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Disclaimer

The maps included in this book were created and produced based on various resources including
published reports, books, various models, and open-source data. All pictures included in the book were
taken by the author unless otherwise indicated. While every effort was made, and care was taken to
ensure the accuracy and completeness of the content of this book, the author accepts no responsibility for
any errors, omissions, or positional accuracy, and therefore, cannot be held responsible for any damages
due to any error or omission in these maps. The depiction and use of geographic names and boundaries
shown on the maps are not warranted to be error-free nor do they necessarily imply official endorsement.
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Preface

The idea of writing this book has been in my mind for a
long time, as I noticed no such Atlas existed for Qatar, despite
its importance. Although numerous studies, publications,
books, and technical reports about hydrogeology and water
resources in Qatar are available, no single book contains all
hydrogeological information and relevant maps. This made
it difficult for anyone interested in this topic to find relevant
information and maps, which motivated me to write this
book.

I was keen on writing this book in both languages English
and Arabic to enable outreach to a wider reader community,
although map legends are in English. This Atlas is divided
into two main parts: the first one is on geology and water
resources, and the second part is on paleo-hydrogeology,
man and water.

The first part contains four chapters: Geography,
Geomorphology, Geology, and Water Resources. For
obvious reasons, chapters 3, and 4 (Geology, and Water
Resource) are the most important ones in this part, as
they contain various aspects of hydrogeology. Chapter 3
describes the surface and subsurface geology of Qatar, down
to Late Cretaceous, and chapter 4 contains some interesting
results from modelling such as vulnerability assessment and
groundwater flow paths.

The second part contains three chapters: Last Glacial,
Paleography and Human and Water. The fact that one chapter
was devoted to the Late Glacial is because of its importance
and bearing on the evolution of Qatar’s water resources and
human development since the early neolithic period until the
present. Chapter 6 contains important maps of continental
drift and sedimentation of various geological layers in the
region. The last chapter connects the human history in Qatar
with water resources and climate.

Husam Baalousha (HDR, PhD, MSc, BSc.)
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1.1 State of Qatar

The State of Qatar is located in the eastern part of the
Arabian Peninsula. It extends as a penninsula in the Arabian
Gulf. It has a total area of 11521 km2 (Qatar Government
Communication Office, 2020), extending in the north-south
direction (Figure 1.1), with a maximum length of about 180 km,
and a maximum width of 85 km (FAO, 2008). It is surrounded
by the Arabian Gulf from all directions but the south, where it
borders Saudi Arabia (Figure 1.2). The country is divided into
8 municipal areas, which are: Doha, Al Rayyan, Umm Salal,
AL Khor and Dekhera, Al Wakra, Al Dayeen, Al Shamaal, and
Al Sheehaniya. Qatar is a member of the Gulf Cooperation
Council (GCC), which includes, also United Arab Emirates,
Bahrain, Saudi Arabia, Oman, and Kuwait.

Doha is the capital of Qatar and the most populous city in
the country. Doha City has emerged as a combination of three
towns: Al Bidaa (which was established before Doha, see
section 7.3), Doha, and As-Salata (Carter & Eddisford, 2013).
The other main cities in Qatar are: Al Rayyan to the west of
Doha, Al Wakrah and Umm Said in the south, Umm Salal, Al
Khor and Madinat ash Shamal in the north, and Dukhan in
the west.

Qatar is characterized by desert climate, with hot summer
between April and August and mild winter between September
and March. Rainfall occurs in winter, with a long-term
average of 80 mm (see section 4.3). The prevailing wind is
the northerly, which is known as Al-Shamal. The temperatures
in Qatar are similar to those in Eastern Arabian Peninsula
(Eccleston, Pike, & Harhash, 1981), with the minimum in
January and the maximum in July/August. The average
maximum temperature is 41.9 degrees celsius in July, and the
average minimum is 13.5 degrees celsius in January (Qatar
Meteorological Department, 2020).

Qatar’s population was 27,000 in 1908, and increased to
111,000 in 1970 (Al-Kubaisi, 1984). Qatar has witnessed a rapid
increase in population, especially over the last two decades due
to the influx of expatriates. Qatar’s population has increased from
613,696 (Planning and Statistics Authority, 2019) to 2.79 million
inhabitants (Planning and Statistics Authority, 2020) between 2000
and 2020, respectively.
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2.1 Introduction

Geomorphology is important for water resources, and
environmental ecosystem. Topography, soil and land features
affects the rainfall runoff, infiltration and aquifer recharge.
Qatar has a variety of land features such as land depressions,
sand dunes, sink holes, and karst formation. The following
sections present topography, land depressions, surface
catchments and soil type, in addition to the bathymetry of
the Arabian Gulf.

2.2 Topography

Topography in Qatar is generally flat, as the elevation varies
from 0 near the shore lines to around 107 meters above
mean sea level in some areas in the south (see Figure 2.1).
Some areas have land depressions occuring at many places
in the country where the elevation is below 0. The terrain
is flat in the northern part of the country, with a maximum
elevation of around 40 meters, whereas it is rough and higher
in the south due to tectonic uplift. The south-west part has
the highest elevation along Dukhan anticline. This anticline
extends in the south-north direction in parallel to the Gulf of
Salwa. Some Sabkhas (salt flats), like Dukhan Sabkha just to
the north of the anticline, are below sea level.
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2.3 Land Depressions

Qatar’s topography is characterized by the occurrence of
surface depressions (locally known as Rowda), some of
which were the source of perennial potable water in the past.
They vary in size from a few meters wide up to more than one
kilometer (Eccleston & Harhash, 1981). Rainfall runoff flush
silt and mud to accumulate in these depressions, so they are
suitable for agriculture. As a result, pasture and little shrubs
grow in these depressions after rain. Early settlement in Qatar
evolved around these depressions as they are good sources of
water, because the groundwater is shallow in the depressions.
In addition to land depressions, many sinkholes (locally
known as Dahl) occur in the country. Examples are Musfer
sinkhole in central Qatar and Dahl Al Hamam in Doha.

Karst features occur in Qatar by two different mechanisms
in the north and the south of the country (Duggan et al.,
2013). In the north, gypsum layer is absent, and weathering
occurs on the land surface. Rainfall and atmospheric carbon
dioxide form a weak carbonic acid that slowly dissolve
the limestone. Over time, cracks opening in the limestone
become wider and preferential flows develop in the cracks,
and eventually the land depressions are formed. These
depressions are mostly shallow and interconnected with
wadis (Cavelier, 1970). In the south, fractures develop in
the sub-surface layer of gypsum within the Rus Formation,
which leads to the collapse of the upper limestone layers
forming the land depressions.

Figure 2.2 shows the main land depressions in Qatar.
This map was done using topography map and Spatial
Analyst Tool in ArcGIS. Depth varies between 7 to 0 meters,
with respect to the mean sea level. It should be noted that
the original depth of these depressions might be higher than
the current but they have been filled with mud and silt by
rainfall runoff.
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2.4 Arabian Gulf Bathymetry

The Arabian Gulf is a shallow water body, surrounded
by Iraq, Kuwait, Saudi Arabia, Qatar, UAE, Oman, and
Iran. The total area of the Gulf from the north to the mound
of Gulf of Oman is about 241,000 km?. The length of the
gulf is around 990 km, and its maximum width is about
340 km. The Gulf is connected to the Arabian Sea through
the Strait of Hormuz in the south, which has a width of
55 km. The Gulf is relatively young, in geological terms,
as it was filled with water gradually during the Holocene
Period (see section 5.1). The bathymetry raster map and
bathymetry contour map of the Arabian Gulf are shown in
Figure 2.3 and 2.4, respectively. This data was based on the
General Bathymetric Chart of the Oceans (GEBCO, 2020).
The Gulf is shallow, with a maximum depth of around 100
meters. The deeper part is on the eastern side, whereas the
western side is shallow, with an overall average depth of 35
meters (Al Kaabi, Zhao, & Ghedira, 2016). The dominant
meteorological phenomenon in the Gulf is the strong
northerly winds, known as Al-Shamal (Liao & Kaihatu,
2016).

