (2006).

Nomenclature

In this work, the nongenetic definition of stromatolites rec-
ommended by Semikhatov et al. (1979) and Pope et al.
(2000) is given as: “an attached, laminated, lithified sedi-
mentary growth structure, accretionary away from a point or
limited surface of initiation.” This definition is particularly
considered by Pope et al. (2000) as it provides a concise
statement of the basic geometric and textural properties of
all stromatolites while at the same time allowing for multiple
or even intermediate origins.

When microorganisms of cyanobacteria cover sedimen-
tary grains, it forms adhesive organic envelopes. Such or-
ganic coatings are termed biofilms (Costerton and Stoodley
2003). At sites of favorable ecological conditions, biofilms
continue to grow to form thick and significant organic layers
termed microbial mats (Krumbein 1983). The term “micro-
bial mat” is preferentially used by Gerdes and Krumbein
(1987), Gerdes (2007), and references therein to denote
modern analogs of stromatolites in the unconsolidated state.
Microbial mats of varying composition are also termed
“potential stromatolites” (Krumbein 1983).

Study areas

Borg El-Arab solar salt works

Physiography and hydrology

West of Alexandria, the coastal plain of Egypt consists of a
series of eight linear ridges that run more or less parallel to
the coast. The three ridges nearest to the Mediterranean Sea
are continuous for long distances, and separate depressions
filled with colluvium and sabkhas (Aref 2000). The Borg
El-Arab solar salt works (10 km long×4 km wide) are
situated in the second depression (Mallahet Maryut Depres-
sion). Seawater (3–5 Baumé) is pumped from the Mediter-
ranean Sea and enters the infiltration ponds. The water runs
through a series of large concentration ponds and finally into
crystallization ponds where halite precipitates (22.0 Baumé).
A significant contribution of groundwater seepage from El-
Nasr canal to the crystallization ponds reduces the brine
salinity to 10 Baumé and favors the development of poten-
tial stromatolites and microbial laminites in the halite crys-
tallization ponds.

Climate

The southern coast of the Mediterranean Sea has a
semiarid climate. Temperature ranges from 13.6 to 29 °C.
Rainfall is absent during summer months (May–September),
and the maximum rainfall is 24.9 mm in January. Monthly
evaporation rate ranges from 9 to 19.6 mm. Wind is
mostly from the northwesterly direction. The humidity
ranges from 60 to 82.2 %. The climatic data denote dry,
hot summer months, which favor precipitation of evapo-
rite minerals, and the relatively wet winter months, coupled
with much contribution of groundwater seepage, favor flour-
ishing of microbial activity, but not a complete return to open
marine conditions.

Sedimentology

The western and southern margins of the halite crystalliza-
tion ponds have numerous seepage points and inflow of
groundwater, which markedly decreases the salinity from
22 Baumé to less than 10 Baumé. At these locations, mi-
crobial activities are widespread that can form stromatolites
and microbial laminites.

Stromatolites develop in the mat-covered sediments of
the dominantly submerged parts of the solar ponds to a
depth of 70 cm. They commonly surround or are adjacent
to a groundwater seepage hole (depth >2 m; Fig. 2a).
According to the brine depth, stromatolites form three pat-
terns that differ in size and arrangement. The first is
recorded at the deeper part of the pond as large stromatolites
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with a height of 30 cm and width of 50 cm. They form
individual domal structures that protrude from the water
surface (Fig. 2b). The second is recorded at the shallower
part of the pond (∼20 cm depth) as smaller domal stroma-
tolites with a height of <15 cm and width of 20 cm. They
form numerous individual or merged domal structures
(Fig. 2c). The third type is recorded near the margin of the

pond (<10 cm brine depth). In this type, stromatolite domes
form island-like patches that are surrounded with the brine
(Fig. 2d). Generally, the stromatolites may be composed of a
single dome or several smaller (<5 cm) domal structures that
have a common basal attachment to the substrate. In the area
of dominant domal stromatolites, the submerged part of the
pond forms a rippled surface that appears to be composed of
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Fig. 1 Location map and lithologic logs of the study areas in Saudi Arabia and Egypt
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yellow- and brown-colored cyanobacteria, underlain with
green cyanobacterial mats (Fig. 2e), similar to that described
by Gerdes et al. (1984) and Oren et al. (1995, 2009). On the
crest of the rippled surface, small (<3 cm in dimension)
domal stromatolites grow and have a preferred orientation
(Fig. 2e).

