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ABSTRACT

In the last few decades, the Umited Arab Emirates has witnessed a remarkable
development in the vanous aspects of hfe. Such fast development imposes a tremendous
pressure on natural resources including water. Despite the severe shortage in the natural

water resources, the per capita water consumption in the UAE is among the highest
consumption rates of the world.

UAE depends on conventional and non-conventional water resources to meet its ever-
increasing  water demands. Groundwater 15 one of the most important conventional water

resources in UAE, in general, and Al Ain area, in particular.

The focus area of the current study 1s Al-Jaww Plain. It hes i the eastem part of Al
Ain city and 15 bounded by Oman Mountains range in the east and Jabal Hafit in the west It

represents one of the main plamns at Ak Ain and occupies an area of about 500 km'’

The spaual extent and petrophysical charactenstics of the Quaternary aquifer at Al
Jaww Plain and the bedrock are the pnimary factors controlling storage and movement of
groundwater. Information about the aquifer geometry n space. petrophysical parameters.
hydrology and dramage basns network are vital to understand the flow regime. recharge

mechamsm and the boundary conditions of the hydrogeological system.

This study 1s devoted to the mvestigation of the water potentiality and quahty at Al
Jaww Plain. It defines the hydrogeological parameters of Al Jaww Plam using different

techmques. To that end. detmled geophysical and hydrogeological nvesnganons were

conducted.

The results of this study provide quanttatve and qualnative assessment for the
groundwater resources in Al Jaww Plain. These results could be used by other researchers,
concemed authonties and decision makers to outhne future plans for  groundwater

development in this area.

Keywords: Al Jaww Plain, Al Amn groundwater. Assessment. Hydrochemustry, water

quality, Geophysics. DC Resistivity, Time Domam Electromagnetic, Wireline well loggmg.
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INTRODUCTION

1.1 General Outline

In the last few decades, the Umted Arab Emirates has witnessed a remarkable
development i the vanous aspects of life. The standard of living n the different emirates has
been elevated Agncultural, industnal and commercial activities were developed. Such fast

development imposes a tremendous pressure on natural resources including water.

UAE depends on conventional and non-conventional water resources to meet the ever-
increasing water demands. Groundwater 1s considered as one of the most important water
resources mn UAE. Under present climatic condiion the groundwater i1s not recharged.
Therefore. groundwater levels are decliming and its quality 1s detenorating due to the increase
of the total dissolved salts, seawater intrusion 1n the coastal areas and saline water upconing in

the mland areas where saline water honzons exist below fresh water honzons.

Al Amin area. in the east of the Emirate of Abu Dhabi. is characterized by s good
supply of fresh water fom Oman Mountains to the east. Al Jaww Plain 1s regarded as one of
the most mponant aquifers with fresh groundwater. This thesis ams o evaluate the vanous
aspects of Al Jaww Plam to assess water potentiahty. qualty and define its hydrogeological

parameters using different techniques.

In this chapter a review of the water resources in UAE. in general and m Al Amn area.

m particular, 1s presented.

1.2 Physical Setting and Climatic Conditions

The Umted Arab Emurates hes m the southeastem part of the Arabian Penmsula
between Latitudes 227 40" and 26” 00° N and Longitudes 517 00" and 567 00 E. It 1s bounded
from the north by the Arabian Gulf. on the east by the Sultanate of Oman and the Gult of
Oman and on the south and the west by the Kingdom of Saudi Arabia (Fig. 1.1). The 1otal

area of the United Arab Emirates is about 77,700 km".

The UAE s charactenzed by a dry and long hot summer and a short mild winter. It 1s
exposed to the oceamc effects of the Araban Gulf and the Indian Ocean. Humidity s always
relevant to the coastal zone and 1t decreases mland as the sea losses its influence. The rainfall

15 usually higher in the northeastern parts and lower in the southwest
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High evaporation rates occur when high temperature. low humidity and long hours of
sunshine combmed together. The wind speed is low most of the year, yet sometimes winds

may be strong due to the passage of weather systems. Mist and fogs occur in winter while
dust storms commonly occur during summer (Mimistry of Communications, 1996).

The UAE lies across the tropic of cancer. It receives the highest solar radiation in June
and the lowest in December. The maximum solar radiation i1s on June 21 where the sun
appears directly overhead giving an angle of incidence of the sun rays of 90°. In December 21

the mcidence of the sun rays falls to 43° 06°, therefore the lowest msulation level 1s received

(Garamoon. 1996).

The sky 15 cloudy most of the year, however, an extensive cloud cover is encountered
mn February and March while the least cloud cover is found in June and November. The
average annual hours of sunshine in UAE 1s 10 hours per day; in May sunshine hours increase

to 11.5 hours while in December they decrease to reach 8.4 hours (AlShamsei, 1993),

The mean annual temperature in UAE 1s constant through out the country but there are
some vanations especially through the eastem mountams where the mean temperature 1s 25°
C. The hottest month 1s July and the coldest month 1s January. The average temperature from
May to September 15 40° C. The monthly average temperature 15 25° C between November

and March (Garamoon. 1996 and Rizk. 1999).

The relative humudity m UAE reaches its maximum value dunng the November-
March penod and its mmnmmum value in May. In general the relatve humidity 1s higher in the
coastal area than in the mterior area. The humidity decreases from 60% i Abu Dhabi to 45%

in Al Ain and to 25% m Liwa (Garamoon, 1996).

The UAE faces two types of wind speed. the winter depression which descend the
Arabian Gulf from the north and northwest and the summer monsoonal low which 18

developed over Rub Al Khali (Rizk, 1999).

According to (AklShamsei, 1993) the wind speed over the country can be considered
light to moderate. The annual mean wind speed 1s less than 18.5 kilometres per hour (kph)

and 1t decreases from north-northwest to south-southeast.

Along the eastern coast, the wind speed is stronger than the mteror. The coastal areas
are subject to local sea breeze and have a different wind regime. In general the highest wind
speed 1s observed at Gabal Danna in March and the lowest 15 occurred at Kalba in September
(Rizk, 1999).



The evaporation rate 1s relatively high all over the UAE. The western coast has the
lowest annual average pan evaporation (between 7.5-8 mm/day). The eastem coast has higher
evaporation rate, (between 9-95 mm/day) due to the high wind speed. In the eastem
mountan, western gravel plan and desert foreland the evaporation ranges between 10-11
mmvday. Evaporation rate in the western and the southwestern desert regions is the highest

and may reach 12mmv/day.