As appears in Figure 2.3, the basin of the Gulf comprises
two sub-basins: one in the north and the other in the south,
with the latter being more deep. This division was caused by
Qatar Arch uplift, which passes between the two basins (see
section 3.2).
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2.5 Surface Catchments

The surface catchment also called watershed is the area
that drains into one stream/streams system or water body.
In arid regions, it is the area where rainfall water would
flow into one seasonal stream (i.e. flowing wadi).The area is
divided into cells with 50 by 50 meters in both directions.
The delineation of the surface catchments was based on the
topography map (shown in Figure 2.1), and a threshold cut-
off value, representing the maximum number of cells. The
threshold value is the number of upstream cells that must
flow into a particular cell before a stream line is created.
When the threshold value is higher, fewer number of larger
.sub-catchments will be created

Two different threshold values were used to create two sub-
catchments maps. The maps were created using a pour point
algorithm to calculate the flow direction at each node and
filling the depressions (Garbrecht, & Lawrence, 1997; Soille,
Vogt, & Colombo, 2003; Wang, & Liu, 2006). Figure 2.5
shows the surface catchment map based on 50,000 cells
threshold values. The streams of surface runoff are also
shown on the map. Figure 2.6 shows the surface catchments
based on cut off values of 200,000 cells. It is obvious the
sub-catchments are bigger in this case, though the general
.pattern of catchment layout is similar
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2.6 Soil Type

Soil in Qatar is composed of calcareous sandy loam above
rock fragments, with a depth of 10-30 cm. However, in land
depressions the thickness of the soil might reach up to 150
cm due to accumulation of loam and clay during rainfall-
runoff. The soil in these depressions (Rowdas) is suitable
for agriculture (Eccleston & Harhash, 1981). Soil type
was divided based on soil taxonomy of the United States
Department of Agriculture (USDA, 1999). Based on the
latter classification, soil in Qatar was divided into two main
categories: Ardisols and Entisols. The Ardisols includes
calcids, gypsids, and salids (Sabkha), whereas the Entisols
includes Psamments, Aquents and Orthents (Department of
Agricultural and Water Research, 2005). The calcids is the
most dominant soil covering on the vast majority of Qatar
surface, as shown in Figure 2.7. It is composed of calcium
carbonate in the top and calcic underneath (USDA, 1999).
The second main soil type within aridisols is the gypsids.
It is composed of gypsic or petrogypsic horizon (USDA,
1999), and covers wide areas in the north and along the
southern coast. Salids (Sabkha) soil is a type of aridisols
and it occurs along the south-eastern coasts of Qatar, some
in the north-eastern coast and near Dukhan (i.e. Dukhan
.(Sabkha

The second soil category; entisols, has only one horizon.

In this category, aquents occur in a small area to the south
of Dukhan Sabkha. It is a wet and muddy soil because of
its proximity to Dukhan sabkha. Orthents occurs in small
scattered areas in the southern part of the country. It is a
shallow soil over recent erosional surfaces, and it lacks
horizons (USDA, 1999). The psamments soil is composed
of unconsolidated sand deposits and covers small areas
.along Dukhan anticline and along the south-eastern coast

In the south and south east, aeolian sand dunes
accumulate in a form of barchans, whereas they are absent
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in the north. This is because they have moved from north to
south with the prevailing northerly wind, making a crescent
shape. The source of the sand is the Arabian Basin (see
section 5.1), which disappeared with sea level rise, so no
.sand dunes occur in the northern part of the country
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3.1 Surface Geology

Qatar geology is part of the Arabian Shelf, that occurs
between the Arabian Shield in western part of the Arabian
Peninsula, and the Zagros mountains in the west of Iran.
Tectonic forces such as subduction, tilting and continuous
subsidence resulted in the eastern part to be under the
water for millions of years, when Tethys Sea existed. As
a result, sedimentation of carbonate rocks occurred in the
shallow marine environment (Alsharhan & Nairn, 1997) in
the central and eastern parts of the Arabian Peninsula, in
addition to erosion of the rocks in the Arabian Shield. In such
an environment, various sedimentation patterns occurred.
Erosion of the Arabian Shield and sedimentation resulted
in the formation of sandstone, silt and shale, whereas
deposition in the shallow marine environment resulted in
the accumulation of limestone. The formation of evaporites
layers such as gypsum and anhydrite indicates the existence
of isolated saline lagoons separated from the sea. These
evaporites layers occurred in conditions analogous to present
day Sabkhas (salt flats) (Whitaker et al., 2014), which was
formed after the Holocene Highstand (Engel et al., 2020)
(see section 5.2).

The vast majority of Qatar’s surface and near surface
geology comprises carbonate rocks from the Eocene Epoch.
Smaller areas are covered with deposits from Holocene such
as beach deposits, salt flats (sabkhas) and sand dunes, which
occur in the south. The sand dunes were accumulated in the
north when sea level was lower than the present level and
the Arabian Gulf was an open basin (see Chapter 5). These
dunes have moved from north to south by the prevailing
northerly winds, but the sand supply does not exist anymore
due to rise in sea level in the Holocene (Glennie & Singhvi,
2002). The Middle Eocene Dammam Formation covers most
of the surface area of Qatar, whereas the underlying Rus
Formation from the Early Eocene outcrops in a small area in
the north-eastern part of the country, as shown in Figure 3.1.
The Umm er Radhuma Formation, from the Early Eocene,
does not outcrop in Qatar, but in central Arabia. The Miocene
Dam Formation appears only in some areas in the south and
in the outcrop of Dukhan anticline in the west.
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3.2 Structural Geology

Faults, folds, fractures, and caves are very common in the
geology of Qatar. The main geological feature in the country
is the main anticline called Qatar Arch, which extends in the
north-north east to the south-south west direction, as shown
in Figure 3.2. It is slightly folded and is more than 300
kms long as it extends north to the Zagros mountains (C.R.
Perotti et al., 2011). The stresses on the arch are outwards
of the arch axis. The arch was formed in the late Paleozoic,
and it divides the Arabian Gulf Basin into two sub-basins
(Alsharhan & Nairn, 1997). This arch hosts the largest oft-
shore gas reserve shared between Qatar and Iran (Rivers
& Larson, 2018). The other main geological feature is the
Dukhan anticline, in the western side of Qatar. It contains
one of the earliest on-shore oil fields (Nasir & Al-Saad,
2003). The stresses on Dukhan Anticline are outwards of
its axis. Contrary to old findings, recent studies showed that
Qatar Arch and Dukhan Anticline are not connected (Rivers
& Larson, 2018). The Salwa Syncline occurs to the west of
Dukhan anticline, and runs almost parallel to it, with stresses
towards its axis. This syncline was flooded with water during
the late Holocene (see chapter 5), forming Salwa Gulf. Other
features include the uprising of Simsima Dome in the north
east, which creates fractures and small cliffs and slopes in
the area (Leblanc, 2017b).
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3.3 Hofuf Formation

The Miocene/Pliocene Hofuf formation comprises alluvial
sand, sandstone and pebbles. The formation is named after
the city of Hofuf in Eastern Saudi Arabia. The deposites of
Hofuf were transported through rivers that used to flow from
the Arabian Penensula towards the east and draining into the
Gulf (see Chapter 1). It occurs in small areas in southwestern
Qatar parallel to Dukhan anticline and in the high terrain of
the southern part of the country (see Figure 3.1). The sand
and sandstone of Hofuf formation has been heavily used in
construction in the last few years.
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3.4 Dammam Formation—Middle Eocene

The Middle Eocene Dammam Formation covers around
80% of the land surface in Qatar, as appears in Figure 3.3,
and sitting conformably on the top of Rus Formation. The
formation is named after the Dammam Dome in eastern
Saudi Arabia (Alsharhan & Nairn, 1997). It consists of tan
to light brown limestone, with marl interbeds in the upper
part, whereas the lower part consists of shale (Leblanc,
2017a). The thickness of this Formation varies between 0
in the northeast (where the Rus Formation outcrops) and
40-50 meters near Dukhan anticline in the west of Qatar
(Le Blanc., 2017; Rivers et al., 2019). It was deposited in
a shallow marine environment (Alsharhan & Nairn, 1997).
Several studies have divided the Dammam Formation into
various units, but all of them have been identified into two
main groups within the formation: (1) The Lower Dammam,
and (2) The Upper Dammam (Alsharhan & Nairn, 1997,
Cavelier, 1970; Al-Saad, 1990).

