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Abstract Field and petrographic studies of recent su-

pratidal sabkhas and ponds, and a solar salt works, in Saudi

Arabia and Egypt have documented the formation of dis-

tinctive surface sedimentary structures that have resulted

from microbial activity and abiological physical processes.

Microbially induced sedimentary structures (MISS) domi-

nate the permanent and ephemeral parts of supratidal ponds

of Al Zeeb sabkha, Saudi Arabia and halite crystallization

ponds in salt works, west of Alexandria, Egypt. They are

varied and include gas bubbles, blisters, wrinkles, pinna-

cles, cones, and polygonal folds (petees) induced by epi-

benthic microbial mats. Physically induced sedimentary

structures dominate the emergent areas surrounding the

ponds, as well as the supratidal sabkhas in Al Zeeb and Ras

Shukeir areas. They include polygonal cracks and different

types of tepees. The sediments of the microbial-induced

structures are composed of green and brown microbial

filaments that entrap and bind lenticular and clastic gyp-

sum, or form nucleation sites for halite and/or grass-like

gypsum crystals. The sediments of the physically induced

structures are composed of halite-cemented siliciclastic

sand and mud, or bottom-nucleated chevron and cornet

halite crystals. The results of this study indicate that

microbial and physical structures co-exist due to local

factors, especially topography, brine recharge, salinity,

microbial activity, and history of the supratidal sabkha and

pond. The importance of the local interplay of these con-

ditions indicates that it will be difficult to interpret sedi-

mentary successions in fossil sabkhas and their general

depositional environment if only limited sections are

available for study.

Keywords Supratidal sabkhas � Ponds � Salt works �
Microbial structures � Tepee � Petee � MISS

Introduction

The recognition of microbial signatures in siliciclastic

sediments of tidal-flat and supratidal environments by

Gerdes et al. (1985), Gerdes and Krumbein (1987), Noffke

et al. (1997, 2001a, 2001b, 2008), Schieber et al. (2007),

Bose and Chafetz (2009), Noffke (2010), and Cuadrado

et al. (2011, 2012) has shed considerable light on the role

of microbial mats in the biostabilization of these sediments.

The resulting structures have been referred to as microbi-

ally induced sedimentary structures (MISS) by Noffke

et al. (2001b), Bose and Chafetz (2009), and Noffke

(2010), or mat-related structures (MRS), including those

not directly induced by microbes, by Eriksson et al. (2007).

Evaporitic environments (sabkha, salina, hypersaline lakes

and salt works) in particular have provided important

information on microbially induced sedimentary structures

(e.g., Cornée et al. 1992; Aref 1998; Noffke et al. 2001a;

Davis 2009; Aref and Taj 2012; Huerta-Diaz et al. 2012;

Taher and Abdel-Motelib 2013).

Physically induced sedimentary structures in sabkha

environments have also been the subject of numerous
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studies. For example, Warren (1982), Talbot et al. (1996),

Alonso-Zarza et al. (2002), Alsharhan and Kendall (2003),

Lokier and Steuber (2009), Lokier (2012), Ortı́ et al.

(2012), and Attia (2013) have described structures (such as

nodules, enterolithic folds, polygons, tepees, etc.) that are

formed exclusively by physical processes.

Marginal-marine (supratidal) sabkhas and ponds along

the Red Sea coasts of Saudi Arabia and Egypt, and solar

salt works on the Mediterranean coast of Egypt (Fig. 1)

provide natural laboratories for examination of microbially

and physically induced sedimentary structures. This study

focuses on the morphological rather than the petrographic

characteristics of these structures. However, thin-sections

of selected samples were undertaken to establish the

sediment composition and texture, and any microbial

content. This work describes and interprets the environ-

mental conditions that lead to the formation of these

structures and the relative degree of dominance microbial

versus physical processes; in addition, the potential of these

structures for interpreting the environments in which fossil

sabkha deposits formed is evaluated.

Study areas

Sedimentary surface structures were examined in three

areas: (1) Al Zeeb supratidal sabkha and ponds on the Red

Sea coast of Saudi Arabia; (2) Ras Shukeir supratidal
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sabkha on the western coast of the Gulf of Suez; and (3)

Borg El Arab solar salt works on the Mediterranean coast

of Egypt (Fig. 1). The climatic data and salinity measure-

ments of these areas are shown in Table 1.

Al Zeeb sabkha is located 180 km north of Jeddah city on

the eastern coast of the Red Sea of Saudi Arabia. It is an

elongated ‘‘L’’-shaped, tectonically controlled depression

that runs normal and then parallel to the coast (Fig. 1). The

sabkha surface slopes from east to west towards the coast

(Basyoni 2004), from which it is separated by a 1.5-m-high

and 10-m-wide beach ridge. The non-evaporite sediments

of the sabkha are composed of coral fragments, bioclasts,

and aeolian siliciclastic sands set in a carbonate mud matrix.

The evaporite minerals are represented by a halite crust and

cement on the landward side, and gypsum and carbonate

cemented microbial mats towards the seaward side. Seep-

age of seawater towards the seaward side of the sabkha

leads to moistening of the sediment surface and small su-

pratidal ponds occur there (Fig. 2a), where microbial

activities are intense. The water depth in these ponds varies

between 2 and 30 cm. Morphologically, the ponds are

divided into compartments (Fig. 2a), with extensions and

connections that vary according to the local topography and

amount of water in the ponds. The inland part of the sabkha

is covered with physically induced structures (polygonal

cracks and ridges). Intermittent floods from the Tehama

Mountains fill depressions in the inner part of the sabkha

with fresh water that rapidly evaporates.

Ras Shukeir sabkha is located 120 km north of Hurgh-

ada city on the western Red Sea coast of Egypt. It is an

elongate, 15-km-long, tectonically controlled depression,

about 5 m below sea level that runs parallel to the coast.