The average evapotranspiration (ET) value in UAE changes from one location to the
other. In northem parts of UAE the annual average (ET) reaches 1909 mm. The monthly
mimmum value 15 80 mm in January and the maximum monthly value is 262 mm in July. The

monthly average value 1s 164 mm.

In central UAE. the annual average (ET) reaches 2124 mm. The monthly minimum
(ET) 1s 83 mm n January and the monthly maximum 18 285mm in July. The monthly aerage
(ET) 1s 177 mm. In general. annual (ET) in UAE ranges between 1909 mm and 2124 mm.
The minimum value can be observed along the eastem coast while the maximum value can be

observed in intenior parts. ET 1s generally higher during summer.

1.3 Water Resources in UAE

Because of the senous deficit of water resources, the United Arab Emirates relies on
non-conventional water resources, including desalinated water and treated wastewater.
Conventional water resources include seasonal floods, springs falajes and groundwater,
However, the conventional water resources do not support the freshwater demands in the
country. A large part of the fresh water demand 15 met by desalinated water. Table (1.1)

summanzes the conventional and non-conventional water resources in UAE (Rizk. 1999).

Table (1.1). Summary of conventional and non-conventional water resources in UAE
(after Rizk, 1999).

a) Conventional Resources (million cubic meters per vear)

Resource Existing Potential Inuse  Source

Seasonal Floods 125 125 125 Al Asam, 1996
Perennial Springs 3 6 3 Rizk and El Etr,1997
Seasonal Springs 22 40 - MAF, 1998

Falajes 20 40 20 Rizk, 1998

Aquifer Recharge 120 120 120 Khalifa, 1985

Groundwater s — 880 *MAF, 1998




b) Non-Conventional Resources (million cubic meters per vear)

Resource Existing Potential In use Source
Desalinated water - -_ 694 "MEW, 1998
Reclaimed water 150 - 150 Hamouda, 1995

*MAF=Mimstry of Agnculture and Fisheries
"MEW= Mmistry of Electnicity and Water

1.3.1 Conventional water resources

The conventional water resources m UAE include seasonal floods, springs, falajes.
and groundwater. There are no perenmial surface water resources in UAE such as rivers or
lakes. However, a few numbers of spnings and several falajes provide a limited renewable
supply of water. In general, ranfall increases toward the north and east and decreases in the
south and west. Estimates of the total annual volume of ramnfall ranges from 700 to 1480
million m’. About 10% of this amount recharges the groundwater every vear (70 to 148 m)
with an average of 120 million m' (Khalifa. 1995). Convential water resources are discussed

hereafter.
Seasonal floods

Flash floods are always encountered in desert areas. Flash floods occur in the eastern
region n association with strong, shont lastng, rain storms. Large amounts of ramwater move
on land surface as surface water runoff because of the low porosity and permeability of the
prevaihng igneous and metamorphic rocks. This flow starts usually near the water divide and
moves toward the Gulf of Oman n the east or desert in the west. On the other hand, the
westermn region 15 dry and lacks surface runoff due to low ramnfall (40 mmvyear), high natural
evaporation (3360 mm/year), scarce vegetation cover, and high porosity and permeability of

dune- forming sands dominating this area.

Topographic maps. aenal photographs. and satellite images show that the mountamn
range of the eastern region has 70 dramnage basins. 58 of them are within UAE. The catchment
areas of these basins vary between 5 km (Wadi Dhednah, Al Fujeirah) and 500 km’ (Wadi Al
Bih, Ras Al Khaimah), (Fig. 1.2). Some large wadis may witness more than one runofl event
every vyear, others may have surface runoff once every several years and the rest of the wadis

may remam dry for longer penods.



>z

UNITED ARAB
EMIRATES

264

GULF OF
OMAN

254

-k =k D D~ N W R =
e it albma i L T o L o

. Hatta
. Saad
. Bu Qalah

Al-Bih
Dibba
Hayer

Zikt
As-Shamah
Siji

Ham
Sifini
Al-Qawr

Musaylig
Ghayi
Al-Ain
Airan
Tarabat
Mileha
Al-Askhar

244

Fig. (1.2). The main drainage basins in the United Arab Emirates,
traced from topographic maps, scale 1:100,000 (after Rizk et al., 1997).



A large volume of water 1s now bemng harvested by 35 dams with a total storage
capacity of 75 million m'. In addition to their roles in protection against flood and recharging.
These dams have been constructed by the Mimistry of Agniculture and Fisheries and there are
several others dams under construction (Rizk, 1999).

Springs

Springs are considered to be important historical sources of fresh water. In the area of
dry and and chmate with no permanent niver they prowide reasonable amounts of water which
can be used for various purposes. According to Mayboom (1966), spring is defined as a
groundwater outcrop but Todd (1980) defined it as a “concentrated discharge of groundwater

appearing at the surface as a flow current™.

The springs water may contain dissolved minerals and gases and 1s usually found at
temperatures close to the mean annual air temperatures, even close to boiling. Mineralized
springs, usually associated with fauluing and fracturing, have been developed as tounst or
recreational sites as, for example, Ain Al Faydah and Ain Khatt in the United Arab Emirates

(Alsharhan et al., 2001).

The UAE springs seem to discharge from local and mtermediate groundwater flow-
systems (Rizk and El-Etr, 1997). Mineralized and thermal springs have a therapeutic value. In
UAE, several sprnings. (Fig. 1.3), such as Khatt (Ras Al Khaimah), Maddab (Al Fujairah) and
Bu Sukhanah or Amn Al Faydah (Al Ain) belong to this category and have been utilized as

recreational and tounist sites,

The Khatt springs are located about 13 km east of Diba and 15 km south of Ras Al
Khaimah, within the hard hmestone rocks of the Musandum Formation. Sip spring hes at
about 50 km west of Al Fujairah and 75 km east of Al Shanah, on the contact between the
ophiolite sequence and the western gravel plans. Bu Sukhanah spring is about 4 km west of
Jabal Hafit, and south of Al Amn town (Fig. 1.3). According to EFShami (1990), the spring
issues from Miocene gypsum and clay layer through thin Quaternary loose sediments.