The Lower Dammam consists of Midra (and Saila) Shales
Member, and Dukhan Alveolina Limestone Member. The
Midra Shale Member consists of gypsiferous shale with shark
teeth, and it was accumulated in a shallow marine during the
peak of less acidic climate conditions (Alsharhan & Nairn,
1997). The Dukhan Alveolina Member consists of large-
foraminifera bearing limestone. The Upper Dammam group
consists of two units: The Umm Bab Member (formerly
known as the Simsima Chalk Member) and Abaruq Member
Marl Member (Alsharhan & Nairn, 1997; Cavelier, 1970;
Al-Hajari, 1990). The Umm Bab Member consists of chalky
limestones, which is locally dolomitized or silicified, and The
Abarug Member consists of silicified dolomite and dolomitic
marly limestones.
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3.5 Rus Formation—Early Eocene

Rus Formation is one of the main geological layers in Qatar
and forms a good aquifer, especially in the northern part
of the country. It is situated above the Umm er Radhuma
Formation and underneath the Dammam Formation. The
formation was named after a small hill called Umm er Ru’us
at the eastern side of Dammam Dome in Saudi Arabia,
where it outcrops (Alsharhan & Nairn, 1997). In Qatar, it
outcrops in the north-eastern part of the country, part of
Dukhan anticline, and at the southern border between Qatar
and Saudi Arabia (refer to map 3.1). It is believed that Rus
Formation was deposited in a shallower marine environment
that the underlying Umm er Rahduma Fotmation (Eccleston,
Pike & Harhash, 1981; John M. Rivers et al., 2019). It is
reported the contact between Rus and Umm er Rahduma
Formation is abrupt as marine fauna is missing.

Several publications divided Rus Formation into 2 to 3
members, but the most recent study refers to Al Khor
Member in the top and Traina Member in the bottom (Al-
Saad, 2003). Al Khor Member is composed of dolomotic
chalky limestone, whereas the Traina Member is composed
of gypsiferous, dolomotic limestone (Leblanc, 2017a). A
gypsum evaporite layer occurs within the Rus Formation
(see section 4.5), but limited to the southern part of the
country, with a high thickness near the shore and decreasing
inland. Little information is available about the thickness of
the Rus Formation, but the minimum thickness occurs along
the anticlines and the maximum occurs on the east and west
sides of southern Qatar, where gypsum layer occurs. The
thickness of the Rus formation varies from 20 meters in the
center of Qatar to 110 meters in the southeast and southwest
(Al-Hajari, 1990). The maximum elevation of the Rus
Formation outcrop is approximately 25 meters above mean
sea level to the north of Dukhan, and the lowest outcrop
elevation is 0 near the southern border of Qatar (Leblanc,
2017a).
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3.6 Umm Er Radhuma Formation—
Paleocene/Early Eocene

The Umm Er Radhuma Formation is the third main layer
from the land surface in Qatar, and it constitutes an important
aquifer in Qatar and other countries. It extends over a vast
area from from southern Iraq to the Rub al Khali Basin
(Ghazal, 1987). The name is after an area called Umm
Radma near Hafer Al Batin in northern Saudi Arabia
(Eccleston, Pike & Harhash, 1981; Al-Hajari, 1990), where
an outcrop type section occurs. It occurs between Rus and
Aruma Formations, and has a fairly uniform thickness of 100
to 370 meters in Qatar. The thinnest part occurs near Dukhan
anticline (Boukhary M et al., 2011). Several studies reported
that this formation was deposited in a shallow, warm marine
environment (Alsharhan & Nairn, 1997; Eccleston, Pike
& Harhash, 1981). No outcrop of this Formation occurs in
Qatar, but it appears in a narrow belt around Arabian Shield in
the Arabian Peninsula (Eccleston, Pike & Harhash, 1981; Al-
Hajari, 1990). The lithology of this layer consists of off-white
dolomitic limestone in its upper part and harder vesicular
dolomite in the lower part, with minor gypsum and anhydrite
(Alsharhan & Nairn, 1997; Rivers et al., 2019). Although
the majority of the Formation is composed of limestone and
dolomite, an area of chert and chert and silicified limestone
was found in the northeastern part of Qatar, some 15 meters
under the top of the Formation (Eccleston, Pike & Harhash,
1981). Figure 3.5 shows the terrain of the top of Umm Er
Radhuma Formation in Qatar, with respect to the mean sea
level. The elevation of the top varies between -40 and -220
meters above mean sea level (Eccleston, Pike, & Harhash,
1981; Ghazal, 1987; Al-Hajari, 1990).
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3.7 Aruma Formation-Late Cretaceous

The Aruma Formation belongs to the Upper Createous Epoch,
which extends from 100.5 million year to 66 million years
before the present (BP), and occurs underneath the Umm Er
Radhuma Formation. Some publications, especially in the
oil and gas, refer to this layer as Simsima (Al-Hajari, 1990;
Le blanc., 2017). The formation was named after Al-Aramah
Platacu in Saudi Arabia, and deposited in shallow marine
environment (El-Nakhal & El-Naggar, 1994). It extends over
a vast area covering the entire eastern Arabian Peninsula,
Kuwait and Qatar. It outcrops in central Arabia and occurs
in the sub-surface in Qatar. Limestone and dolomite, with
interbeded shale are the main component of this Formation
(Alsharhan & Nairn, 1997). The upper part of the Formation
comprises limestone of 120 meters thick, underlain by a
shale layer of more than 100 m (MMAA, 2004). The top
elevation of the Aruma Formation varies between -300 to
-460 meters, with respect to the mean sea level, as shown in
Figure 3.6. The figure shows that the Formation is shallower
in the north of Qatar and deeper in the south. The thickness
of Aruma Formation varies between 240 meters in the north
to 265 meters in the south (MMAA, 2004).
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4.1 Aquifers

The hydrogeology of Qatar is complex, as it comprises of
various aquifers with variable confinements. As such, the
country is divided into two main basins: the Northern Basin
and the Southern Basin, in addition to the South-Western
Aquifer, as shown in Figure 4.1. This division was based
on the geological settings, water quality, and sub-surface
aquifer media. As discussed in the geology (see chapter
3) and in sedimentary faces (see section 4.5), the gypsum
formation occurs only in the south and not in the north,
which caused the deterioration of groundwater quality in the
south. Also the northern part of the country is a deflated area
(West & Al-Mulla, 2012), which affected the hydrogeology,
in addition to the variation in the sub-surface geology. Figure
4.1 shows the clear distinction between the north and south
in terms of topography, which resulted in this division of the
aquifers basins. Various differences can be found between
the two basins. For example, the Rus Formation in the
north is hydraulically connected with the underlying Umm
Er Radhuma Formation, whereas the Umm Er Radhuma is
confined in the south due to the existence of the gypsum layer
and shale (Eccleston, Pike & Harhash, 1981). The water
table in the Northern Basin occurs in the Rus Formation,
except near the coast where the groundwater level is shallow
as part of the Dammam Formation that is saturated in those
areas.

In both basins, the Early Eocene Formations of Rus and
Umm Er Radhuma comprise aquifers, whereas the shallower
geological formations are dry. The upper part of the Aruma
Formation (Late Cretacous) is considered as aquifer along
with the Umm Er Radhuma Formation, whereas the lower
part acts as aquitard (MMAA, 2004; Wagner, 2011).