The sabkha is separated from the Gulf of Suez by a 5-m-

high sand and gravel barrier ridge, with a width of about

0.5 km (Orszag-Sperber et al. 2001). The sabkha plain is

wet or dry depending on the topographic elevation of the

ground relative to the water-table. Several smaller or larger

(up to 1.5 km long) permanent salinas and evaporite karst

dissolution depressions and conduits are present in the

southern part of the sabkha (Fig. 2b) and are fed by sea-

water seepage (Aref and Bachmann 2006). Most of the

sabkha surface is covered by physically induced sedimen-

tary structures such as shrinkage cracks and compressively

up-thrust polygonal tepee areas. The microbially induced

or modified physical structures are confined to the shallow

part of the salinas or the moistened part of the floor of the

karstic dissolution depressions and conduits.

The Borg El Arab solar salt works are located 10 km

west of Alexandria on the Mediterranean coast of Egypt

(Fig. 1). The salt works occur in the Mallahet Maryut

Depression within the Pleistocene coastal ridges that run

parallel to the Mediterranean coast of Egypt (Aref and Taj

2012). Seawater is pumped from the Mediterranean Sea

and enters pre-concentration ponds. The water then runs

through a series of large concentration ponds and finally

into the crystallization ponds for halite precipitation.

Groundwater seepage from the El Nubaria Canal into the

halite crystallization ponds reduces the salinity and favors

microbial growth in the shallow marginal parts of the

ponds, especially around the seepage points (Fig. 2c).

Table 1 Climatic and salinity data in the studied evaporitic locations

Area Climate Max. rainfall

(mm)

Min. rainfall Humidity

(mean) %

Mean temp.

(max.) �C

Mean

temp.

(min.) �C

Evaporation

rate (mean)

Salinity (%)

Al Zeeba Arid 47.2

(November)

No rains May

to July

53–67 32.6 22.8 N. A. Red Sea: 42

Microbial-rich ponds:

67–82 (winter), 126

(summer)

Gypsum pond: 182

Halite pond: 250

Ras

Shukeirb,d
Arid 1.13

(October)

No rains

April to

August

24.06–51.45 42 7 269 Gulf of Suez: 44

Seepage points: 50

Microbial-rich ponds: 76

Sabkha water table: 280

Borg El

Arabc
Semiarid 24.9

(January)

No rains May

to

September

60–82.2 29 13.6 9–19.6 Halite pond: 254

Microbial-rich Seepage

point: 110

N. A. not available
a The Meteorology and Environmental Protection Administration (1991–2000)
b El Nasr Salinas Company climatic station (1993-1996)
c Hurghada climatic station (1978–1994)
d Salinity data from Orszag-Sperber et al. (2001)
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Petrography

Petrographic examination of sediment samples from the

areas containing microbially and physically induced sur-

face structures indicates their variable components,

textures, and organic content, despite their close proximity.

The non-evaporite sediments in the area dominated by

microbial structures in the Al Zeeb supratidal ponds and

wet sabkha are composed dominantly of fine- to medium-

sized quartz grains with dispersed cerithid gastropods,

benthic foraminifera, and coral fragments set in a carbonate

mud matrix. The evaporite minerals are represented by

displacive lenticular gypsum (Fig. 3a) and halite cement

(Fig. 3b). Fenestral, ellipsoidal vugs are common near the

sediment surface. Green, orange, and brown microbial fil-

aments (Fig. 3c) exist in the top 5 mm and commonly run

parallel to the sediment surface. These microbial filaments

may enclose, or overlie, a zone rich in black globules,

200–300 lm in size. The globules are composed of dense,

black microbial filaments that surround empty vugs

(Fig. 3c). At depths below 2 cm, the continuous microbial

filaments are absent, and brown filaments occur within

carbonate mud, which also contains disseminated pyrite. At

and near the sediment surface, the microbial laminae are

encrusted with sheaves of vertically stacked prismatic and

granular gypsum crystals (Fig. 3d).

In Borg El Arab salt works, the area occupied by

microbial structures is composed dominantly of gypsum

crystals overgrown on cemented microbial laminae, with

minor detrital grains from the surrounding coastal car-

bonate ridges such as ooids and bioclasts (Fig. 3e). Gyp-

sum is composed of elongate (500–2,000 lm) swallowtail

twins that grow vertically upon the microbial laminae, and

random, smaller (50–200 lm) prismatic crystals that are

common within the laminae or overlying and in-between

the swallowtail gypsum crystals (Fig. 3f). The microbial

laminae consist of micrite grains and rare brown, dispersed

microbial filaments.

In Ras Shukeir and Al Zeeb hypersaline ponds, skeletal

halite crystals (1–5 mm in size) form a thin (\5 cm thick)

halite crust on the floor of the ponds (Fig. 4a). In general,

the sabkha sediments of the areas occupied by physical

structures are composed dominantly of halite crusts with

minor amounts of sand and carbonate mud. No microbial

filaments or organic remains are observed. The halite crusts

are composed of either partially dissolved chevron and

cornet halite crystals that are surrounded by mosaics of

clear halite cement (Fig. 4b), or composed dominantly of

mosaics of partially dissolved, clear halite cement between

grey clayey material (Fig. 4c).

Sedimentary surface structures

The surface morphology of the studied supratidal sabkhas,

ponds, and solar salt works is characterized by sedimentary

structures that can be grouped into two categories:

(a) physically controlled, and (b) microbially controlled.