During summer months (July–September), withdrawal of
the residual brine in order to harvest halite leads to drying of
the pond and emergence of the stromatolite heads. It is
found that at the interior part of the ponds, the second type
of the domal stromatolites covers the entire floor of the

desiccated ponds. They have slightly variable sizes, which
may be controlled by the ground topography. At the margin
of the ponds, the third type of the stromatolite domes forms
3–7 m in width patches that exist at slightly higher elevated
levels where the surrounding, less elevated ground is barren
of stromatolite heads (Fig. 2f).

Examination of the vertical section of the domal stromato-
lites revealed that they are composed of raised arched, gypsi-
fied, microbial layers over a central cavity (Fig. 3a, b). The
cavity is filled with gas that originates from decaying subre-
cent mat materials in deeper parts of the sediment. Ongoing

d

f

a

10 cm

b

15 cm

c

10 cm

e

10 cm

Fig. 2 Domal stromatolites at different depths of the saline ponds. a
Gypsified stromatolite domes growing around a seepage groundwater
hole (2 m in depth). b Large, individual domal stromatolites in the
deeper part (>50 cm) of the pond. c Small, numerous, individual domal
stromatolites partially exposed in the shallow brine pond. d A table-

like patch composed of aggregates of domal stromatolites. e Partially
exposed domal stromatolites adjacent to submerged rippled microbial
mats. Notice the small domal stromatolites growing on the crest of the
ripples. f Numerous domal stromatolites exposed due to desiccation
and withdrawal of the brine
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accumulation of gas beneath the surficial mat increases gas
pressure so that domes are formed locally (Noffke et al. 1996).

The domal stromatolites are composed of centimeter-
thick layers composed of alternations of white and colored
laminations. The colored laminae are represented by green
cyanobacterial mat near the top, brown, and red sulfate-

reducing bacteria near the bottom (Fig. 3b). The white
laminae are composed of stacked vertically growing rosette
of gypsum crystals that encrust the microbial laminae. The
surface of the stromatolite heads may be closed (Fig. 2b–d)
or have circular opening connected to the central cavity
(Fig. 3c).

At the very shallow intermittent part of the ponds
(<10 cm in depth), as well as at their margins, microbial
mats form elongated, straight, and/or twisted crinkled sur-
faces that exhibit ripple-mark morphology (Fig. 4a, b). The
ripple marks have generally NE–SW orientation in the sub-
merged part of the pond, as well as in most parts of the
desiccated margin of the pond, which is normal to the
general northwesterly wind direction. In the latter setting,
the ripple marks may take different orientation, where the
microbial mats dried up and form twisted or straight arched
crust (Fig. 4c). The latter structure is very similar to the
multidirected ripple mark structure described in clastic sedi-
ments by Noffke et al. (1996, 2001), Noffke (1998), Draganits
and Noffke (2004), Beukes and Lowe (2006), and Scheiber et
al. (2007). Close examination of these crinkled microbial mats
indicates that they consist of flat, finely laminated wrinkled to
wavy discontinuous laminae that form laterally close-linked
hemispheroid (type LLH-C of Logan et al. 1964) (Fig. 4d).
The hemispheroids are composed of ∼5-cm-thick domed crust
over hollow central cavity. These crusts are composed also of
multicolored microbial laminae and light-colored gypsum
laminae. The microbial laminae, similar to the domal stroma-
tolites, are composed of green cyanobacterial laminae at the
top and brown to red sulfate-reducing bacterial laminae at the
bottom. The white laminae are composed of rosette gypsum
crystals that encrust the microbial laminae.