The water discharged by springs may be denived from aquifers m virtually any part of
the stratigraphic column; however in many instances 1t depends upon ranfall recharge and in
the absence of ramfall a spnng may dry up. The presence of recharge dams may have a

stabilizing effect on springs discharge; such as for of Siji spring, (Alsharhan et al.. 2001).
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Rizk and El Etr (1997) studied the relationship between rainfall events and discharge of
permanent springs based on the records at Khatt, Al Fwairah, Sin and Bu Sukhanah
meteorological stations i the period from 1984 to 1991. They reported that Bu Sukhanah
spring has the highest discharge (2.50x10° m'/yr) whereas St spring has the lowest discharge
(0.06x10° m® /yr).

During the penod 1984-1991 the discharge of all springs shows wide variations. with
a net increase in the Khatt south and Bu Sukhanah springs and a net decrease in the Khatt

North spring.

High temperature water (about 40 C°) represents the most important physical property
characterizing UAE springs. This high temperature of the water of the springs 1s related to the

deep circulation of groundwater or presence of radioactive source.

Falajes

The fala) 1s a man made stream which intercepts groundwater at the foot slopes of
mountains and brings it to the surface at a lower level for imgation purpose (Fig. 1.4). The
word “Falaj”, or A falaj m Arabic, means the division of an ownership mto shares among
those who have water nghts. A falaj also means a distinct imgation system through which
water 15 distnbuted among mdividuals who have a nght to it Until recently, falajes
represented the main arteries of hfe mn the eastem UAE. At their outlets palm oases have
flounshed, permanent communities were established, and agnicultural activities were
developed upon their water. At the present time, many of UAE falajes have gone dry because
of the low ramnfall and excessive groundwater pumping: however, several falajes are sull
flowng and feeding the same, but larger, palm oases. Despite thewr hmited amount, fala
waters are renewable resources which ongmate from ranfall. The UAE falajes e in the
eastern region, between Longitudes 557 00" and 56° 30" E and Latitudes 24° 00" and 26" 00" N,

(Fig. 1.5). covering an area of about 40,000 km® (Rizk, 1998).

The Mimistry of Agriculture and Fishenes monitors and manages over 40 active falajes
(Fig. L.5). These falajes are confined to the Northem Oman Mountains in the United Arab
Emirates and the gravels plains flanking these mountamns from the east and west. The fala)
lengths range from (.5 km (e.g., Falaj Khatt at Ras Al Khaimah) to about 15 km (e.g.. Fala)
Al Daudh at Al An) (Alsharhan et al., 2001).
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There are many factors controlling the falaj discharge which include the location of
the mam well, nature of aquifer, the amount of seepage from tunnel side and the mam annual
rainfall. However, the discharge from the falajes depends mamly upon mean annual ramnfall.
The annual discharge of the Umited Arab Emirates falajes which are predominantly of the Al
Ghel type, shows a direct correlaion with the mean annual ranfall on the Eastern Mountain
Ranges and gravel plans, Table (1.2) (Alsharhan et al., 2001),

Table (1.2). The mean annual rainfall on the eastern mountain range and gravel plain,

and the total annual falaj discharges (Mnt'/yr) during the 1978-1995 period in the
United Arab Emirates (after Al Sharhan et al., 2001).

Rainfall (mmlyr) Dsschar?e Rainfall (mm/yr)
Yoo Easler_n Gra\_fel (10° m") Year Eastern Gravel Dischar?e
Mountains Plain Mountains Plain (10° m”)
Range Range
1978 943 73.3 18.8 1987 1919 153.0 28.7
1979 756 604 18.2 1988 2623 1880 292
1980 160.6 137.5 179 1989 703 794 232
1981 110.8 100.2 211 1990 2308 184 2 224
1982 3397 283 31.2 1991 814 80.6 16.9
1983 353.9 2259 26.2 1992 1983 105.7 135
1984 46.1 272 26.3 1993 189.9 184 1 150
1985 32 305 184 1994 409 337 9.0
1986 75.9 61.3 14 1995 2844 185.0 16.5

Alsharhan et al., (2001) reported that according to discharge, falajes could be
classified into three types locally designated as Al Gheli, Al Daudi, and Al Hadoun types. Al
Daudi falajes have a large groundwater supply and mamntain a permanent discharge
throughout the year with a little change in their discharge rate. Al Gheh falajes carry seasonal
water with discharge directly dependent on ramnfall, and may become dry when the ramfall
ceases. In contrast Al Hadoun falajes or Al A falajes could produce hot water as thewr
discharge 1s directly related to the springs. Where they anse from hmestone they provide
good quality water. If they emerge from ophiolites the water i1s usually strongly alkaline and 1s
connected with deep artesian aquifers, draming water which nises along fissures and fractures.

The Al Hadoun (Maddah m Fujairah), Bu Sukhanah (in Al Am) belong to this category.

Due to the over pumping of the Quaternary during the last three decades the aquifer’s
hydraulic head has lowered at an average mte of lm/yr. As a result, the Mu Tarrad, Maziad,
and Jimi falajes went dry in 1977, 1982 and 1983, respectively.

Al Ami and Al Daudi falajes n the Al Am area are stll active due to the continuous

maintenance, extension, and pumping of groundwater mto their channels (Rizk, 1998).
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Groundwater

Aquifers provide the major supply of potable fresh water in the Gulf area. Because
neither the amount nor the quantity of groundwater produced in the Gulf States satisfy the
ever-mcreasing demands for water, desalimation plants were established since 1970. Also

dunng the ramy seasons, some ramn and flood water are retained behind dams to recharge
shallow aquifers (Alsharhan et al., 2001).

The aquifers of the UAE are discussed by Rizk et al., (1997), Ministry of Agriculture
and Fisheries (1986a&b) and by Bakhit (1998). More details about the different types of

aquifers are presented in chapter four.
1.3.2 Non conventional water resources

During the last three decades, a rapid development has occurred in the different
sectors n the United Arab Emurates. The population has expenienced a rapid improvement
the standard of hving. These factors have disturbed the balance between the water demand
and the available water resources. Non-conventional water resources such as desalination of

seawater and treated wastewater were therefore introduced.

Desalination water

Desalinatnon plants in the United Arab Emirates operate based on shared production of
electnaity and dnnking water. Low-capacity plants apply the reverse osmosis technique.
Advancement in water desalination techmques has reduced the production costs of water from
8 Ditham for | m’ in 1980 to 4 Dirham in 1995. However, its usage in irrigation is still
uneconomical. Due to the large mvestment required i water desalination project, the water
price for the consumer has to be re-evaluated. The use of a solar energy as an altemative

source of energy i water desalination should be considered in the Arabian Gulf (Alsharhan et
al., 2001).