The South-western Aquifer occurs to the southwest of
Dukhan Anticline, and it is isolated from the other basins.
The Abarug Dolomitic limestone of the Upper Dammam
Formation (equivalent to Alat Formation in Bahrain) forms
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an artisan aquifer in this area, as shown in Figure 4.1. The
aquifer media is dolomitic limestone interbedded with marl
(Al-Hajari, 1990). The thickness of the aquifer is around 30
meters, underlain by a shale and clay formation of the Lower
Dammam (Eccleston, Pike & Harhash, 1981; Al-Hajari,
1990). The aquifer is confined as it is overlain by clay, shale
and limestone of the Dam Formation. It has high porosity
and its yield is around 2 million m? per year (Eccleston, Pike
& Harhash, 1981).

The Southern Basin contains a layer of gypsum, which
is highly soluble in water. This deteriorates the quaity of
groundwater in the south, whereas this layer is absent in the
north. As a result, the water quality of the northern basin is
good.
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4.2 Groundwater Wells

There are more than 8500 wells penetrating various aqui-
fers in Qatar (Schlumberger Water Services, 2009). Many
of these wells are either abundant or not used anymore for
various reasons. As shown in Figure 4.2, most of these wells
are concentrated in the northern part of the country, and more
on the eastern part. This is because the hydraulic properties
are favorable in that part as the transmissivity is high, and the
area is considered as groundwater discharge area (Baalou-
sha, 2016a). Wells can be classified into two main categories:
pumping wells used for abstraction, which are the majority,
and recharge wells for injection and recharge. Pumping wells
can be classified based on their use, as shown in Figure 4.3.
Four different use categories are identified: domestic, farm,
industrial and municipal wells. The majority of wells are used
by farms (6229), followed by municipalities (1265). Domes-
tic wells are 665, whereas industrial wells are only 280.
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4.3 Rainfall

Rainfall in Qatar is very erratic, as it may vary between 10
mm to 200 mm in any given year. The highest recorded rain-
fall event was in 1964, when it rained 180 mm over 4 days
(Eccleston, Pike & Harhash, 1981). It occurs mainly during
winter period between November and March (Eccleston,
Pike & Harhash, 1981), but some thunderstorms may occur
in other months of the year. Figure 4.4 shows the 20 years
average annual rainfall (in mm). It varies between 55 mm in
the south, to 109 mm in the north, with a country average of
around 80 mm per year (Alsharhan et al., 2001). In general,
rainfall is divided into two categories: winter storms over
the entire country between December and February, and lo-
calized thunderstorms with high intensity in late winter (Ec-
cleston, Pike & Harhash, 1981).

Although little, rainfall is the only source of natural
groundwater recharge in Qatar. As a result of high variability
of rainfall, the estimated recharge vary between 5 and 166
million m? per year (see Yousif & Harhash, 1985; Pike, Har-
hash & Gemme, 1975; Schlumberger Water Services, 2009;
Yurtsevor & Payne, 1978). However, the annual average is
estimated at 60 million m? (Baalousha, 2016c). Rainfall re-
charge occurs when surface runoff accumulates water in land
depressions (see section 2.3), and eventually recharging the
aquifer. It was reported that a rainfall event of 10 mm or
more may recharge the aquifer (Eccleston, Pike & Harhash,
1981; Kimrey, 1985; Vecchioli, 1976).
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4.4 Submarine Springs

Submarine springs are natural phenomena that occur in var-
ious seas around the world. Those springs are essential parts
of the wider hydrological cycle and they play an import-
ant role in coastal bio-geochemical processes. In addition,
the submarine springs are important for offshore plankton
blooms, and the release of nutrients, trace elements and gas-
.es

A submarine spring occurs some 25 km off-shore of
northern Qatar, in an area known locally as Fasht el Deb-
el located in the archipelago between Qatar and Bahrain, as
shown in Figure 4.5. Fasht is a Persian word that means shal-
low land in the sea. This part of the Arabian Gulf is shallow,
and seeps of fresh groundwater emerge into the saline water.
Pearl divers in the past used to get drinking water from this
spring (and others) as they used to stay for months in the sea.
More of these springs occur oft-shore of the neighbouring
Bahrain, and many travellers and geographers have men-
.(tioned these springs (Randolf Rausch et al., 2014

The word “Bahrain” means in Arabic two seas as the my-
thology says people in the past thought two seas exist in the
region: one is fresh (coming from these springs) and one is
saline. These springs are important for Qatar’s heritage, ma-
rine habitat and hydrogeological understanding of ground-
water flow. Carbon 14 analysis results suggest that the water
age is more than 10,000 years, which is consistent with the
hypothesis that this water is being recharged in the eastern
part of the Arabian Peninsula. It is most likely these springs
resulted from groundwater flow under pressure in the Dam-
mam Formation (refer to geology chapter 3). The outcrop
of the Formation is some 500 km away from the spring, and
given the low groundwater velocity, it takes this long time
to travel from the rock outcrop to the spring location. This
water was recharged during the last glacial period, when wet
climate prevailed. Nowadays, it does not flow as it used to
be in the past because of the high stresses on the aquifer up-
stream, which reduces the groundwater pressure at the spring
Jlocation
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4.5 Rus Formation Sedimentary Facies

Sedimentary rocks are formed as a result of weathering
and erosion processes that break down the parent rock into
smaller parts. These parts accumulate to form various types
of sedimentary rocks. Sedimentation of deposits may occur
in different environments even at the same age. Sediments
are normally affected by the environment through which it
was formed. These environments include various chemical,
physical and biological processes that may affect the sediments
being deposited. The Rus Formation was deposited in shallow
marine environment (Eccleston, Pike & Harhash, 1981; Rivers
et al., 2019) compared to the underlying Umm Er Radhuma
Formation, and has various sedimentary facies, which has
significantly affected water resources in Qatar. The change from
the Umm Er Radhuma to Rus Formation is abrupt, which is
possibly a sedimentary hiatus due to uplift (Leblanc, 2017). Al-
Saad (2003) identified two main facies in Rus Formation Qatar:
the southern gypsiferous, argillaceous facies, which is called the
Sulphate Facies and northern calcareous or Carbonates Facies.
The northern province includes limestone, chalky limestone,
and dolomitic limestone. The sourthern province contains
gypsiferous dolomitic limestone with some beds of clay and
marl (Al-Saad, 2003). Gypsum evaporates occur only in the
southern part of the country, to the south of the red line shown
in Figure 4.6. A layer of shale occurs on the top of the Rus
Formation in the southern part of the country.

The depositional facies of the Rus Formation are shown in
Figure 4.6, taking a V shape escarpment with apex at Rawdat
Rashid (Eccleston, Pike & Harhash, 1981). To the north of the
red line shown in Figure 4.6, only residual deposits of gypsum
occur. The absence of gypsum in the north is due to non-
deposition in the north, in addition to the dissolution by recharge
and groundwater movement (Eccleston, Pike & Harhash, 1981).
Dissolution is not possible in the south due to the shale layer,
which prevents any downward movement of groundwater.
Except for Dukhan anticline, the southern part of the country
has depositional sulphate facies because of lack of dissolution
of gypsum. This is due to the low permeability of the shale
layer on the top of gypsum, which inhibits any water movement
downwards. In addition to the previous reasons, Al-Saad (2003)
relates the reduction of evaporitic facies in the north to Qatar
and Simsima Folding Arches.