Fig. 2 Evaporitic environments of the studied areas. a Supratidal

pond floored with green cyanobacteria, Al Zeeb sabkha. b Supratidal

pond partially floored with petee structures, Ras Shukeir sabkha.

c Seepage point in the halite crystallization pond surrounded with

numerous gypsum domes, Borg El Arab salt works
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Fig. 3 Photomicrographs for the microfacies of the sediments of the

microbially induced structures. a Displacive nodules composed of

random, lenticular gypsum (G) in carbonate mud (C) that contains

brown and black microbial filaments (arrows). Crossed polars.

b Displacive halite cement (H) and lenticular gypsum (G) in

carbonate mud enriched in black and brown microbial filaments

(arrows). Crossed polars with mica plate. c Filaments of yellow to

brownish microbial mat form delicate laminae that enclose black

spheroids composed of microbial filaments. Plane light. d Encrustation

of the microbial mats (M) with granular gypsum crystals (G) and

black spheroids of microbial filaments are dispersed in the mat and

carbonate mud. Crossed polars. e Ooids and bioclasts dispersed

between vertically grown swallowtail and prismatic gypsum. Crossed

polars. f Micritized microbial mat (M) filling irregularities on top of

swallowtail gypsum and overgrown by stacks of prismatic and

twinned gypsum. Crossed polars

Facies (2014) 60:371–388 375

123



Physically induced sedimentary surface structures include

polygonal cracks and tepees that are caused by wetting and

drying and the precipitation of evaporite minerals. The

interplay between microbial (biotic) and physical (abiotic)

processes produces various characteristic microbially

induced sedimentary structures such as blisters, wrinkles,

pinnacles, cones, and gas domes.

Microbially induced sedimentary structures (MISS)

These sedimentary structures can be observed in the shal-

low marginal parts of the supratidal ponds, around springs

in the salt works and in their surrounding moistened sedi-

ments. During winter months, the microbial mats are thick

(3–5 mm), coherent, fibrillar, slime-supported organic

layers that form on the floor of the ponds and salt works.

During summer months, the mats incorporate gypsum

crystals and aeolian quartz grains because of the increased

evaporation and aeolian activity.

Noffke (2010) classified MISS into five categories

according to the microbial activities. The resulting struc-

tures arise from biostabilization, baffling and trapping,

binding, growth, and the interference of all microbial

activities. The examined MISS are highly variable

depending on local topography, degree of interplay

between physical and microbial influences and salinity of

the ponds. Morphologic types of MISS include epibenthic

cyanobacterial mats, wrinkle structures, blisters, pinnacles,

cones, domes, and petees.

Epibenthic cyanobacterial mats

Description

Filamentous microorganisms, likely cyanobacteria, form a

flat, cohesive-to-leathery surface layer on the floor of the

supratidal ponds in Al Zeeb and Ras Shukeir sabkhas, and

around seepage points in Borg El Arab salt works and Ras

Shukeir sabkha. The water depth ranges from a few cen-

timeters up to 30 cm. Microbes form yellow, light or dark

green laminated mats that are typically about 3–5 mm

thick, and beneath there is a 3 to 5-cm-thick dark grey to

black zone dominated by sulphate-reducing bacteria. These

microbial-rich zones overlie white sediments composed of

bioclasts, fine to medium quartz sand, carbonate mud, and

dispersed lenticular gypsum crystals. The sediment section

encloses dispersed brown microbial filaments and pyrite

crystals. The mats may form a gelatinous smooth layer or

consist of numerous intersecting filaments that partially

float in the water column (Fig. 5a). The upper surface of

the mats encloses numerous gas bubbles, most likely

photosynthetic, entrapped within a colorless, gelatinous

EPS organic layer. Insects (salt beetles) and cerithid gas-

tropods are frequently found on the surface of the mats
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Fig. 4 Photomicrographs for the microfacies of the sediments of the

physically induced structures. a Recently deposited halite as a raft

(R) at the water–air interface, and skeletal crystals (S) on the floor of

the pond. b Displacive halite cement (H) in carbonate mud between

skeletal halite (h), quartz (Q), and carbonate clast (C). Plane light.

c Mosaic of granular halite cement between clay material. Plane light
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(Fig. 5b) when the measured salinity ranges between 41

and 46 g/l. Feeding and grazing by these animals produces

pockets or depressions on the mats and numerous gastro-

pod trails (Fig. 5b). In extreme high salinity conditions of

more than 180 g/l, radial and prismatic, fine\3 mm length,

gypsum crystals grow on the surface of microbial mats.

Interpretation

Measured salinity of the water in the supratidal ponds of Al

Zeeb and Ras Shukeir sabkhas, and seepage points in the salt

works shows that the abundance of microbial mats, gastro-

pods, and gypsum depends ultimately on the salinity of the

water. The mats flourish on the floor of ponds with a salinity

range of 80–125 g/l. In less saline waters (41–46 g/l), the

microbial mats fail to form due to grazing by cerithid gas-

tropods. At higher salinities ([180 g/l), gypsum crystallizes

from the solution, and microbial mats disappear because they

are incapable of growing in such high salinities. A similar

pattern of salinity and mat growth was demonstrated by

Thomas and Geisler (1982), Javor (1985), and Cornée et al.

(1992). The lower black anoxic zone and the presence of

pyrite are due to anaerobic sulphate reduction (SRB), similar

to observations by Baumgartner et al. (2006).

Wrinkle structures

Description

These features were observed at the shallow margin (\5 cm

depth) of the ponds and on the dry surface of the surrounding

sabkha sediments. At the margin of the ponds, where floating,

dark-grey microbial filaments drifted to the shore, wrinkle

structures are observed on the floor of the pond, and consist of

yellow to green microbial mats that form sub-parallel con-

tinuous crests and wide troughs (Fig. 6a, b). The crests

overlie hollows filled with gases from subrecent mats. The

height of individual crests usually ranges from 2 to 4 mm,

Fig. 5 Benthic cyanobacteria. a Greenish cyanobacterial mat show-

ing numerous filaments in parallel sheaves? or slightly deviated on its

surface. b Abundant cerithid gastropods grazing on a cyanobacterial

mat

Fig. 6 Wrinkle structure. a Drifted, black cyanobacterial filaments,

and crinkled and torn surface of microbial mats on a pond floor due to

water and/or wind friction. b Concave arrangement of sub-parallel

crests of wrinkles slightly distorted due to the existence of a local

obstacle
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spacing from 5 to 15 mm, and length more than 70 cm. The

crests typically are asymmetric, and in plan view, and they

have a concave shape towards the direction of the current,

induced by winds. However, local obstacles may distort the

regular, concave arrangement of the crests of wrinkles

(Fig. 6b). After drying out of the ponds, the gelatinous nature

of the microbial mats adhere aeolian sands to their surface,

which may become nucleation sites for growth of very fine

prismatic gypsum on their surface.