Two main types of desalinanon processes are avallable commercially: distullaton
processes and membrane processes. The most important distillation methods are multi-stage
flash distillation and mult-effect distillation. Both of them involve the evaporation of saline
feed water and its condensation back into fresh water. leaving dissolved substances in the

waste brine.

Water desalination n UAE started since 1973 in Abu Dhabi at an annual production

rate of 7.0 million m’, reaching 33 million m' in 2001. Since 1974, over thirty desalination
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plants have been built m UAE. Most of the plants are located on the coast or on islands,
although small number of units are located iland, such as Al Burayrat (Ras Al Khaimah) and
As Surrah (Umm Al Quwein), where brackish groundwater is desalinated.

The number of desalmation plants in UAE mcreased from one station at Abu Dhabi in
1976 to 65 stations m the 1995, with each Emirates having at least one desalination plant. The

daily production of desalinated water in the Abu Dhabi Emirate, jumped from 12.5 thousand
m’ in 1969 to 90 thousand m’ in 2001.

Treated wastewater

Water is scarce resource in United Arab Emirates. Therefore, every drop of water must
be used mn an economically feasible manner so that no higher quality water 1s used for a
purpose that can tolerate a lower quality. As a substitute for freshwater m agniculture and
industry, treated wastewater has an important role to play in water resources management in

UAE.

The annual treated sewerage water in UAE is 80 Million m, and it is used in imigation
of public parks and development of green areas along the streets and in the roundabouts of
major cities. The total discharge of sewage treated water reached about 175 Million m i the
year 2000. The sewerage water s treated prnimarily, secondary and tertiary. Tertiary treated
wastewater could be used in the imgation because poisons and heavy minerals would be
removed. The sewage water could be used for industrnal development, groundwater recharge.

(Alsharhan et al., 2001).

There are four sewage treatment plants m the United Arab Emirates in Abu Dhabi,
Dubai, Al Amn, and Al Shanjah. The first sewage treatment plant was constructed n Abu
Dhabi during 1973 with a daily capacity of 4,000 m’. The capacity of the plant reached
120,000 m/day in 1994. The Al Aweir plant in Dubai has a daily capacity of 110,000 m.
These plants provide pnmary, secondary (biological treatment), and tertiary (advanced)

treatments. The latter makes the quality of produced water suitable for reuse i 1rmgation,

Table (1.3) summanzes the treated-sewage water compared with the water quality
critenia for imgation. It could be seen that the produced water is suitable for imgation, as it
does not contain heavy metals. Chlorinating the treated sewage during the tertary treatment

kills germs and microorgamsms that are health hazardous.
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Table (1.3). Tertiary treated wastewater characteristics in UAE for reuse in irrigation
(after Hamouda, 1994),

Major treated plants (1993) Water quality criteria for

Paramater (mg/t) Abu Dhabi Dubai Al Ain qmig:uon
Biological Oxygen Demand 1.2 22 2.7 10
Chemical Oxygen Demand 24 491 15 75
Suspended Solids 3 15 6.3 8
NH:- N 11 13 14 1
NOs- N 11 20 13.2 20
PH 6.8 6.7 7.9 6-8
Conductivity 2800 2140 1600 750-2000
Total Dissolved Solids 1950 1356 1042 1500
Chlonde 524 320 40-200
Sulphate 104 135 100-380
Phosphate 126 109 23
Calcium 39
Magnesium 36
Sodium Adsorption Ratio 15 <10
Total Coliform (MPN/100 ml) 90 <100
Fecal Coliform (MPN/100 mi) <2 <2 <2

The economic feasibility for the treatment of sewage water and 1ts usage depends on
many factors, such as the cost of treatment and the degree of required treatment in comparison
to the cost of producing an alternative water source for the same usage. The cost of producing
one m of desalinated water 1s 4 UAE Dirham. whereas the cost of producing one m' of
treated sewage water 1s 2 Dirham. However, important questions still remain about the degree
of treatment of sewage water for imgation, possibke use of treated sewage water. and the
possibility of chemical and biological pollunon w0 the plants, soils and groundwater. In
addition one should consider the possible health hazards associated with the use of sewage
treated water in wngation. In order to avowd the consequences, safe treatment process should
be applied. Such a process should enable the development of clean water that have no
pollutants. Peniodical analysis and field studies should be conducted to spread the safety of
the use of sewage water for imgatnon and to educate the community on how to avoid any

adverse effect and health nsks associated with the application of treated wastewater.

1.4 Water Resources in Al Ain Area

Al Ain area is located in the east of the Emirate of Abu Dhabi, near the mternational
border with the Sultanate of Oman (Fig. 1.3). It is the admmmistrative centre of Abu Dhabi. It
has a supply of surface and subsurface water dramage from the Oman Mountain to the east. It
is regarded as one of the most ancient oasis of the Arabian Peminsula and is cultvated with
palm trees which depend mainly on the shallow wells. Al Ain area 1s located withm an and
belt and 1s characterized by low ranfall and high evaporation. Al Ain city lies on an alluvial
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plam, which forms the northwest extension of Al Jaww plain. There are some large wadis
covermg Al Ain area ike Wadi Al Ain, Wadi Towayya and Wadi Al Jimi (Fig. 1.6).

Conventional water resources in Al Ain include surface water such as (springs. falajes,
seasonal floods) and groundwater. A brief discussion on the water resources in Al Ain area is

presented hereafter.

1.4.1 Surface water
Due to the distribution of the and region and despite the absence of permanent surface
stream, Al Ain area has better ephemeral surface water resources as compared to the rest of

the country.

Rizk (1999) calculated the minimum annual ranfall that can produce surface runoff on
the drammage basins of the Al A area which 1s of about 75 mm in the Oman Mountains and
90 mm mn Jabal Hafitt The annual average runoff volume ranges from 025 million cubic
meters (MCM) in southwest Al Am to 3.00 MCM i the northeast. The average annual runoff
for the 1981-1991 penod ranges from 5 mm n southwest of Al Ain to 20 mm in the northeast.
The percentage of ranfall as runoff vanes between 3% in Jabal Hafit basins and 18% mn the
basins of the Oman Mountans. Based on the values of the wfiltranon rate and length of
overland flow, Wadi Sidr of the Oman mountains and Wadi Ain Al Faydah of Jabal Hafit
have the hghest flood potential. while Wadi Muraykhat and Wadi Al Ain West have the
lowest flood potential (Rizk. 1999).