The dominantly emerged part of the ground, close to the
solar pond, is either covered with a very thin water film or
wet due to the close proximity to the water table. In this wet
saline zone, the surface is covered with colorful zonation of
yellow and green cyanobacterial filaments (Fig. 5a), red
layer of phototrophic sulfur bacteria, and at depth a black
zone of sapropelic appearance which is formed by anaerobic
sulfate-reducing bacteria, similar to description by Gerdes et
al. (1984), Taher et al. (1995), and Oren et al. (2009).
Growth of gypsum in this zone is dominant through the
displacive growth of lenticular crystals within microbial
filaments that lead to the development of highly twisted
protuberances, known as petee structures (Fig. 5b).

Microscopic examination of the domal stromatolites (dis-
crete hemispheroids), and the crinkled microbial mats (lat-
erally close-linked hemispheroid), revealed that the light-
colored laminae are composed of vertically oriented gypsum
crystals in prismatic to rosette clusters (>2 mm in length)
that nucleated over the microbial laminae. The colored
microbial laminae are composed of either a dense microbial
carbonate micrite or microbial filaments that trap and bind

a

b

c

Fig. 3 Gypsified stromatolite domes. a A vertical section in the domal
stromatolites shows a thin upheaval crust of gypsum and microbial
laminae over a central cavity. b A vertical section in the domal stro-
matolites shows a thick upheaval crust composed of gypsum and
multicolored microbial laminae. c An opening on the crest of the domal
stromatolites encrusted, together with the dome, with gypsum crystals
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the gypsum crystals. On the other hand, the emerged petee
structures (the dominant form) are composed of dense mi-
crobial micrite with displacive growth of lenticular or pris-
matic gypsum crystals (Fig. 5c). These laminations are
commonly covered with reworked clastic gypsum.

El-Barqan Miocene evaporites

El-Barqan area is located in the north Western Desert of
Egypt at 50 km south of the present-day Mediterranean
coast, and 60 km southwest of Borg El-Arab solar salt works
(Fig. 1). Quarrying of gypsum in El-Barqan area revealed
relatively thin Miocene evaporites when compared with
other Mediterranean evaporites (Aref 2003). The outcrop-
ping gypsum sequence (3–8 m thick) is represented by three
beds (Fig. 1); the lower is microbial (laminoids and stromat-
olitic) gypsum, the middle is skeletal and grass-like gypsum,
and the top is composed of coarse, vertically oriented
twinned selenite. The attention is given here to the lower
microbial gypsum bed.

The lower microbial gypsum bed represents the transi-
tional stage from the normal marine carbonate of the Middle
Miocene Marmarica Formation to the Messinian sulfate

evaporites (Aref 2003). The microbial gypsum layer varies
in thickness from 100 to 180 cm, depending on the degree of
exposure of the base. The microbial gypsum bed displays
laminations and textures that can be subdivided into three
horizons: lower, middle, and upper. The lower horizon is
composed of flat to slightly wavy continuous microbial
laminae (Fig. 6a), 20–30 cm thick, and consists of thin,
dark-colored microbial laminae (1–2 mm thick) and thicker
white gypsum laminae (5–9 mm). This horizon is overlain by
a middle horizon that consists of slightly to highly wavy thin
dark microbial laminae and thicker white gypsum laminae
(63 cm thick), similar to the lower horizon, but with a greater
degree of contortion and discontinuity of the microbial lami-
nae (Fig. 6a). The laminations consist of hemispheroids, with
a height less than 3 cm and width of 7 cm, with rounded crests
and troughs. The hemispheroids are laterally linked forming
laterally close-linked hemispheroid type of Logan et al.
(1964). Surface exposure of the middle horizon shows a ripple
mark morphology, composed of elongated, bifurcated ridges,
and intervening rounded troughs (Fig. 6b). The upper 20 cm
of this horizon shows slight deformation and doming of the
microbial laminae by displacive growth of vertically oriented
gypsum crystals (Fig. 6a).