Interpretation

The term ‘‘wrinkle structure’’ (Noffke et al. 2002; Porada

and Bouougri 2007; Bose and Chafetz 2009) is used for

irregular wrinkly surface structures created where the

coherency of the mats is sufficient to prevent their

destruction and leads to their folding under current-drag.

Pflueger (1999) deduced that the ‘‘Kinneyia’’ pattern of

wrinkles is formed from gas bubbles entrapped underneath

a sealing microbial mat layer on top of the sediment.

Noffke et al. (2002) believed that wrinkle structures

resulted from pressure originated from sediment loading.

Bouougri and Porada (2002) suggested that some types of

‘‘wrinkle structure’’ reflect deformation features of thin

mats induced by tractional, wind or current-induced shear

stresses, possibly complimented by dewatering processes.

Our interpretation of wrinkle structures is based on the

fact that the floored microbial mat becomes loosely

attached because of the production of photosynthetic and/

or mat decayed gas bubbles beneath them. When wind

blows over the pond, the microbial filaments (Fig. 5a) are

moved by the wind-induced current towards the margin of

the pond (Fig. 6a) to generate folding and tearing of the

loosely gelatinous surface mats.

Blisters (gypsum bubbles)

Description

In the shallow submerged part of the supratidal pond of Al

Zeeb sabkha, numerous spherical 1–2 mm in diameter gas

bubbles are entrapped at the upper surface of green

cyanobacterial mats (Fig. 7a). These bubbles may be

floating in the brine through a neck connected with the

main cyanobacteria mats. At the shallow margin (\2 cm

depth) of the pond, cyanobacterial filaments are observed

surrounding the gas bubbles. After drying of the pond, the

cyanobacterial mats as well as the outer margin of the

spherical hollows form nucleation sites for growth of radial

gypsum crystals (Fig. 7b). The gypsum crystals are 0.5 to

2 mm long, and composed of fibrous, prismatic, or rosette

aggregates.

Interpretation

Several processes are known to produce gas bubbles

(Vopel and Hawes 2006; Gerdes 2007; Bosak et al. 2009,

2010). Various microbial activities involving carbon and

sulphur produce bubbles of O2, CO2, H2S, or CH4 in the

topmost few millimeters of mats where photosynthesis

occurs simultaneously with respiration (Gerdes et al. 2000;

Noffke et al. 2001a, b; Schieber et al. 2007). Subaerially

exposed microbial surfaces generate bubbles if the surface

sediments are sludgy from microbial slimes that slow down

diffusion of gases. Sludgy sediments, glued together by

microbial slimes, will capture bubbles and thereby give rise

to blistered sediment surfaces. Sulphate reduction occurs at

a high rate either in close proximity to or within the

phototrophic zone of microbial mats (Skyring et al. 1989;

Baumgartner et al. 2006).

During arid intervals, the cyanobacterial mat as well as

the gas bubbles act as nucleation sites for growth of gyp-

sum into radial rosettes (Fig. 7b) during increases in

salinity of the pond.

b 

8 mm 

a 

Fig. 7 Photosynthetic gas bubbles and blisters. a Spherical photo-

synthetic gas bubbles entrapped in glassy gelatinous EPS on the upper

surface of a green cyanobacterial mat. b Nucleation of gypsum on the

surface of cyanobacteria and photosynthetic gas bubbles to form

blisters
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Domes

Description

Gypsum domes are found along the shallow marginal part

of the supratidal pond of Ras Shukeir and around the

seepage points in the halite pan of Borg El Arab salt works

where they are subjected to wetting and drying. Domes

form discrete hemispheroids (Figs. 2c, 8a) with a lateral

spacing ranging from 10 to 50 cm. Domes form elevations

10–20 cm high and 15 to 30 cm in basal diameter. The

upper surface of the domes is either covered with a gelat-

inous brownish to greenish cyanobacterial mat, or mantled

with a radial growth of rosette gypsum crystals. A vertical

section through the domes shows that they are composed of

an interlamination of thin green, brown, or dark laminae

and thicker white laminae (Fig. 8b). Near the surface, the

thin laminae, \1 mm, are composed of filamentous cya-

nobacteria, whereas in the lower part of the dome at 2 cm

depth they are composed of dark grey to black degraded

microbial mats. The thick laminae, 0.5–1.3 cm, are of

composed of radial, swallowtail, and/or individual gypsum

crystals (Fig. 3e, f). The total thickness of the domal crust

may vary from a few millimeters in small domes to

somewhat less than 10 cm in large domes (Fig. 8b) that

overlie a hollow center. The lower surface of the domal

crust is usually smooth, whereas the upper surface shows a

tooth-like pattern formed by the growth of gypsum crystals.

The floor of a dome’s hollow is usually filled with mud,

microbial chips, or broken gypsum crystals.

Interpretation

Numerous authors have agreed that gas domes are formed

from the pressure exerted from escaped gases beneath a

sticky microbial mats (Gerdes et al. 1993; Noffke et al.

2001a; Bouougri and Porada 2002; Eriksson et al. 2007;

Gerdes 2007). Noffke (2010) interpreted gas domes as

caused by biostabilization, where the EPS-rich microbial

mats prohibits the exchange of gases between underlying

sediment, and water or atmosphere above. Consequently,

gas pressure lifts the microbial mat, which loses contact

with its underlying substrate.