1.4.2 Springs

The only spring which 1s available in Al Ain 1s Al Am Al Faydah (Ain Bu Sukhanah)
which 15 located 15 km south of Al Ain area and 2 km west of Jabal Hafit (Fig. 1.3). The
spring represents a discharge area of a deep water source which found its way up through one
of several thrust faults dissecting the area. In 1991, the discharge of the Bu Sukhanah was
estimated to be 2.5 million m' of brackish water. The water temperature is about 39 °C and
the spring outflow has a negative correlation with the local ran ndicating that the spnng
receives its discharge from Oman Mountains further east (Rizk and El Ew, 1997). Ain Bu
Sukhanah represents resort with a therapeutic capability because of its high temperature and
high contents of sulphur. Moreover, its water can be used to grow the palms trees because

palms are high tolerance crops.
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1.4.3 Falajes
The falajes m Al Am are open channels used to collect groundwater to the oasis and

palm farms. Due to the excessive water pumping in the recent years, a decline in the water

level was encountered.

There are a number of falajes i Al Ain area (Fig. 1.7). In 1984 five falajes were
ceased to flow (Jumi, Mutarad, Qattarah, Hili and Maziad). All of these falajes except Maziad
are located near the Hili draw down area. Nowadays, two fala) systems (Al Aini and Daudi)

are active. Both of them are supplemented by water supply wells (Fig. 1.8).

1.4.4 Seasonal floods

Garamoon (1996) reported that the main wadis carry water at Al Ain area are Selimi,
Wadi Al Ain and Wadi Shik.

1.4.5 Groundwater

Al Ain aquifer 1s recharged by different sources. It is recharged by the mfiltration of
the precipitation in the interdune areas and gravel plams. It 1s also recharged from Jabal Hafit
where the preciptations percolate in the permeable lmestone rocks forming Jabal Hafit
Another sources of recharge include imgation retum flow, upward vertical recharge from
deeper rocks and mfiltration of water lost from the leaky water transmussion lines, although
very small quantities (US Geological Survey.1993). The most mporant aquifers in Al Amn
area 15 the Quatermary aquifer. The northem dune aquifer and Jabal Hafit aquifer are good
reservoirs for fresh water. Al Jaww Plain receives fresh water through the groundwater flow

from the northern Oman Mountains to the east (Garamoon, 1996).

Garamoon (1996) reported that the total storage of fresh water m the Quatemary
aquifer in Al Ain area is about 2,600 million m' and the total storage of brackish water is
18,000 million m'. Therefore, the combined storage of fresh and brackish water in Al Amn

area is estimated as 20,600 million '

Gibb and Partners (1970) stated that the dechine of groundwater level started since
1966. However, the decline was about 2 m in areas with heavy groundwater pumpmg for
imigation date palm. Since 1970, the abstraction of groundwater m Al Amn area has increased
excessively, mamly through wells equipped with mechanical pumps. The Water and
Electncity Department (WED) and the Agnculture and Fishenies Department (AFD) of the

Municipality are the mam consumers for water in Al Amn.
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The WED unlizes exclusively the fresh water only but the AFD uses both fresh and

brackish waters.

Hyde (1992) reported an mcrease of 27% and 80% in fresh and brackish water usage,
respectively m Al Am area during 1985-1991 period. He summarized the water balance in Al

Ain area as given in (Table 1.4).

Table (1.4). The 1989 water balance in Al Ain area, in million cubic meters per year
(after Hvde, 1992).

SOURCE Million m’!yr Percent

Water and Electricity Department Wells 33 524
Treated Sewage 7 111
Desalinated Water Imported from Abu Dhabi 23 36.5
Total 63 100
Uses

Public Supply 31.5 50
Municipal Supply (Watering) 315 50
Total 63 100

1.4.6 Non conventional water resources

Non-conventional water resources in Al Am area mclude desalinated water from Abu
Dhabi Emirate and recyvcled wastewater from Al Ain treatment plant in Zaker. Table (1.5)
hists the total water use in the Al Ain area, in the years 1990, 2000 and the predicted for 2010
(Hyde, 1992).

Table (1.5). Total water use in the Al Ain area, in the vears 1990, 2000 and the predicted
for 2010 (after Hyde, 1992).

Years
S — o 1990 ]2000 32()1(}
mjfyr percent Million m/yr  percent  Million m/yr  percent

WED Wells 28 60 28 44 4 28 35
Treated Sewage 19 40 35 556 52 65
TOTAL 47 100 63 100 80 100
USE

Public Supply 40 51.9 68 621 103 67.3
Municipal Watering 37 481 43 388 50 32.7
TOTAL 77 100 11 100 153 100

BALANCE -30 48 -37
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Al Ain recewves about 16 million gallons of desalinated water per day. This water is
used to meet the rapid increase in the fresh water demand. This amount of desalinated water is
expect to be double after the construction of Al Taweilah desalination plant .

The treated wastewater which is produced from Al Ain treatment plant is used mainly
for imgating parks and gardens located in and around Al Am area. About 7 million gallon per
day 1s currently produced. The capacity of the plant is expected to reach 30 million gallons
per day.

1.5 Aim of Study

The future development n Al A area depends mamly on the availability and

sustamability of the groundwater resources. The Quatemary aquifer 1s the most promising and

economic source for the groundwater supply in Al Ain Area. Al Jaww Plain lies in the eastem

part of Al Amn city and receives a considerable share of Abu Dhabi’s fresh water resources.

The present work aims at studying the main geomorphologic units and their effect on
groundwater occurrence. The hydrogeological conditions prevailling m Al Ain area are
mvestigated. The groundwater occurrences, movements and fluctuations., along with the
different hydraulic parameters of the main aquifers are discussed. One of the main goals of
this study 1s the hydrogeochemical assessment of the Quatemary aquifer. The groundwater

resources. ongin, recharges, discharges and potentiality are evaluated.