a b

c d

Fig. 4 Crinkled gypsified microbial mats. a Growth of the domal
stromatolites at the deeper part of the pond, whereas the rippled
microbial surface grew at the shallow agitated part of the pond. b
Crinkled microbial mats that show unidirectional ripple marks on their
surfaces. c Buckling of the crinkled, rippled microbial mats into

elongated domes with variable orientations that show multidirection
of the ripple marks on their surfaces. d Close-up of the crinkled
gypsified microbial mats showing a rippled surface and laterally
close-linked hemispheroids
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The upper horizon, 30–60 cm thick, loses continuity in
lamination of the microbial layer due to sporadic growth of
numerous gypsum crystals 3 cm in length (Fig. 6c). The

growth of gypsum below the delicate microbial laminae
forms discrete, individual domal stromatolite, centimeters
in height. Surface exposure of this horizon shows miniature

a

10 cm

b

c

100 µm

Fig. 5 Surface structure of the sabkha. a A versicolored surface of the
brine due to various population of cyanobacteria and diatoms. b
Buckling of the desiccated sediment surface into protuberance petee

structure due to the interplay of biogenic and physical processes. c
Prismatic and clastic gypsum entrapped within microbial micrite,
Polars Crossed

a b

c

Fig. 6 Microbial laminites in
the Miocene gypsum of Egypt.
a Interlamination of dark-
colored microbial laminae and
light-colored gypsum laminae
that show a flat lamination at
bottom, wavy lamination at
middle, and distortion of lami-
nation at top due to growth of
prismatic gypsum. b Surface
exposure of the wavy lamina-
tion in Fig. 6a shows ripple
marks on the surface. c Dis-
continuities of the microbial
and gypsum laminae due to the
displacive growth of gypsum
crystals
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small, smooth individual domes, with up to 3 cm of relief
between the tops of the domes and their intervening troughs
(Fig. 7a). This morphology is closely similar to type discrete
stacked hemispheroids (type SH-V) of Logan et al. (1964).
The microbial laminae are thin at the crest of the hemi-
spheroids and thicker at their flanks and in spaces between
adjacent hemispheroids.

Microscopic examination of the microbial gypsum bed
revealed repeated white gypsum and dark microbial units a
few millimeters thick (Fig. 7b). Upwards, from base to top
of the white gypsum laminae, gypsum crystals (250–
600 μm) are anhedral, with straight boundaries and an
equant grain size (gypsarenite of Warren 1982) that grade
upwards into fine (40–80 μm) gypsum crystals. This normal
grading laminae range in thickness from 2.5 to 8 mm.
Superimposed on this gypsum laminae is an upper
organic-dominated laminae built by calcitized microbial
mats (Fig. 7b). The organic laminae are represented by a
condensed meshwork of micritized microbial filaments (1–
2 mm thick) that bind and trap 20–40-μm gypsum crystals.

The upper horizon of the microbial gypsum bed shows
that the characteristic normal grading of the lower and
middle horizons is disturbed due to displacive growth of

upright selenitic gypsum crystals (Aref 2003). The displa-
cive selenite crystals are usually surrounded with a thicker
zone of clear, coarse gypsum and a thinner zone of micri-
tized microbial filaments rich in fine gypsum. Deformation
of the irregular lamination suggests displacive growth of the
selenitic gypsum. Some of the microbial laminae in the
upper horizon contain fenestral structures surrounded with
gypsum (Fig. 7c), which form by trapping and binding of
gypsum crystals by microbial filaments.