The occurrence of the gypsum domes along the shallow

marginal part of the pond and salt works indicates that their

formation is controlled by wetting and drying. During wet

periods, sticky microbial mats flourish on the sediment

surface that entrapped escaped gases from the decay of

subrecent mat. The pressure exerted from the entrapped

gases leads to a rise of the surface microbial mats until they

reach the water surface. During periods of increased

salinity of the pond or subaerial exposure of the domed

mats, winds induce slight agitations of the water that cause

it to overflow the domes and then evaporate to form gyp-

sum crusts. Repeated fluctuations between wetting and

subaerial exposure of the sediment surfaces have a con-

siderable influence on the thickness of the domes. Wetting

enables a microbial mat to form a new surface layer, and

desiccation adds a new gypsum crust on the mat. As a

result of these processes, domes are composed of an in-

terlamination of microbial mats and radial gypsum crystals

(Fig. 8a, b).

Pinnacles and cones

Description

These structures were observed only in the supratidal ponds

of Al Zeeb sabkha, which range in salinity from 67 to 82 g/l.

During winter months, the shallow parts (\15 cm depth) of

the ponds contain green cyanobacterial mats that form

pinnacles and cones protruding from the main horizontal

mats that cover the floor of the ponds (Fig. 9a, b). The

surface of the brine does not control the growth of pinna-

cles and cones, as some of them reach the surface and then

Fig. 8 Gas domes. a Gypsified gas domes composed of hollow

centers and a crust of interlaminated gypsum and microbial laminae.

b Thick crust forming domes composed of thin (green and red)

microbial laminae interlayered with thicker white gypsum laminae

Facies (2014) 60:371–388 379

123



bend towards the down-current direction (Fig. 9b). The

outer surface of a cyanobacterial mat that occurs on the

floor of the pond, or that form the pinnacles and cones,

entrap numerous photosynthetic gas bubbles.

During the summer months, the increased salinity of the

brine to 182 g/l and the restriction and small diameter

(\3 m) of the ponds relative to the adjacent ponds, leads to

crystallization of gypsum on the surface of pinnacles,

cones, and the floored horizontal mat. The gypsified pin-

nacles are about 10 cm in height and 2 cm in diameter with

hollow centers (Fig. 9c), whereas the gypsified cones are

less than 20 cm in height, *10 cm in basal diameter,

*5 cm in diameter near their tops, and also with hollow

centers (Fig. 9d). Both pinnacles and cones consist of less

than 1 cm-thick crusts composed of aggregates of radial

gypsum crystals, with relics of green cyanobacterial fila-

ments. The margins of the cones may enclose gas bubbles

surrounded by gypsum rosettes. Pinnacles and cones typi-

cally stand vertically, but the latter also may stand obli-

quely at variable angles from the horizontal surface

(Fig. 9d). The marginal part of the cone is smooth or shows

regular contortions around its circumference (Fig. 9d).

Interpretation

To the best of our knowledge, gypsified pinnacles and

cones of such large size have not been described before in

the literature. However, mm-scale pinnacles have been

a b

c 

250 µm

d

Fig. 9 Pinnacles and cones. a Pinnacles (arrows) formed due to

vertical gliding of microbial filaments from the surface of a green

microbial mat. b Cones showing vertical growth (white arrows),

where some of them show bending of their top (black arrows) due to

surface wind-generated current. c Gypsified pinnacles standing above

the surface of a torn microbial mat. d Inclined and vertically oriented

gypsified cones with crinkled margins encrusted with gypsum crystals
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described by Gerdes et al. (1993) and Gerdes (2007),

composed of a mixed framework of cyanobacterial and

diatom cells embedded in EPS of bacterial and diatom

origin. The pinnacles in the supratidal ponds of Al Zeeb

sabkha seem to form in a similar way to the cones. The

abundant photosynthetic gases produced by the mats

become entrapped (during upward migration) within the

hydroplastic gel that is present on the surface of the

cyanobacterial mats, which greatly reduces their diffusion

velocity. The hydroplastic surface of the microbial mats

can entrap more gases when the mats are submerged in

water. The variable morphology of pinnacles and cones are

most probably related to the cohesion of the cyanobacterial

mats, other than any environmental factors. This is because

in adjacent ponds (spacing \3 m), with similar depth and

salinity, one pond is dominated with pinnacles and the

other with cones. Therefore, the cohesion of the mats and

the amount of escaped photosynthetic gases control the

morphology of the protruding mats. The contorted margin

of the cone (Fig. 9d) may represent a marginal contortion

of microbial laminae due to initial horizontal gas migration

before their upheaval into a cone structure. After a drying

period, increases in the salinity of the brine allow the

nucleation of gypsum crystals on the surfaces of the pin-

nacles and cones.

Petee structures

Description

Across the wet supratidal sabkha area that surrounds the

ponds, and the desiccated shallow margin of the ponds of

Al Zeeb, Ras Shukeir and Borg El Arab areas, really small,

contorted, individual and polygonal, ridges are common

(Fig. 10a). The ridges are 5–10 mm in height, 2–6 mm in

width, and 3–7 cm in length, and are composed of dense,

dark-grey microbial filaments. The depressions between

ridges are floored with green microbial filaments below the

dark-grey mat. During summer time and lowering of the

groundwater, lenticular gypsum crystallized displacively in

the sediment below folds and the surrounding mat. In

addition, prismatic and rosette gypsum crystals,\3 mm in

length, are nucleated on the upper surface of the contorted,

smooth folds to form the characteristic ‘‘petee’’ structure of

Gavish et al. (1985) and Reineck et al. (1990).

Petee folds, the smaller of which are only 5 cm high and

10–20 cm long, consist of nearly symmetrical limbs that

increase in height from their terminal elongation to their

center (Fig. 10b). Each fold shows its own individual

geometric characteristics, but they are connected with each

other to form an overall polygonal pattern. The fold-crust

consists of an interlamination of several thin, green and

black cyanobacterial laminae with thicker white laminae

composed of radial encrustations of gypsum crystals.