The groundwater i1s defined through the geological data identified from different wells
and through geoelectne resistvity and electromagnetic mvestiganons. Wire line  logging
analyses of some available data are used to define the petrophysical properties relevant to
hydrogeology, hydrogeological, and hydrochemical settmg. The implications of this  study

toward the sustainable use of groundwater resources in Al Amn area are addressed.
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GEOLOGY OF AL AIN AREA

The study area, Al Jaww Plain, 1s located in Al Ain area. A bref discussion about the
geology of Al Am. mn general, with emphasis on the geological elements that affect its
hydrogeology 1s presented in the following sections. These geological elements comprise

geomorphology, stratigraphy, geometry and distribution of geologic units along with the
structural deformation affecting the hydrogeology of these units.

2.1 Location of Al Ain

Al Amn lies east of Abu Dhabi Emirate, near the border with the Sultanate of Oman
and at the western margin of the northern Oman Mountains (Fig. 1.3). It 1s one of the largest
and most ancient oases of the Arabian Peninsula due to the plentuful supply of fresh

groundwater from the Oman Mountains to the east.

Although Al Amn 1s located within the and desert belt of the world, it 1s charactenzed
by relics of mtegrated drainage net that was formed as a result of the prevalence of humid
climate during the Quaterary. The net drains extemally towards the west (Al Ain region).

Rapid development 1s taking place in the city both i agriculture and housing.

2.2 Geomorphology of Al Ain Area

The geomorphology of Al Ain area was studied by several investigators (e.g. Hunting,
Geology and Geophysics, 1979; Abou EFEmin, 1993 AlShamser, 1993; UAE National
Atlas, 1993; Garamoon, 1996 and Baghdady. 1998) The geomorphic units n Al Ain area are
classified as mountams, gravel plans, dramage basins, sand dunes, mnterdune areas and mland

sabkhas (Figs. 2.1 and 2.2). These units are presented hereatier.

2.2.1 Mountains

The main mountains in Al Ain area are Jabal Hafit. Jabal Moundassah, Jabal Malaget,
Jabal AlOha and Jabal Rawdah. Jabal Hafit 1s one of the most prominent features of Al Amn
area. It is located southeast of Al Ain at lat 24° 02" - 24° 13" N and long 55° 44" - 557 49°E
(Figs. 2.1 and 2.2). Hunting Geology and Geophysics (1979) and Abou EREnin (1993)
reported that Jabal Hafit 1s a Tertiary antchinal structure plunging southeasterly m Oman and

northwesterly in the United Arab Emirates. Jabal Hafit has approximately a length of 29 km
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Fig. (2.1) Geomorphology of Al Ain region (after the National Atlas of
United Arab Emirates, 1993).
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and width of 5 km. It reaches a maximum elevation of about 1160 m above the sea level. The

rocks forming Jabal Hafit are almost composed of limestone and dolomite (Rus Formation).

The mountam has a whale-back form with beds dipping down to the east and west along the
two fold mbs. North of the core, hmestones and marls of the lower and middle intervals of
the Dammam Formation (Middle to Upper Eocene) are eroded forming a low-lving area of
small hulls enclosed between ndges of the Asmari Formation (Lower to Middle Oligocene).
The eastern hmb of Jabal Hafit 1s charactenzed by slumps because of high dip values in

addition to the presence of rather alternating wath limestone,

The marls of the overlving Middle Eocene Dammam Formation are less resistant to
erosion leading to the brmation of two wadies known as Wadi Tarabat to the east and Wadi
Al Nahayan to the west. These marls form a low-lying area with small hills between the
resistant Ohgocene ndges. The resistant Ohgocene hmestone forms two Cuestas known as
East Cuesta and West Cuesta. The beds of the east Cuesta dip at about 70° E and an elevation
of 320 m above sea level whereas those of the west Cuesta are gently dipping at about 29° W

and an elevation of 460 m above sea level,

Jabals Malaget and Mundassah are parts of the northern Oman Mountains and located
approximately 17 km east of Jabal Hafit (Fig. 2.1). They form asymmetrical antclinal
structures (Warrak, 1987). Each of the eastem limbs represents the mamn pant of the
exposures, while the western limbs are represented by disconnected strike ndges. The rocks
forming these two Jabals are composed of serpentimzed predotite (in  the cores),
conglomerates and carbonates of Late Cretaceous age, overlain by marls and carbonates of

Paleocene to Early-Middle Eocene age (Hamdan and El-Deeb, 1990).

Jabal Al Oha hes about 8 km northeast of Al Am City (Fig. 2.1). It consists of three
NW-SE parallel hogback ndges of about 10 km length. The ndges represent fault repetition of
the westem limb of the horseshoe-shaped southerly-plunging antichine of Jabal Huwayah

exposed immediately to the east of Jabal Al Oha, further east.

Jabal Al Oha succession attains a total thickness about 85 m, and is of Late early to
Late Maastnchtian age. It 1s divided into a lower umit that consists of gray to green mudstone
to shale of Qahlah Formation. and 3 m thick unit of red-colored chert pebble conglomerate

and s overlam by white limestone of Simsima Formation.

Jabal Rawdha is a plunging anticlinal located at the westen end of the Hatta shear

zone. It consists of ndge of Hawasmna limestones which are unconformably overlain by Upper
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Cretaceous  -Terhary carbonate cover. This cover s folded into open symmetrical fold
trending axes.

2.2.2 Gravel plains
Two gravel plams terminate the eastem part of Al Ain area; one fringes the Oman
Mountans and the second fringes Jabal Hafit. The first fringe reaches its maximum

development in the study area of Al Jaww Plam which 1s located between Jabal Hafit and the
Oman Mountains (Hunting Geology and Geophysics, 1979).

The mamn features of the gravel plans are low-relief piedmonts that slope gently
westward away from the westem margin of the Oman Mountains. The term piedmont is
appled as a general term for an alluvial plam associated with a vanety of landforms, such as
alluvial fans, wadies, and associated terraces, or for erosional bedrock surface (piedmont)

thinly mantled by alluvium (U.S. Geological Survey, 1993).

Surface dramage on the piedmonts and alluvial fans subdivisions s generally
channalized i wadis with vanable flow pattems, through most systems exhibit complexly

braided channel morphologies (Menges and Woodward in U.S. Geological Survey, 1993),

2.2.3 Drainage basins
There are two systems of drainage basins in Al Ain area; one 1s related to the northemn

Oman Mountams and the second belongs to Jabal Hafit (Fig. 1.2).