Rabigh Miocene evaporites

Rabigh area is located north of Jeddah city by 170 km at the
Red Sea coast of Saudi Arabia (Fig. 1). Taj and Hegab
(2005) studied the lithostratigraphy, sediment characteris-
tics, and depositional environments of the Miocene Dafin
Formation of Moore and Al-Rehaili (1989) in Rabigh area,
and they classified Dafin Formation into three sedimentary
lithologies: siliciclastic, carbonate, and evaporite rocks. The
siliciclastic sediments are widely exposed in most of the
eastern part of Rabigh area at Wadi Al Haqqaq, Wadi Al
Hajar, and Wadi Al Jarba. The carbonate deposits are ex-
posed at the south eastern part of the sedimentary cover (at

a

250 µm

b

250 µm

c

Fig. 7 a Surface exposure of Fig. 6c shows individual domal stroma-
tolites with synoptic relief. b, c Photomicrograph of the gypsum and
microbial laminations. b Clear zone composed of gypsarenite, overlain

with dark zone composed of microbial filaments and entrapped gyp-
sum crystals, Polars crossed. c Dark-colored microbial micrite entraps
and binds clear gypsum crystals, Plane light
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Wadi Al Jarba) and consist of unfossiliferous limestone,
foraminiferal limestone, and coralline limestone (Mandurah
and Aref 2011; Taj 2012). The third lithology, the evaporites,
is exposed at the most northwestern part of the sedimentary
cover (at Miqat Al Jahfah). The evaporite sequence conform-
ably overlies the siliciclastics and increases in thickness to-
wards north and northwest.

At outcrop and in active gypsum quarries, the evaporite
sequence is composed of secondary gypsum with a domi-
nance of microbial-laminated and stromatolitic structures
(Mandurah and Aref 2010; Aref and Mandurah 2011). At
the southern side of the evaporite exposure, the outcropping
evaporite sequence consists of three somewhat different
facies (from base to top): 50-cm-thick white gypsified stro-
matolitic layer, 15–20-cm-thick massive gypsum, and 120-
cm-thick microbial-laminated gypsum. At the quarries, the
evaporite sequence is composed of several gypsum layers
that are interbedded with mudstone and sandstone layers.
The gypsum layers are composed dominantly of irregular
and regular microbial-laminated structures, similar to those
described in outcrop.

The lower stromatolitic gypsum layer is composed of
wavy microbial laminae that form laterally linkage stromat-
olite heads. The stromatolite layer is formed by a thick (3–
5 cm) gypsum bed that is interlayered with thinner (<1 cm)
greenish to brownish carbonate laminae (Fig. 8a). On the
bedding surface, the stromatolitic gypsum forms a ripple-
like morphology of irregular, non-bifurcated or bifurcated
crests (Fig. 8b).

The middle massive gypsum layer is composed of slight-
ly reworked, white gypsum crystals (<3 cm long) that are
dispersed in greenish carbonate mud (Fig. 8c). The upper

250 µm

a

100 µm

b

Fig. 9 Photomicrograph of the gypsum laminae. a Dark irregular
laminae composed of dense micrite with coarse porphyrotopic gypsum
crystals intersect the laminations (Polars crossed). b Ghost of prismatic
gypsum crystals in between the microbial micrite (Plane light)

a b

c d

Fig. 8 Interlamination of
microbial laminae and gypsum
laminae. a Interlamination of
dark microbial laminae and
lighter gypsum laminae that
form wavy lamination. b
Surface exposure of the wavy
lamination shows elongated
ripple marks. c Contact between
the wavy lamination and the
massive layer that resulted from
displacive growth of gypsum
crystals (gypsum block is
upside down). d Slightly
irregular interlamination of
microbial laminae and gypsum
laminae
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laminated gypsum layer is formed of slightly irregular thin,
dark green to brown microbial carbonate laminae and thicker
white to pale grey or yellow gypsum laminae (Fig. 8d). The
last facies has a significant thickness and forms the greater
portion of the quarries.

Microscopic examination of the stromatolitic and micro-
bial gypsum beds revealed both repeated dark microbial
laminae and white gypsum laminae. The microbial micrite
is composed of dense micrite grains, sporadically with black
organic matter that is aggregated to form dense laminae
(Fig. 9a). The laminae may be continuous for a long dis-
tance or broken into short parallel laminae. The microbial
micrite laminae are relatively thin (<200 μm), in contrast to
the thicker (>500 μm) gypsum laminae that are composed of
porphyrotopic, poikilotopic, and granular gypsum (Fig. 9a).
The growth of the porphyrotopic, poikilotopic, and granular
gypsum usually intersects and encloses several areas of the
earlier gypsum-microbial micrite lamination.