Locally, the area between folds is filled with rafts of halite

crystals (Fig. 10c). This structure has been termed an

‘‘alpha petee’’ by Reineck et al. (1990).

In some cases, small individual folds increase in height

and the crust thickens and merges with the surrounding

folds to form a ‘‘beta petee’’ structure (Fig. 10d) of Gavish

et al. (1985). The folds are composed of a 10-cm-thick

crust overlying a hollow center. The crust is composed of

an interlamination of decayed grey microbial mats near the

bottom and green cyanobacterial filaments near the top

(Fig. 10e). The thick laminae consist of radial, single or

rosette gypsum crystals that encrust the microbial laminae.

In contrast, the underlying surface of the fold is generally

smooth and represents the upheaved surface of the first-

formed microbial mat.

The radial, irregular fold structures may extend laterally

to merge with the surrounding folds, thereby forming

polygonal folds (Fig. 10f). The crest of these folds is

usually ruptured because of the up-thrusting of the two

limbs of the fold to form the ‘‘gamma petees’’ of Gavish

et al. (1985). This facies has been observed around the salt

ponds. Similar to the alpha and beta petees, the crust of the

gamma petees consists of thicker white gypsum laminae

and thinner grey and green microbial laminae.

Interpretation

Reineck et al. (1990) believed that tepee structures were

generated by: (1) surface expansion by gas pressure, and

(2) lateral compression of surface crusts due to crystal

growth. Gerdes et al. (1993) interpreted the formation of

petees as due to upward gas migration from decaying

microbial mats in the substrate and its subsequent hori-

zontal migration beneath loosely attached soft microbial

mats at the sediment surface. Gehling (1999) indicated that

the petee structures may form from growth expansion of

the mat, or due to escaping gas from decaying buried mats.

The studied petee structures are believed to have been

formed during desiccation of the marginal part of the pond,

or lowering of the groundwater table. The polygonal,

contorted ridges may either be initiated through the lateral,

fast motility of microbial filaments to form a reticulate

pattern (Fig. 10a), or due to desiccation of the surface

microbial mat, and growth of microbial filaments at the wet

margin of the cracks. During desiccation of the areas

occupied by polygonal ridges, the groundwater table falls

and the subsurface microbial mats decay, generating gases.

These gases rise upward and become entrapped below the

delicate, hydroplastic microbial mat at the surface. Con-

tinuous production of gases exerts pressure below the

surface mat at ridges to form buckling and contortion of the
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polygonal ridges. With time, the entrapment of more gases

below the impervious surface mat at ridges turns them to

inverted, rounded, U-shaped contorted folds with a smooth

upper surface (Fig. 8b).

During dry periods and emergence of the folded

microbial mats, the folds become consolidated and

encrusted with radial growths of gypsum crystals. Contin-

ued crystal growth causes cracking and rupturing of the

Fig. 10 Petee structures. a Polygons on the surface of a microbial

mat. b Ribbon-like polygonal boundary of alpha petee structures.

c Small irregular and branched alpha petee structures encrusted with

gypsum. The area between petees is filled with a white halite raft.

d Smooth surface of elongate, merged beta petee structures. e Close-

up of a petee in Fig. d, showing interlayered thin green and brown

microbial laminae and thicker white radial gypsum laminae. f Polyg-

onal folding of gamma petee structures showing the ruptured two

limbs of the folds
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crests due to the lateral expansion of the surface layers,

which presses the limbs against each other. During wet

periods, microbial mats rapidly colonize the tops of the

folds, which then may subsequently dry out and show

gypsum crystallization.

Physically induced sedimentary surface structures

At the marginal dry or slightly wet area of the salt ponds, or

where the sabkha sediment surface in Al Zeeb and Ras

Shukeir areas is slightly wet when the water table is

\120 cm deep, several physically induced sedimentary

structures may form such as polygonal cracks and tepees.

Polygonal cracks

Description

In slightly lower topographic areas of the sabkha that

represent a former desiccated saline pan, the floor is

dominantly occupied by a homogenous, pure halite crust

that ranges in thickness from 4 to 10 cm. This halite crust

extends along the whole basin, and forms a hard dry

pavement surface that is usually cross-cut by polygonal

networks of cracks (Fig. 11a). Such cracks break the thick

surface crust into sutured touching fragments, similar to

that observed by Warren (1982), or gaps without physical

contact. The cracks have a width of\1 cm and depth 7 cm,

and they extend linearly and merge with the nearest ones

forming the polygonal pattern. The polygons range in

diameter from 30 to 70 cm, and form irregular, random

non-orthogonal patterns (Fig. 11a). The cracks may show

open hollows filled partially with sand (Fig. 11a) or white

spongy efflorescent halite crystals (Fig. 11b). The preser-

vation potential of such efflorescent halite is low, as they

dissolve easily due to dew or occasional rainfall, similar to

the observation of Lokier (2012) in the coastal sabkha of

Abu Dhabi. Often the halite pavement is altered and

deformed as it may dissolve due to rainfall or it may evolve

into up-thrust tepee structures due to cementation and

expansion.

Interpretation

Polygonal features have been described as ubiquitous fea-

tures of numerous recent depositional environments such as

the supratidal sabkha of Abu Dhabi (Alsharhan and Ken-

dall 2003), intertidal flats of Abu Dhabi (Kendall and

Skipwith 1969; Lokier and Steuber 2009), the subtidal

Arabian Gulf (Shinn 1969), the intertidal flats and coastal

salinas of Australia (Warren 1982), and the Great Basin

playas of North America (Warren 2006). Most of these

studies were focused on tepee structures that locally form

at polygon margins and have largely neglected the rest of

the polygon system (Lokier and Steuber 2009). Kendall

and Warren (1987) and Alsharhan and Kendall (2003)

believed that the propagation of the cracks starts at night

due to thermal contraction, followed by wedging apart of

the cracks by sediment fill and by subsequent cement filling

of the cracks.