59

il déun) dugqupl colinudl 5.4

Joad @I Bpardly cumdl o 2ol gyl Hedemll JSCATS
S L9 o 521 lls @S5 i syl ) pgiesnldl caas e
QU1 ysteiall cu s Alae Sios Apgany | jaieiall o151 Calize
(el yeadl s L4 seall 46 ) o of (s cdalises oliy
o5 s Al e O] g LSS AT @) Al g, 3l
g gyl e 535 Las Aalizes duzglong Abinds duilasS wlin
Al Les gy iz Bue e ylad G oyl (0585 Gomy . 43gSall
ooll Al 39 (98T i iy slad bl olse e S S
Eccleston, Pike & Harhash, 1981; Rivers et) dlxis &y 4w §
Ot Cisyal @3 (Al-Saad, 2003) e oLl Cows (al., 2019
szdly Jledd) § 4gsySTl Al 58§ oyl Aaiad o)
e Alead) dahill ggims gl (3 sl Gusgdodl axll
s e Apgind) Aalaill Gormi Loy Gnr Gndlby Gar >
azls55 (Al-Saad, 2003) culall lids (any pe gl Gsasles S
Ll o gl I a8 o0 sizll s 52l 3 gl sl il
Wb Bd bl Jalall e 2aids dr 1535 LeS 0 4.6 US4 § ol posYl
NEYSESPRES [ BE BV |

cgizll Jleddl oo ol dadal dnguny Il Sliewd) calisy
b o 1V by S sl ells G5l 46 US4 3 elay WS
Eccleston, Pike, & Harhash,) aily 459 oo wyalls (Jawdl C8,=]|
Ll e Jledd! J) Azl ol 9,01 0 Lilay Jadd uxlgws (1981
sda ol Adleddl Aalaill § ! a9z g pute liaed cglazsg pas¥|
Ay Al Olod) Ales ) 20LYL i LS pote g L]
Eccleston, Pike,) &85zl slll 48> JLllg slaed] oo 2 Al sl
Ay Ayl i) 2 Lgd Ades oof o> § (& Harhash, 1981
b lae Ledy bl Jalall 22k 352s) Coginll § 2iSes pc oLl
gy Sl e Gt Jhb (e Qeimll ¢ 3ll 0L Lusll Glss
bl Jabatl 3z s (¥ sy ! Aaibs Ligd puke g AlnS
ECSEE B YPTRERL| IV [ TENTRE TRAFE JEN K YPWES | T ANE PERPE-IN
da oLl ols ¢S Zatlad) Gled ) aslayl  Jadl sluald
oo dubo Jl Jleddl § iz 4ado 3929 pue 9323 (Al-Saad, 2003)
Aaas ugy ylad



Geography — Geology — Water Resources

dx5lal ajlgall - baglgundl—Ldlpenll

130000 °0000 160000 00 190000 *01° 220000 °01°
NEPN

Legend

o
§ === Boundary between north
< and south aquifer

D Rus Formation facies

(=]
(=
(=]
Q
o«
<

Q
(=]
(=]
Q
w
<

Q
Q
(=]
(<]
N
<

(=]
(=]
(=]
(=]
(2]
el

(=4
(=
(=
(=
©
2]

(=]
(=]
(=]
Q
(]
L]

0 10 20 40
mmw  Kilometers

(=]
Q
(=]
(=]
Q
]

220000

160000 0000 190000

130000 *'

Figure 4.6: Rus Formation facies in Qatar
shd @ Gl Aadad g, Sl bl 4.5 JS4

60



Hydrogeological Atlas of Qatar

Had égal Uaglgaagyuall yulial

4.6 Isotopes Hydrology and

Groundwater Age

Tritium also known as Hydrogen-3 is a radioactive isotope
of hydrogen. It is very rare in the environment and normally
occurs in trace amounts as a result of cosmic rays interaction
with atmosphere gases. It has a half-life of 12.32 years and is
used as a tracer. After nuclear testing in the early 1950s, triti-
um concentrations increased considerably in the atmosphere.
In 1963, it reached a peak level of 1420 Tritium Unit (TU) in
the Gulf region, whereas the natural level is between 2 and 5
TU (Eccleston, Pike & Harhash, 1981; Yurtsevor & Payne,
1978). It has been decreasing since that time and at present
it reached its natural level. Until recently, trititum has been
widely used as a water aging tracer. Rainfall recharge from
the time after nuclear testing contains higher concentrations
of tritium. When analysing water samples for tritium, rela-
tive age of water can be computed using certain models. Wa-
ter samples that show higher concentrations of tritium than
the natural background level means they infiltrated earth as
rainfall post-nuclear testing, which was in early 1950s

Several wells in Qatar were sampled for tritium in the
period between 1972 and 1979 (Eccleston, Pike & Harhash,
1981; Yurtsevor & Payne, 1978), as shown in Figure 4.7.
Area of high tritium occurs in the central north of the coun-
try, which implies young groundwater and recent recharge
from rainfall. These results confirm that natural rainfall re-
charge of the shallow aquifer occurs locally in some areas in
.Qatar
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4.7 Groundwater Vulnerability

Groundwater vulnerability maps are a powerful tool for
water resources protection, management and land use.
These maps identify the relative likelihood of groundwater
contamination in case a source exist. Several methods
have been developed to build vulnerability maps but all
of them rely to some extent on hydrogeological setting of
the area of study. The vulnerability map shown in Figure
4.8 was done based on DRASTIC approach (L. Aller et al.,
1987; Baalousha, 2016b). DRASTIC approach assumes
the hydrogeological properties of an aquifer, providing
a sort of resistance or protection against contamination,
depending on several properties. These properties are the
depth to water table, recharge rate, aquifer media, soil
media, topography, vadose zone and hydraulic conductivity.
It is also assumed the contaminants originate on land and
infiltrate down into the aquifer. This approach applies
standard weights for each parameter mentioned before based
on its importance, and uses a specific rating to calculate the
final vulnerability index map. The resulting map identifies
relative vulnerability to contamination of various areas of
Qatar. Results show the coastal areas are the most vulnerable
because the groundwater is shallow. The southern part of the
country, except the coastal area, has the lowest vulnerability
class. This is because the depth to water table is high and
the existence of Midra Shale Formation provides some
protection for the underneath aquifer (see chapter 3).

Another method was used to assess the vulnerability of
groundwater. This methodis called EPIK, and was specifically
designed for karst aquifer. The method was used as the
northern aquifer is partially karstified (Baalousha, 2016b;
Baalousha, 2016c). The method relies on four parameters,
namely the epikarst of the top layer, the protection cover
(i.e. soil and cover formations), infiltration rate and karst
network (Doerfliger & wahlen, 1998). Although there are
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some common parameters between DRASTIC and EPIK
approach, such as infiltration rate, EPIK put more weight
on karst properties and features. Figure 4.9 shows the
vulnerability map of Qatar based on EPIK approach. While
there are some similarities between Figures 4.8 and 4.9,
many differences occur. It is remarkable that the coastal
areas in this approach are in the low to the very low class,
whereas they are in the very high class in DRASTIC. As
such, DRASTIC vulnerability approach is more relevant
for the case pf Qatar than EPIK. This is because EPIK is
designed for karst aquifers, which is not the case everywhere
in the country. Also, EPIK neglects important factors such as
topography and depth to water table that suit Qatar.
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4.8 Groundwater levels in Qatar

The oldest available groundwater piezometric map is from
year 1958, as shown in Figure 4.10, which covers only the
northern part of the country. Groundwater abstraction at that
time was little, so these levels almost represent the natural
conditions of the aquifer. These levels vary between 0 near
the coast to more than 14 meters above the mean sea level in
the center of the northern aquifer. This map is very useful to
understand and analyze the abstraction impact on re-shaping
the groundwater contours, and it helps enable restoring the
aquifer after it has been over-exploited.

Figures 4.11 and 4.12 show the groundwater piezometric
levels for the years 1980 and 1988; respectively (Al-Hajari,
1990). These maps show a continuous decline in groundwa-
ter levels. The maximum level has declined from more than
14 meters above mean sea level in 1958, to 9 meters in 1980
and 6 meters in 1988.

The latest contour map for groundwater of the shallow
aquifer is shown in Figure 4.13, and it was created based
on field measurements collected in the year 2017. The map
shows a high disturbance of the groundwater level, when
compared to those of 1988 and 1980. Many factors disturbed
the natural pattern of groundwater including heavy abstrac-
tion, especially in the northern aquifer, recharge wells, and
irrigation return flow. Other factors of local impacts include
de-watering processes for large construction projects such
as the underground rail project, which altered the shallow
groundwater levels. It is remarkable that the southern ba-
sin shows an increase in groundwater level, possibly due to
irrigation return flow and leakage from treated wastewater
ponds.