The microbial micrite may preserve the morphology of
lenticular and prismatic gypsum crystals within the thick
micrite lamination (Fig. 9b) or entrap and bind gypsum crys-
tals by free-floating microbial filaments.

Discussion and conclusions

The structural diversity of both the modern and Miocene
microbial (stromatolites and laminoids) deposits is controlled
by two dominant factors, namely by depositional dynamics
and by the activity of phototrophic microorganisms (like
cyanobacteria, bacteria, and diatoms) that colonized the sedi-
ments (Noffke et al. 1996; Gerdes 2007). The structures
produced by microbial processes such as biostabilization,
gas production, and the interplay between sedimentation and
microbial growth are well described by Noffke et al. (2001)
and Bose and Chafetz (2009) as “Microbially Induced Sedi-
mentary Structures (M.I.S.S.),”which differ from the physical
structures of similar appearance (for example ripple marks).

In the solar salt works, similar to the observations and
interpretation presented by Noffke et al. 1996), two main
types of colonization of the sediments by cyanobacteria can
be distinguished: biofilms and microbial mats. In the col-
ored zone, coccoid cyanobacteria are irregularly distributed
in the surface layer forming biofilm (Noffke et al. 1996).
Filamentous taxa, which are the predominant constructors of
microbial mats, can develop at sites where plant cover,
grazing animals, deformative burrowing, low sedimentation
rate, and physical agitation are excluded. Noffke (1998)
found that the coccoid cyanobacteria dominate the microbial
assemblages at sites of great hydrodynamic stress, whereas
the filamentous cyanobacteria dominate in the areas of low-
er hydrodynamic stress. When the environmental conditions
of the ponds are suitable to the development of microbial

mats, the typical varicolored sedimentary surface forms,
which represents a multilayered mat system, composed of
different bacteria and cyanobacteria (Gerdes et al. 1993;
Stivaletta et al. 2006; Oren et al. 2009).

The observed laminations in Borg El-Arab, El-Barqan, and
Rabigh areas are most commonly generated by the alternating
processes of deposition and microbial growth. The in situ
production of biomass at the sedimentary surface corresponds
with periods of non-burial or non-erosional conditions
(Gerdes et al. 1991), and the non-colonized layers reflect
periods of gypsum precipitation. When the sedimentation rate
is low, the microorganisms can escape burial by upward
migration to the new surface and are reestablished.

Comparison between microbial deposits in the recent solar
ponds and the Miocene gypsum

The microbial deposits occurring in Borg El-Arab salt
works, as compared to the Miocene gypsum of El-Barqan
and Rabigh areas, show many similar features such as: well-
developed laminae and abundant occurrence of cyanobacte-
rial mats, occurrence of flat layering and wavy microbial
laminoids (Figs. 4d, 6a, and 8a), ripple marks (Figs. 6b and
8b), and stromatolites (Figs. 2f and 7a).

At the same time, there are some differences between the
Modern and Miocene microbial gypsum deposits, such as
the size and the mode of growth of the discrete hemisphe-
roids stromatolite types (Figs. 2f and 7a), the existence of a
residual cavity below the domed stromatolites of Borg El-
Arab (Fig. 3a, c), and the upward deformation of the delicate
microbial laminae by growth of underlying gypsum crystals
(Fig. 6c). The observed difference may be related to differ-
ent sedimentary environments, where the microbial deposit
of El-Barqan most commonly originated in marginal la-
goonal environment, and show desiccation and displacive
growth of gypsum from groundwater brines, in contrast to
the low dynamic environment of the salt works. The dom-
inant microbially laminated structure in Rabigh area indi-
cates the existence of favorable condition for strong
microbial activity in a slowly subsiding basin that has a
slight variation in salinity during deposition of gypsum or
calcitized microbial laminites and stromatolites.