The morphology, location, and distribution of the stud-

ied polygonal cracks in the dry pavement surface are most

probably related to the decrease in the surface area of the

halite crust during excessive aridity and lowering of the

water table. It is believed that the hygroscopic nature of the

studied halite crust is responsible for fracturing during

desiccation. The release of the interstitial water leads to

volume reduction. If the surface crust is composed domi-

nantly of halite that formed in a dry saline pan, evaporation

of entrapped saline fluids in inclusions lead to thermal

contraction of the halite crystals, and consequently short-

ening of the halite crust. This shortening forms tension

cracks, which take a different orientation according to the

thickness of the halite crust, local ground slope, and density

of fluid inclusions.

During the day-time, upward movement of evaporating

groundwater by evaporative pumping mechanisms favors

crystallization of efflorescent halite in the open fractures

(Fig. 11b). If these processes continue, they lead to

expansion and arching of the surface crust into domes and

compressively up-thrust tepee structures. Filling of the

polygonal cracks with sand (Fig. 11a) indicates their

adhesion with the evaporating moisture in the cracks.

Polygonal tepee structures

Description

In most areas of the supratidal sabkhas, where the water

table is \1.2 m below the ground surface, its initially

monotonous flat surface becomes altered into uplifted,

polygonal halite ridges that are typically straight crested. In

cross section, the ridges form the characteristic inverted

‘‘V’’s of the ‘‘tepee’’ structures (Fig. 11c) of Adams and

Frenzel (1950), (Assereto and Kendall 1977) and Warren

(1982). Generally, the sabkha sediments are composed of

windblown quartz sand and/or carbonate mud that enclose

cement and pockets of halite crystals. A lateral zonation in

Ras Shukeir and Al Zeeb sabkhas is present, wherein the

outer and topographically higher areas become wet and

covered with aeolian sand, bioclasts, and some dispersed

shells from the surrounding Quaternary reefal terraces.

Sporadic, lower topographic depressions, with a small
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diameter (25–50 m), are floored with thin halite crust that

evolves into buckling, up-thrust polygonal tepee structures

(Fig. 11c, d).

The color, morphology, crust thickness, sediment com-

position, and polygonal area of the tepee structures are

highly variable. They may be clear white consisting of thin

(\5 cm) crusts dominated by halite cement between the

sand grains in low topographic depressions where the

groundwater is at a depth of \1 m. There is not much

height difference between the two limbs of a compressively

up-thrust tepee structure (Fig. 11c). This type of tepee

structure has been termed an ‘‘immature tepee’’ by Kendall

and Warren (1987).

In slightly low topographic areas where the groundwater

is shallow (80–100 cm depth), the crust thickness of the

tepees increases to 5–10 cm, and they become light brown,

wet, more altered, and contain more halite cement mixed

with quartz sand and carbonate mud. This kind of tepee has

been termed a ‘‘mature tepee’’ by Warren (1982) and

Kendall and Warren (1987). The polygonal area of such

tepees can increase to 5 m2, and these show hexagonal,

non-orthogonal (Fig. 11d) or orthogonal (Fig. 11e) pat-

terns. Compressive up-thrusting of the tepee structure takes

different forms, such as a simple inverted ‘‘V’’-shaped

(Fig. 11c) or box-shaped pattern, or else the two limbs can

overturn and become parallel to each other (Fig. 11f).

In a few areas, after rainy periods or as a result of the

dew effect, the tepee crusts have suffered from extensive

dissolution and are represented only by relics of thin hard

halite layers (Fig. 11g). Much detrital sediment fills the

hollows in these tepee structures. Such tepee structures

have been termed ‘‘senile tepees’’ by Assereto and Kendall

(1977).

Interpretation

Mechanism of formation of polygonal tepee structures

Numerous mechanisms have been proposed for the for-

mation of peritidal and subaqueous polygonal tepee struc-

tures in carbonate and evaporite sediments. They may be

the result of the force of crystallization in subaqueous

cemented hardground (Shinn 1969; Lokier and Steuber

2009), or due to desiccation after subaerial exposure or

from accumulation of gases below a hardground (Kendall

and Skipwith 1969), or due to diurnal contraction and

expansion (Kendall and Warren 1987; Alsharhan and

Kendall 2003; Attia 2013), or due to thermal- and mois-

ture-related expansion and contraction (Eren 2007). Gam-

mon et al. (2005) related the growth of cap carbonate

tepees and associated growth fault structures to early dia-

genetic cementation below the sediment–water interface.

Bachmann and Aref (2005) interpreted the formation of

some Middle Triassic tepee domal structures and associ-

ated breccias, thrusting layers and off-shooting spines to

paleo-seismic activity.

In the study areas, solar evaporation and winds over the

interior ponds increase their salinity to more than 210 g/l,

where halite crystallized as rafts and cumulus crystals at

the brine–air interface, and as skeletal crystals at the floor

of the ponds (Fig. 4a). Continued evaporation of the brine

and concomitant limited seawater seepage lead to desic-

cation of the ponds, where additional halite cement and

efflorescent halite form at the surface halite crust. As a

result of desiccation and thermal contraction of the halite

crust, linear and polygonal cracks are evolved. Continued

evaporation of the groundwater results in the precipitation

of efflorescent halite at the polygonal cracks (Fig. 11b),

similar to that precipitated at the sediment–air interface

(Goodall et al. 2000; Lokier 2012). While fractures are still

open, halite cementation and sediment infiltration gradu-

ally fill the cracks in the crust and increase its volume.