It should be noted that most of the fresh groundwater
occurs in the north, whereas the southern aquifer contains
water of poor quality due to disolution of gypsum in the sub-
surface geology.
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4.9 Natural Groundwater Flow

Groundwater flows from high potential (i.e level) to low
potential. A path line, which a particle of water follows when
moving from high level to low level, depends on the hydraulic
conductivity of the porous media, and the groundwater
level contour lines. Flow lines are normally perpendicular
to groundwater contour lines. A numerical model was
used to simulate the natural status of groundwater in Qatar
(Baalousha, 2016a) (resembling steady state conditions,
see section 4.8). Results of the model are shown in Figure
4.14, which depicts the groundwater contours and the flow
lines. These flow lines were generated using MODPATH
model (Pollock, 2017). They represent a few particle of
water starting at the peak values of groundwater levels, and
moving downstream.

The flow lines are useful for groundwater protection and
land management. Knowledge of flow direction, and capture
zones of wells help protecting the public water supply and
mitigate any contamination risk. On land anthropogenic
activities, that may affect the groundwater quality, must be
located away from the capture zones of public water supply.
This map, in combination with vulnerability maps (section
4.7) are useful for groundwater protection (Baalousha,
2011).
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5.1 Arabian Basin During the Last
Glacial Period

Earth’s history witnessed long periods of glaciation, and
shorter warm periods similar to the current conditions. The
Pleistocene Epoch (2.58 million years to 11,700 years before
the present (BP) is the early Epoch of Quaternary Period,
and it witnessed a high variability of temperature, which
changed the conditions on earth between glaciation and
inter-glaciation. Over the last million years, the cycle time
of temperature variability (the time between peaks of low
temperatures) was around 100,000 years (Earle & Panchuk,
2019). The inter-glacial periods (warmer periods) are much
shorter in terms of geological age than the glaciation periods,
and we are living in an inter-glaciation period. The last
glacial period occurred in the Pleistocene Epoch and lasted
between approximately 115,000 years and 11,700 years BP,
where the Holocene Epoch starts. At the beginning of the last
glacial period, the sea level was around 3 meters higher than
the present level. It continues dropping as the glacial mass on
earth accumulates further until 18,000 year BP, where the ice
sheets reach the maximum level.

The sea level during the LGM was 120 meters below
the current sea level. The Last Glacial Maximum (LGM) is
the time when sea level was at its lowest level (around 120
meters below the present sea level (Siegert, 2014). During
the Maximum Glacial, most of the water on earth was locked
in the ice sheets, which covered wide areas in the northern
hemisphere and the Arctic Ocean up to the continental shelf
break.

Figure 5.1 shows the area of present Arabian Gulf, where
the sea floor was exposed. At the LGM the weather was very
dry and no rivers or streams existed. The Arabian Basin was
disconnected from the Gulf of Oman until 14,000 years BP,
when Hormuz Strait opened a narrow waterway into the
Arabian Basin (Lambeck, 2004; Rose, 2010).
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Figure 5.2 shows wider areas of the Basin, which are
flooded with sea water at 12,000 years BP present. When the
weather started warming at the beginning of Holocene (11,700
years BP), many rivers and streams used to flow through
Mesopotamia and Arabia draining into this depression in the
Arabian Basin (Rose, 2010). The sea level continues rising
and so does the flooding of the basin, as shown in Figure 5.3.
At 8,000 years before present, the majority of the Arabian
Basin was covered with sea water and Qatar peninsula started
taking its current shape, as appears in Figure 5.4. It was not
until around 7,000-5,000 years BP when the sea level reached
today’s level (Lokier et al., 2015), and continued rising to
surpass it by more than 2 meters, as is explained in Section
33. Evidence from many places shows the location and the
extent of the old shorelines. For example, archaeologists
found evidence of ancient flooding of the Ur City just to
the north of the Arabian Gult in the Mesopotamian region
around 5,000 years BP, which coincides with the sea level
rise in the Holocene Epoch (Morner, 2015).
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5.2 Holocene Highstand

The Holocene Highstand is the time period during which
the sea level rose above its current level, and reached its
maximum. This period was between 7,500 and 3,000 years
before the present (BP) (Jameson & Strohmenger, 2012).
As discussed in Section 5.1, the sea level started rising
relatively quickly post-Last Glacial Maximum, as the ice
started melting. The sea level was 120 meters below the
present level at 18,000 years BP (Strohmenger & Jameson,
2018). It continued to rise until it reached more than 2 meters
above the present level between 7,000 and 3,000 years
BP. At some stage during the Holocene highstand, Qatar
was like an island, connected to the main land of Arabian
Peninsula through a narrow land strip (Strohmenger &
Jameson, 2018). The Holocene Highstand, which lasted
for a few thousands of years, had a significant impact on
the human history in the region (see section 7.1). During
the period between 5,285 and 4,574 years BP, the sea level
reached its maximum, and then dropped at a fast rate before
stabilizing to near its current level around 1,140 to 1,170
years BP (Lokier et al., 2015). Several studies were done at
coastal areas of Qatar to investigate the coastal records and
barrier islands reflecting sea level rise (Engel, Strohmenger
& Briickner, 2014; Jameson & Strohmenger, 2012; Morner,
2015; Rivers et al, 2019). The Holocene Highstand can
be explained by a phenomenon called ocean siphoning
(Gehrels & Long, 2008; Rashid et al., 2015). When ice
mass melted into the oceans, this increase in mass created
a collapse in the ocean floors, widening the ocean basins.
The water was slowly siphoned in the ocean floor, but this
was masked by the rapid rise of sea level. The rate of sea
level rise as a result of ice melting was higher than the rate
of drop due to ocean siphoning. This continued until the ice
melting ceased some 4,000 years ago. The ocean siphoning
continued afterwards, which resulted in drop in global
sea level and exposure of up to 3 meters at the beaches
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in Qatar. Figure 5.5 shows the sea level at the Holocene
Highstand, which is 2 meters above its current level. When
sea level dropped and the coastline retreated, remnants of
saltwater remained in depressions along the shoreline. At
present, most of these depressions are covered with salt
flats (sabkhas).
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5.3 Qatar Climate during the Holocene

The climate in the Arabian Gulf region over the Last
Glacial, which lasted between approximately 115,000
years and 11,700 years before present (BP), was fluctuating
between pluvial and arid (al-Naimi et al., 2012). From Last
Glacial Maximum (LGM) 18,000 years ago, sea levels
started rising and sea transgression over land took place (see
section 5.5). This continued into the Holocene, the second
Epoch of Quaternary Period, (started at the end of the last
glacial).

The early stage of the Holocene witnessed arid conditions
in its beginning (al-Naimi et al., 2012; Parker & Goudie,
2008), and the sea level was between 40 to 49 meters below
present level (Lambeck, 1996; Macumber, 2011). During
these arid conditions, the Shamal winds prevailed, and the
sand dunes accumulated in the northern part of Qatar. After
10,000 years BP, the melting ice in the glaciers changed the
air circulation globally, which weakened the dry Al-Shamal
winds (al-Naimi et al., 2012). In the period between 8,500
and 6,000 years BP, Inter-Tropical Convergence Zone (ITCZ)
moved north, bringing the Indian Monsoon rain to Arabia.
As a result, wet and rainy conditions prevailed in Qatar and
the region (Macumber, 2018), but the exact location of the
ITCZ is under much debate (Fleitmann et al., 2007; Parker &
Goudie, 2008). This period is known as Holocene Climatic
Optimum, and it witnessed a rapid increase in sea levels
(Strohmenger & Jameson, 2018). Isotopes analysis in many
coastal areas of Qatar showed the age of groundwater refers
to that period (Eccleston, Pike & Harhash, 1981). After
Holocene Highstand, the supply of sand from the Gulf floor
was cut due to marine transgression (Glennie & Singhvi,
2002). Since 6000 years BP, the monsoon rain retreated back
to the south, and arid climate prevailed in Qatar, with no
change since, except the intensification of the aridity since
4,000 year bp.
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6.1 Introduction

As discussed in the geology Chapter (3), most of the top
carbonate formations of Qatar (down to around 300 meters
deep) occurred over the last 60 million years.This includes
surface geology, Dam, Dammam, Rus, and Um Er Radhuma
Formation. Dam is from Miocene Epoch, wheras both
Dammam and Rus Formations are from the Eocene Epoch.
The Umm Er Radhuma Formation is from Paleocene-Early
Eocene Epoch.