The observed sedimentary structures are not formed ex-
clusively by physical forces, but result from bacterial activ-
ity that influences erosional and depositional dynamics. In
the solar ponds, the microbes are represented by biofilms
and mats. The biofilms do not seem to contribute much to
the cohesion of sedimentary grains, whereas mats signifi-
cantly stabilize the sedimentary surface, which leads to local
conservation of earlier physically shaped surface relief at
microbially overgrown sites (Noffke 1998). In the solar
ponds, the crinkled microbial mats have unidirectional rip-
ple marks at the submerged part of the pond and
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multidirectional ripple marks at the desiccated margin of the
pond (Fig. 4b and c, respectively). The latter structure is
similar in morphology to the oriented ripple marks (“multi-
directional ripple marks”) of Noffke (1998), but it develops
due to a different mechanism wherein ripple marks of sim-
ilar orientation were covered by microbial assemblages un-
der similar stages of development.

In the Borg El-Arab salt works, the microbial mats that
flourish on the floor of the pond become somewhat buoyant
due to escape of gases from decaying organic matter in the
deeper subrecent sediments. The strong northwesterly wind
generates a northwesterly current in the shallow marginal
part of the pond, which leads to the contortion of the sticky
surface of the microbial mats into ripple marks with NE–SW
orientation. Also during this time, reworking of clastic gyp-
sum and carbonate ooids from the coastal ridges move out
into the pond and adhere to the sticky surface of the mats.
With continued evaporation, the rising salinity of the pond
leads to the death of the microbial mats and nucleation of
rosette gypsum on the crinkled surface of the mats. In
another season of dilution of the pond, cyanobacteria can
become reestablished and flourish on the top of the gypsum
layer, thus preventing further reworking by water currents.
Therefore, a unidirectional ripple mark persists in the sub-
merged part of the pond. During desiccation and exposure of
this unidirectional rippled surface, the continuous escaping
of organic gases from the deeper subrecent sediments leads
to further deformation of the microbial gypsum layer. The
polydirectional orientation of the ripple marks also may be
due desiccation of the microbial mats into patches of differ-
ent widths, and the preferential escape direction of the
organic gases from below the microbial mats. Therefore,
the surface of the ripple marks may become slightly shifted
depending on the escape path of the organic gases.

In contrast, the multidirectional ripple marks in the mod-
ern lower supratidal deposits of the Mellum Island, southern
North Sea are interpreted by Noffke (1998) as a result of
tidal inundation in very shallow water. In the lower supra-
tidal flat environment, reworking of the gypsum sediments
by strong water currents during storms becomes dominant.
The direction of the currents is frequently shifted by chang-
ing winds, which leads to the varied directions of the ripple
marks. At sites of calmer hydrodynamic conditions, fila-
mentous cyanobacteria settle on newly shaped parts and
consolidate the physically generated ripple morphology by
constant overgrowth.

In the Miocene gypsum of El-Barqan and Rabigh areas,
the flat lying and the crinkled microbial gypsum may also
develop in a similar way to that in the studied salt works and
the Mellum Island, but under constant and persistent, deeper
hydrodynamic conditions. In this environment, persistent
water current leads to deposition of reworked gypsum with
a ripple marked surface. During quiescent periods, and with

a decrease in salinity and absence of burrowers and grazers,
cyanobacteria flourish on the ripple marked surface and
form a pavement that keeps the clastic gypsum from addi-
tional reworking during storms. These cyanobacterial mats
can also entrap and bind reworked gypsum grains on their
surfaces during a slight water current. Differences in the
amount of entrapped gypsum crystals lead to a variable
thickness of the gypsum laminae (Fig. 6a). Increases in the
water energy and increase in the amount of deposition of
clastic gypsum lead to burial of the cyanobacterial mat and
formation of another gypsum lamina. The relatively thick
(<180 cm) crinkled microbial gypsum layer indicates faster
evaporation and precipitation of gypsum and a stable con-
dition in the depositional environment in contrast to Borg
El-Arab solar ponds, where the microbial gypsum layer has
a thickness of less than 7 cm.