Drainage basins of the Oman Mountains

The drammage pattern of the Oman Mountains i1s generally dendntic: as it s typical of
massive igneous rocks forming these mountains. However, some areas due to the faultng,
have more rectangular patterns, with long stream segments trending at about N 60° to 70 W,
parallel to the northwesterly fault trend common through the Ophiolite (Fig. 2.3a). In the west
of Al Ain area there 1s some tendency for rectangular drainage in the faulted parts of the
sedimentary sequence. In Al Jaww Plain, the dendntic pattern (Fig. 2.3b) usually changes to
braided pattern where the slope decreases n Al Jaww Plain (Fig. 2.3¢). The mamn reasons for
the vamation in the drainage pattemn are either deformation, or decrease in slope (Al-Shamse:,
1993),
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Fig. (2.3) Drainage pattern in Al Jaww Plain area (after Al -Shamsei 1993).



Drainage basins of Jabal Hafit

The dramage pattern of this system occurs in the west of Al Jaww Plain and south of
Al Amn area. The overall dramage pattem of this system is rather sub radial but on a basin
scale. The pattern ranges from dendntuic to braided with some parallel or rectangular pattemns

especially in the structurally-controlled areas.

2.2.4. Sand dunes

Sand dunes are the most domnated geomorphologic units n the United Arab
Emirates; they cover about 75% of the surface area of the country. The northern and western
parts of Al Ain area are dominated by the dune fields (Fig. 2.1). Embabi (1991) attributed the
regional and local vanations i type and pattern of sand dunes to the vanations in the wind
regime, sand supply and local relief. The two dominant dune types within Al Amn area are the

linear and the star dunes.

Northern and western parts of Al Ain area are dommnated by linear dunes which are
located m the NE-SW direction. In the east region of Al Ain area the dune s darker and
denser due to the contmbutions from the ophiolitic succession, whereas at the west region of
Al Ain area the dune is lighter due to the carbonate debns which derved from Jabal Hafit

(Abu-Zeid et al.. 2000).

Star dunes are radhally symmetnical, pyramidal sand accumulations with shp faces on
arms that radiate from the high central pants of the mound. In the southeastern part of Al Am
area star dunes. exist near Al Wagan associated with the E-W barchanowd and hinear ndges.
Near Al Wagan area the star dunes show more development because of the increasing sand
supply. The development of this type of dunes increases in environment with multidirectional

wind regime.

2.2.5 Interdune areas
Interdune areas occupy the low lands between sand dunes. In these areas the
groundwater 1s shallow and high content of fine grained sediments exist. Therefore the

groundwater mn this area 1s favorable for agnculture.

2.3 Stratigraphy
Al Amin area 1s covered by a rock sequence ranges from Cretaceous to Quaternary

(Figs. 2.4, 2.5 & 2.6). The following is a brief discussion of this sequence.

fig(2.4)
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Fig. (2.5) Stratigraphic description and correlation of the identified
Cretaceous/Tertiary rock units surrounding the study area (Abdelghany, in prep.).
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a) The Upper Cretaceous

According to Hamdan and Anan (1993). the Upper Cretaceous sequence includes (from
base to top): Semail Ophiolites, Qahlah Formation, Simsima Formation and Figa Formation.
The Semail Ophiolites are pre-Maastrichtian serpentine and serpentinized predotite. They
represent the oldest exposed rocks in ARAm area where they form the base of Jabal Malaget
and Jabal Moundassah i its eastern side. The Qahlah Formation consists of red to yellow
unfossiliferous  clast-supported conglomerates composed of rounded clasts of serpentinized
predotite denved from the Semail Ophiolites. Hunting Geology and Geophysics (1979) and
Warrak (1987) indicated that Qahlah Formation s in fact Haybi and Hawasina suite which
structurally underhies the Semail Ophiolites.

Simsima  Formaton s composed of medium-to thick-bedded shallow marne
bioclastic limestones with rudists, corals and echinoids. It disconformably overlies the Qahlah
Formation (Hamdan and Anan, 1993). In the northem and middle sections of Jabal
Moundassah, however, the Simsima Formation unconformably overhes the Semail Ophiolites
and was given by Hunting Geology and Geophysics (1979) the mformal name Simsima

Limestone.

The Figa Formaton 1s represented by tongues m Jabal Moundassah and consists of
light grey to buff thinly-bedded pelagic marls and calcareous shales with creamy to orange

nodular to flaggy argillaceous limestone interbeds.

b) The Paleocene

The Paleocene sequence 1s separated from the underlying Upper Cretaceous sequence
by a regional unconformity with local conglomerate at its base. It 1s represented by the
Muthaymimah Formation. Hamdan and Anan (1989) and Hamdan and ElFDeeb (1990)
descnibed this unit as the Pabdeh "equivalent” Formation. Nolan et al., (1990) formally named
this umt the Muthaymimah Formation and assigned 1t to the Late Paleocene-Early Middle
Eocene. This unit 1s exposed in Jabal Malaget and Jabal Moundassah. It consists of shale,

marl and argillaceous limestone with conglomerate interbeds.

c) The Eocene

Whittle and Alsharhan (1994) considered the Eocene sequence to include the Rus
Formation and Dammam Formation. The Rus Formation (Lower Eocene) 1s composed of
fossiliferous  dolomitic hmestone with thin argillaceous limestone (Tle;) grading upward to

well-bedded nodular hmestone (Tel:). The formation constitutes the core of Jabal Hafit
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antichne where it has unexposed base. The Dammam Formation (Middle to Upper Eocene)
unconformably overlies the Rus Formation (Hamdan and Bahr, 1992). It constitutes most of
the outcrops of Jabal Hafit and s made up of fossiliferous marl and limestone interbeds.
Hunting Geology and Geophysics (1979) gave mformal designations for this formation:

namely: Tle; to Tles.

d) The Oligocene

According to Whittle and Alsharhan (1994) the Asman Formation ranges in age from
Middle to Late Ohgocene. It 1s composed upwardly of silty marl (Tles), bioclastic nodular
limestone  (Tloy), and interbedded bioclastic limestone and marl (Tlo:). The formation
constitutes the east and west cuestas of Jabal Hafit which extend north of Wadi Tarabat and

Al Ain Cement Factory respectively. At the western cuesta, the upper and lower contacts of

the Asman Formation are covered by alluvium.

e) The Miocene
The Miocene succession unconformably overlies the Asman Formation (Whittle and
Alsharhan, 1994). It i1s low-lying and located at the eastern flank of Jabal Hafit as nterbeds of

gypsum and clay (Tmy ) and gypsiferous clay (Tm).

f) The Quaternary
Quaternary age deposits cover most of Al Ain area and consist of near-surface and
surficial sediment of mixed alluvial, eohan, and, locally, sabkha (evaporatic ongins). These units
collectively form a relatvely thin veneer that overlies most older rocks with varying degrees of
structural discordance. In the following secton, Quatemnary deposits in the study area of Al Jaww
Plan are discussed. The Quatemary alluvium will ako be elaborated i chapter four as n

constitutes the pnnciple water-beaning lithostratgraphic unit.