Understanding the environment and the conditions during
which sedimentation occurs helps identify the geology and
the climatic conditions at that time. The Paleocene Epoch,
which started 65 million years before the present (BP)
witnessed the disappearance of the Tethys Sea that separated
the super-continent of Laurasia in the north from Gondwana
in the south. This sea lasted over the period from 251 to 65.5
million years BP before disappearing. The sea started closing
when parts of Gondwana continent (including Arabian
Plate) drifted to collide with Laurasia (Cunliffe, 2017), as
shown in Figures 6.1 to 6.6. In these figures, remnants of
the Tethys Sea can be seen to the east of the Arabian Plate.
Complete closing of the former Tethys Sea occurred at the
Oligocene’Miocene boundary (Hrbek & Meyer, 2003). The
area where the remnant of Tethys Sea existed became the
Arabian Gulf, which became a basin during the Last Glacial
Maximum, 18,000 years BP (see section 5.1).

This evolution of the region over millions of years,
especially the existence of Tethys Sea, the deposition history
and the perfect seal by evaporites layers, resulted in the
abundance of fossil fuel (i.e. oil and gas), in the region. The
organic sediments have been accumulated since the Jurassic
time, and as the Arabian Gulf is in the subduction zone, it
was buried and subjected to a high pressure. These sediments
were converted to oil and gas as a result.
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6.2 Paleocene-Early Eocene

The Paleocene—Early Eocene is the time when Umm Er
Radhuma Formation was deposited (see section 3.6). It
is between 60 and 55 million years before the present.
During this period, shallow marine ramps covered the
southern margin of the Tethys Sea (Ryan, Kaczmarek &
Rivers, 2020), as shown in Figure 6.1. This Formation was
deposited over the entire area of Qatar, in addition to many
adjacent countries. The sedimentation history indicates the
environment was sub-tidal, with a decreasing depth trend
moving upward (Boukhary M et al., 2011). It was deposited
in an open marine environment (Rivers et al., 2019).

6.3 Early Eocene

The Early Eocene Epoch started about 56 million years
before the present, and the Rus Formation in Qatar was
deposited in during this period (refer to section 3.5) in
a shallow shelf (Dill et al., 2005). Rus Formation was
deposited in two different environments varying from
super tidal to sub-tidal environments (Al-Saad, 2003). It
is believed that this Formation was deposited in a warm
and shallower marine environment than the underlying
Umm Er Radhuma Formation (see Figure 6.2) (Rivers et
al, 2019). The thickness of Rus Formation is high in the
structurally low area, and vice versa, due to subsidence at
the time of deposition (Eccleston, Pike & Harhash, 1981;
(Le blanc., 2017). Several sedimentary facies occurred in
Rus Formation, including the evaporites layer (see section
4.5) that occurred in restricted circulation environment. The
deposition period of Rus Formation was divided into two
time steps, with different environments in the northern and
southern parts of Qatar. In the first step, the northern part was
a shallow marine, whereas the southern part was a restricted
marine/coastal terrestrial (Rivers et al., 2019). During this
time the gypsum layer of Tarina Member (see section 3.5)
(i.e.gypsum) was deposited in the southern part only. In the
second time step, one environment dominated the entire
country, which is shallow marine. In this time period the
limestone layer of Al-Khor Member was deposited (Rivers
etal., 2019).
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6.4 Middle Eocene

The Middle Eocene Epoch started 47.8 million years before
the present, and it is the time when the Dammam Formation
was deposited (see section 3.4). This Formation was depos-
ited a few meters in deep water (Alsharhan & Nairn, 1997),
with transgressive-regressive sequences (Al-Bloushi, 2016).
As appears in Figure 6.3, the region was partially covered
with shallow sea water and the remnants of the Tethys Sea
were filling the area between the African Plate and the Eur-
asian Plate (Arabian Plate was part of the African Plate until
25 million years before present). The Dammam Formation
was deposited in open shallow marine that changed between
swamp and tidal flat environments (Al-Awadi et al., 1997;
Al-Saad, 2005). Qatar was affected by fluctuating of open
marine and karstification due to the uplift of the southern
part of Qatar and lengthy exposure (Rivers & Kaczmarek,
2020; Rivers et al., 2019).

6.5 Oligocene

No sediments occurred in Qatar during the Oligocene Epoch,
which extends from about 33.9 million to 23 million years
before the present. During this period, sea level dropped
(Figure 6.4) and the climate changed from a global warm
to cooler climate (Fereydoun, 2009; Sadooni & Alsharhan,
2019). At the end of Eocene Epoch, sea transgression took
place, and during the Oligocene the Qatar dome was uplifted
(Dill et al., 2005), and the area was exposed. As a result, de-
posits from Oligocene are absent in Qatar (Mukhopadhyay
et al., 1996). The period between Late Eocene and Early Oli-
gocene marked the collision between Arabian Plate and the
Eurasian Plate and shrinkage of the Tethys Sea (Kargaran-
bafghi & Neubauer, 2018).
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Figure 6.2: Regional map of Early Eocene and the present location of Qatar
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Figure 6.3: Regional paleomap of the Middle Eocene and the present location of Qatar
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Figure 6.4: Regional paleomap of the Early Eligocene and the present location of Qatar
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Figure 6.5: Regional paleomap of the Early Miocine and the present location of Qatar
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Figure 6.6: Regional paleomap of the Late Miocine and the present location of Qatar
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7.1 Man and Water in The Neolithic Period

Human settlements over history have been connected to
sources of water. It is important to understand the evolution
and occurrence of water resources, which enables us to
understand the rise and ebb of various civilizations in any
region. As in many places around the globe, the immigration
and settlement in Qatar was affected by the climate, sea
level, and the tectonic activities (Scott-Jackson et al., 2014).

The Holocene Highstand lasted between 7,500 and 3,000
years before the present (BP) (see section 5.2). The Neolithic
Period in Qatar occurs approximately between 7,700 to 6,000
years BP. As such, this period occurs during the Holocene
Highstand, where the weather conditions were optimal.
Many archaeological sites and settlements from that period
were discovered in Qatar. At the beginning of the Holocene
(11,700 BP), sea level was around 49 meters lower than at
present, which implies the groundwater level was deep, and
not accessible by hand-dug wells. Between 7,500 and 6,000
BP, sealevel rose to more than 2 meters above its present level,
and Qatar’s climate became more favourable for settlement
(Engel et al., 2020). Carbon 14 (C'*) analysis showed the
groundwater age varies between 5,050 and 23,350 years BP
in various areas of Qatar [(Eccleston, Pike & Harhash, 1981),
Table 9.1]. This means some areas received their recharge
in the Holocene Optimal climate conditions. In addition,
the high sea level caused the groundwater level to rise, and
thus, water became easily accessible. In land depressions
(see section 2.3), water level rose to near surface. At that
time, groundwater was only a few meters below the land
surface. The whole region became wetter due to monsoon
rain movement to the northwards (see section 5.3). The
population of Neolithic settlements increased in the period
between 7000 to 6000 years BP. At some stage, there was
a connection between settlements in Qatar and the Ubaid in
Southern Mesopotamia, as some pottery discovered in Qatar
belongs to Ubaid (Macumber, 2011). The population of the
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Gulf region and Mesopotamia started to decline 4000 years
ago, as climate conditions changed and the arid conditions
prevailed (Parker & Goudie, 2008).