Formation of microlaminated sediments with development
of cyanobacterial mats in solar ponds and Miocene gypsum
occurs within a salinity range of 60–150 g/l. Cornee et al.
(1992) found that cyanobacterial mats failed to colonize the
less saline water (36–60 g/l) due to the action of herbivorous
snails and competition for light from floating algal/bacterial
masses. At higher salinity (150 g/l), gypsum begins to crys-
tallize out of solution, and cyanobacterial mats disappear
because they are incapable of growing at high salinities in
excess of 150 g/l (Thomas and Geisler 1982). However, Oren
et al. (1995) found different cyanobactena and purple bacteria
within a gypsum crust on the bottom of a hypersaline saltern
pond at salinity of 280 to 290 g 1–0 in Eilat.

The relatively exposed margin of the solar ponds is distin-
guished by the small size of its desiccation cracked polygons,
which are known as “petee structures.” These petees have no
equivalence in El-Barqan or Rabigh gypsum. This is because
the microbial gypsum in El-Barqan and Rabigh does not
suffer from the prolonged desiccation and remains submerged
most of the time. In the marginal part of the solar ponds, where
the ground is moist from groundwater seepage from the pond,
upward movement of water leads to a perpetually damp
surface and flourishing cyanobacterial growth. Upon evapo-
ration and increase in the salinity of the groundwater, gypsum
crystals nucleate displacively below and within the cyanobac-
terial mats. The interplay between microbial growth, escape of
biogenic gases from decayed microbial mats just below the
surface, and gypsum nucleation leads to the formation of the
buckled crust known as petee structures.

The transition between carbonate or siliciclastic sediments
and the overlying evaporites in El-Barqan and Rabigh
(respectively) is marked by assemblages of stromatolites,
which display both continuous and discontinuous lamination
structure. Stromatolites with continuous, uniform laminae are
interpreted to have formed or are a result of in situ precipita-
tion of pan floor-encrusting gypsum, whereas stromatolites
with discontinuous lamination are formed by trapping and
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binding of loose reworked gypsum in microbial mats, similar
to findings and interpretation by Pope et al. (2000).

The existence of the domal stromatolite in patches in the
ponds (Fig. 2d) may be similar to the formation of erosional
remnants and pockets which evolve from wave and current
energy that reshape the relief morphology of the mat-
covered surfaces (Noffke et al. 1996; Bose and Chafetz
2009). Table-like erosional remnants are left behind after
water agitation has eroded parts of the former biostabiliza-
tion surface layer. These erosional remnants form sites for
nucleation and growth of gypsum into domal structures.

The close similarity of the surface morphology of the
domal stromatolites in El-Barqan gypsum (Fig. 7a) and Borg
El-Arab salt works (Fig. 2b–d, f) does not mean that they have
formed in identical environmental condition and by the same
processes. In Borg El-Arab, the domal stromatolite is com-
posed of deformed crusts over a central cavity that developed
from the escape of organic gases from subrecent decayed
microbial mats. On the other hand, the domal stromatolite in
El-Barqan is formed of delicate microbial laminae over dis-
placively grown gypsum crystals (Fig. 6c). Therefore, the
uplift of the microbial laminae is a consequence of the dis-
placive growth of gypsum from groundwater brine in El-
Barqan, whereas the deformation of the microbial laminae at
Borg El-Arab is a consequence of inflation by and later escape
of organic gases below the delicate microbial layer in the
dominant subaqueous environment.

In conclusion, the predominance of microbial communities
in all three settings (Borg El-Arab, El-Barqan, and Rabigh)
indicates a similar condition of high salinity of the brine (60–
150 g/l), absence of grazers and burrowers, sufficient nutrient
and oxygen supply, and low sedimentation rate and physical
agitation. Minor differences in the morphology of the micro-
bial deposits are the result of minor variations in the hydro-
dynamic condition of the basin and differences in the
mechanisms of growth of the microbial laminae.
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