Subsequent contraction episodes related to desiccation do

not create enough force to return the crust back to its ori-

ginal geometry. Instead, the crust expands by the addition

of small increments of sediment and cement at the fracture

margins. Eventually, such a crust becomes broken into

numerous overthrust compressional tepee ridges that sur-

round polygon-shaped saucers composed of fragments of

the same halite crust.

Polygonal cracks and tepee relationship

The physical deformation structures (cracks and tepees)

and the composition of the surface halite crusts may be

intimately related to each other, or independently related.

In the first case, when the surface crust is composed

dominantly of halite crystals, with impurities of mud,

thermal contraction, and desiccation are the processes that

lead to shortening of the halite crust and the development

of polygonal cracks. During rising of the groundwater,

evaporative pumping or capillary evaporation of the water

lead to rapid crystallization of efflorescent halite crystals at

the fractures, and the addition of new halite cement to the

original halite crust. Displacive growth of halite cement

Fig. 11 Polygonal cracks and tepee structures. a Polygonal cracks

filled with aeolian sand within a gypsum crust. b Growth of single

efflorescent halite crystals within a crack in a halite crust. c Com-

pressive up-thrusting of a gypsum crust with a similar height forming

inverted V-shaped tepee structures. d Compressive up-thrusting of a

thin halite crust with different height evolves into inverted ‘‘V’’-

shaped tepee structures. e Orthogonal, polygonal tepee structures,

where the two limbs have approximately similar height. f Nearly

vertical compressive up-thrusting of the limbs of a tepee structure due

to extreme growth of the gypsum crust. g Pervasive dissolution within

a gamma tepee structure

c
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within the lithified halite crust results in expansion of the

polygons outwards to produce areas of compression and

uplift along the cracks, and finally the development of

tepee polygonal structures.

In the second case, when the halite crust contains much

sand and is not well lithified, it is believed that the for-

mation of tepee structures is not necessarily preceded by

the development of polygonal cracks, i.e., the cracks

formed after buckling of the crust. This is because: (1) the

spongy nature of the halite crust, (2) the dominance of sand

grains instead of carbonate mud, and (3) the existence of

little halite cement between quartz grains. In this case,

displacive crystallization of halite at or near the surface

leads to expansion of the crust outwards to produce areas of

compression and uplift leading to buckling and fracturing.

Further displacive cementation of halite within the crust

results in uplift of the crust along the fractures to form

inverted V-shaped tepee surface crust.

Conclusions

The recent supratidal sabkhas and ponds and solar salt

works in Saudi Arabia and Egypt include microbially and

physically induced sedimentary surface structures that are

found in close proximity to each other. The primary con-

trolling factors on their occurrence, distribution, and origin

are the topographic elevation of the ground with respect to

the water table, and salinity. When the sediments are moist

or covered with shallow water, and the salinity does not

exceed 85 g/l, microbial structures dominate over physical

structures. A variety of microbially induced sedimentary

structures are documented here, such as epibenthic

cyanobacterial mats, wrinkles, blisters, pinnacles, cones,

domes, and petee structures. Wrinkles are formed in very

shallow salinas (Fig. 12) when the microbial mat becomes

loosely attached because of the production of photosyn-

thetic gas bubbles beneath, which leads to the mat readily

being affected by wind and/or water friction. Blisters are

formed when photosynthetic gases are entrapped in the

upper gelatinous laminae of microbial mats, followed by

nucleation of gypsum crystals on their surfaces during a

dry period. Pinnacles and cones are formed in relatively

thick microbial mats that have a high cohesion that entrap

most of the organic gases rising from photosynthesis and

decayed mats. Once mat decay begins in the substrate,

liberated gases can disturb the sediment beneath the mats

as well as disrupt the mats themselves, forming gas domes.

Gas developed during mat decay also helps in the forma-

tion of the more severely disturbed and ruptured examples

of petee structures.

Physically induced structures are also represented in

these environments by polygonal cracks and tepee struc-

tures. These structures are formed in the capillary zone

immediately above a shallow ground water table that is

\120 cm below the ground surface (Fig. 12). Contraction

of the surface sabkha crusts favors the formation of

polygonal cracks. Evaporation of moisture along the cracks

favors crystallization of efflorescent halite. The variable

morphology of tepee structures is due to: (1) wetting and

drying of the surface crust, (2) crystallization and disso-

lution of halite cement, (3) the ground slope, and (4) the

behavior of the host sediment.

In the low-energy evaporitic environments studied here,

the physically induced tepee structures, and the microbially

induced blisters, wrinkles, pinnacles, cones, domes, and

petee structures act as a sediment trap and nucleation sites

for halite and gypsum crystals. However, occasional

Wrinkles

Blisters

Domes

Pinnacle

Cones

Polygonal cracks

Tepees 

Petees

Water table

Sabkha

Pond

Fig. 12 Schematic diagram

showing the distribution of

microbially and physically

induced sedimentary surface

structures. In the supratidal ponds

and moistened sediments, the

microbially induced structures

are represented by wrinkles and

petees in the very shallow part of

the ponds. Domes, pinnacles, and

cones form in the submerged part

of the ponds. Blisters form in thin

microbial mats with low

cohesion. In the supratidal

sabkha environment, the

physically induced sedimentary

surface structures are dominant

and represented by polygonal

cracks in the lower supratidal

zone and polygonal tepees in the

upper supratidal zone
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rainfall, sea-level changes, and tides enhance dilution of

the sabkha ponds and consequent dissolution of the evap-

orite minerals and destruction of the microbial structures.

Therefore, the recorded physical and microbial structures

have a low preservation potential.

The supratidal sabkhas and ponds and solar salt work

evaporitic environments demonstrate great and rapidly

changing microbially and/or physically induced sedimen-

tary surface structures quite different from those produced

in siliciclastic or other carbonate environments. Recogni-

tion of these microbial or physical structures is very helpful

in constructing a model for the local micro-topography of

prehistoric sabkhas and the degree of emergence or sub-

mergence of paleo-sabkha surfaces.
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