There are many sites that belong to Neolithic period in
Qatar, but the main ones are: Wadi ebay’an, Al Khor Island
(also known as Purple Island or Bin Ghannamm Island),
Ras Abaruq, Al Shagra, Aceila, and Al-Da’asa, Al-Wusail
(Cuttler, Tetlow & al-Naimi, 2011; MOFA, 2000; OBG,
2014; Potter, 2009). Some sites revealed pottery from Ubaid
period (originating from Mesopotamia between 8,000 and
6,000 years BP). The most important sites referring to that
period are Ras Abaruq and Al-Da’asa, and Al Khor Island
(Muhesen & Al Naimi, 2014; Rice, 1949; Zamora, Cuttler &
al-Naimi, 2015).

Figure 7.1 shows the locations of the main coastal
settlements in Qatar during the Neolithic period, and the sea
level during the Holocene Highstand. It is clear all of these
settlements were located along the old shoreline (shoreline
during the Holocene Highstand), which was more than 2
meters above its current level. The groundwater levels are
shallow at the coastal areas, and easily accessible. These
settlements would have an easy access to water supply
manually, at the time when pumps and drilling rigs were
non-existent.
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Figure 7.1: Coastal settlements in Qatar and Holocene Highstand (8,000-2,000 years BP)
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7.2 Man and Water in the Abbasid Period

When Abbasid Caliphate was established (750 AD), they
moved the Capital from Damascus to Baghdad. As such, the
Arabian Gulf gained a great importance as a trading route
between the new capital and India and far East. Also, the
demand for pearls increased in this period, which benefited
pearl industry in the region. Several settlements were
established in Qatar in that period. As water is essential for
living, it is no wonder that these settlements were located
in water-rich and readily available zones (Mcphillips,
Rosendahl & Morgan, 2015). Archaeological excavations
revealed a cluster of settlements along the northern shore of
Qatar dated back to (750-1253AD) (UNESCO, 2014). As
shown in Figure 7.2, these settlements are (clockwise from
west to east): Al-Haddiyah, Murwab, Mussaykah, Makin,
Rakiyat, and Umm Al Kilab (Macumber, 2015). Murwab
settlement contains 220 houses, two forts and two mosques
(Guérin & Al-Naimi, 2010; Muhesen & Al Naimi, 2014)
as it was occupied for once century at least (Guérin & Al-
Na’imi, 2010). These settlements were roughly aligned with
Makkah, and located in land depressions (rowdas) so access
to water is easy. Figure 7.2 shows the depth to groundwater
in the settlements area, based on 1958 data, which roughly
represented the natural pre-development conditions of
groundwater. All these settlements occur in areas where
depth to water is less then 20 meters, so it was possible to
access water using hand-dug wells.
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7.3 Man and Water (1500-1900 AD)

The period between 1500 and 1900 AD witnessed
establishment of many villages, towns and forts in Qatar,
as is evident in many archaeological sites discovered in
Qatar (de Cardi, 1973-1974; MOFA, 2000; Hgjlund, 2017;
Macumber, 2011; Potter, 2009; Rees, Richter & Walmsley,
2011; Baalousha, 2016a). The coastal sites (from west to
east clockwise) are: Al Murair Castle, Al Zubara, Freiha, Al
Arish, Al Khuwayr,Ruwayda, Al Jumail, Al Yosfiya Castle,
Al Ruwais, Al Mafjar, Al Ghariya, Fuwayrit and Al Huwaila.
Further inland sites are Ath Thaqab, and Al Athbah. All the
settlements evolved around water resources, trading and
fishing. It is no wonder that most sites are located on coastal
areas, where groundwater is shallow (Walmsley, Barnes &
Macumber, 2010). The most prominent settlement and a
world heritage UNESCO site is Al Zubarah. Al Zubarah was
established in 18th century, and was the center for trade, pearl
diving, commercial and political events, until the nineteenth
century when it was deserted. It is located on the north-
western coast of Qatar, as shown in Figure 7.3, on inter-tidal
zone between the sea in the west and the sabkha in the east.
During the Holocene Highstand (see section 5.2), the area
where Al Zubara is, was covered with the sea. After the sea
retreated, the inter-tidal area was exposed between the salt
flats (sabkha) in the east and the sea in the west (Walmsley,
Barnes & Macumber, 2010). This is probably why it got its
name, as Al Zubarah in Arabic means ‘mounds of sand.” A
nearby castle called Al Murair, about 1.6 kms away from
Al Zubarah, was built to protect the groundwater wells that
used to supply Al Zubarah with fresh water (Rees, Richter
& Walmsley, 2011). The wells are hand-dug, located beyond
the sabkha and have a depth of 2.4 meters, where they used
to skim fresh groundwater (Walmsley, Barnes & Macumber,
2010). The town was destroyed in 1811 and completely
abandoned in early twentieth century due to lack of fresh
water supply (Gillespie & Al-Naimi, 2013). The township
of Al Bidaa on the eastern coast grew to take its place (The
capital Doha at present).
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The inland towns Al Athbah and Ath Thagab used to
supply the nearby coastal towns, which have no water
resources, with fresh groundwater (McPhillips et al., 2012).
Al Athbah means ‘fresh water’ in Arabic, which indicates the
existence of fresh groundwater there. Ath Thaqab contains a
hand-dug well, which is around 10 meters deep, with fresh
groundwater. It was used to supply the nearby Al Khuwayr
village with water (Lorimer, 1908).

Some settlements were established in the 16™ century
such as Al Huwaila. The latter was one of the oldest
townships in Qatar, post Abbasid era, long before Al
Zubarah was established (Fromherz, 2012). These coastal
settlements were abandoned due to deterioration of the
fresh groundwater, which occurs as lenses on the top
of brackish and saline groundwater (Macumber, 2015;
Macumber, 2011). Al Ghariya was founded in 1885 and its
name means ‘the area with caves’ in Arabic, probably due to
karst hydrogeology in the area. Fuwayrit is a nearby small
settlement where it is located very close to the sea. Both Al
Ghariya and Fuwayrit used to get their water from the nearby
Al Athbah (McPhillips et al., 2012).
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7.4 Pearl Diving around Qatar

The pearls of the Arabian Gulf have been known for more
than 5,000 years, since the time of the Sumerians (Rice,
1949). The ancient Mesopotamian mythology Epic of Gil-
gamesh was written about the king of Uruk and his expedi-
tion to the Arabian Gulf for the search of immortality plant,
which is the pearl in the seabed (Donkin, 1998). Pearl diving
was the main source of economy for Qatari people until the
discovery of oil in 1939, where divers changed to work in oil
industry. In addition, the development of the ‘Japanese cul-
tured pearls’ adversely affected the pearl diving, and made it
less rewarding

The pearls of the Arabian Gulf are renowned for their
‘special magic’, and ‘it is the best in the world.” The reason
is the unique natural conditions and habitat for the oysters
in the shallow banks of the Gulf. Figure 7.4 shows the lo-
cations of diving spots around Qatar (Carter, 2005; Fekri,
2017). Plenty of submarine spring used to flow in the shal-
low seabed, when stress on water resources was much less
than it is at present. Only a few of them are still flowing (see
section 4.4). The submarine springs are vital for marine hab-
itat, as they bring nutrients to the sea (Moosdorf & Ochler,
2017). The most valuable pearls used to be found around
these springs (Rausch et al., 2014). Unfortunately the pol-
lution and exploitation of natural resources had an adverse
.impact on the habitat of the best pearls in the world
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Ruins of Al Mafjar village
=all a3 LT

Al Mafjar village is one of many settlements in northern Qatar that survived on pearl diving. This village, along with many others (shown
in Figure 7.4) was prosperous until the beginning of the 20" century. Easy access to groundwater and the sea enabled the flourishing of
.these villages. Remnants of some of those villages are still available
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