2.4 Geology of Al Jaww Plain

Al Jaww Plain 18 an especially large (15 km) wide and promment piedmont situated
east and southeast of the city of Al Am between the Oman Mountams and Jabal Hafit. It
consists of gently inclined gravelly materals transported by wadis dissecting the northem
Oman Mountains. The plain 15 transversed by numerous wadis such as Wadi Shik, Al A,
and Muraykhat. Al-Shamser (1993) idenufied three alluvial fans within plan: namely: the
Zarub fan n the north, the Moundassah fan in the middie and the Ajran fan in the south.
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Al Jaww Plain 15 mostly covered with the Quaternary deposits. Hunting Geology and
Geophysics (1979) recognized five sediment types. They are broadly contemporaneous and
represent different facies of deposits being formed by present-day processes.

(i) Aluvial deposits (Qg)

Alluvial deposits occur beneath the piedmont plans fringing the Oman Mountamns and
Jabal Hafit. The gran size of these deposits ranges from boulder gravel and conglomerate in
the east part to fine sand and silt where wadis disappear in the sand dune to the west. A
typical section through the alluvium of Al Jaww Plain consists of pebbles and cobbles of
gabbros, serpentine, limestone and chert set n a fine-grained cement of carbonate silt. At
some localities, the clastic matnix is absent and the pebbles are either uncemented or loosely
held together by coarse-gramed recrystallised calcite. These rocks are both porous and
permeable and make excellent aquifers. The deposits are crudely bedded and contain
impresistent lenses of cross-lammated sand. Around Jabal Hafit the clastics are composed

entirely of imestone.

Towards Al Ain town and further west the gravel and conglomerates are replaced
progressively by interbedded sand. silt and calcrete. The sand and silt are typically cross-
laminated, calcareous, brown or white and, with scattered pebbles and cobbles. They tend to
be more firmly cemented than the conglomerates. The calcrete 1s typically white, lacks
obvious bedding, contains scattered grams of sihca and altered igneous rocks and contains

irregular fracture surfaces and vugs coated with ron and manganese oxides.

Towards the west where the alluvium becomes sufficiently fine-gramed (Fig. 2.7). It 1s

subjected to wind action and the area 1s partly covered by low sand dunes.

(ii) Desert plain deposits (Qes)
Most of the remaming flat or gently undulatng parts of the area are underlain by
desert plam deposits. They occur between the dune ndges mamly in the west and north of Al

An area.

Typical exposures consist of low scarps at the margins of the ablation hollows and
flats. They are of mter-layered pale gray lammated silt that 1s loosely cemented with
carbonate, and red or brown sand locally showing dune bedding. These rocks types represent
dune sands which have been cemented by salts at times of higher water table and that have
been subsequently re exposed by ablation. Adjacent parts of the plans are covered with

nodules of sandstone formed by surface cementation of these rocks types and by scattered
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Fig. (2.7) The main geological units of Al Jaww Plain, D= Desert plain deposits,
mainly gravels, F= Fluviatile deposits.
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pebbles of serpentinite. gabbro, limestone and chert. Sections exposed in borrow pits near
Jabal Muhaypr and elsewhere show that wter-layered gravel. pebbly calcrete. nodular
limestone and calcareous silt also make up a part of the desert plain deposits. These deposits
are present between the dune ndges, mamly in the westem and northem parts of the study
area. They are distnguished from fluvial deposits by being unrelated 1o the present drainage
pattern. Desert plain deposits are mterlayered, laminated and loosely cemented by carbonate
silt and sand. They represent dune sands which were cemented by salts at tmes of higher

water tables and then re-exposed by ablation (E- Saiy, 2002).

(iii) Mixed deposits (QTm)

These deposits. which are present in the northern part of the study area. include
calcrete, serpenuinite  granules and calcareous sandstones. They are very smilar 1o the
Miocene rocks. The lack of diagnostic fossils, however, makes ther mdetermmate (Hunting

Geology and Geophysics. 1979)

(iv) Sabkha deposits (Qsb)

Sabkha deposits occur where the main wadi channels enter the sand dunes and at other
lcatons  within the dunes hable to floodng by nsing groundwater. Sabkhas are also
developed on the lower parts of gravel and sand plains at and west of Ain Bu Sukhanah. The
mam rock type 1s loosely cemented calcareous siltstone. Visible gvpsum. which 1s common in

the Sabkhas near the coast, 1s rare in the Al Am area except around Am Bu Sukhanah.

(v) Aeolian sand (Qd)

The greatest part of the area 18 covered by sand dunes. They vary n color from red and
pmk to white. Hunting Geology and Geophysics (1979) emphasized that grains ol these sand
dunes are well-rounded carbonates and quartz with minor proportions of basic and ultrabasic

igneous rockfragments.

2.5 Structural Setting

Al Amn area 1s located on a structural pattem ranging between the uplified. highly-
deformed rocks of the Oman Mountains at the east and the buned. flat-lyng 10 gently-folded
strata of westem Abu Dhabi Emurate (Hunting Geology and Geophysics. 1979: Schiumberger.
1981: Robertson et al.. 1990). The history of these structural elements 15 summanzed with
reference to (a) compressive deformation exposed n the mountams and (b) similarly

developed structures to the west of the range (pnmanly those structures i the shallow
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subsurface beneath the predmont and the northemn dune area). The main remarkable structural

elements of Al Ain area are elaborated n the following section.

2.5.1 Structures in the Oman Mountains

The rocks exposed n the northem Oman Mountains have suffered from a complex
compressive deformation primanly due to Late Cretaceous obduction of the Semail ophiolites
and associated sedimentary and volcanic rocks formed as a result of this obduction (Glennie

et al., 1974; Coleman. 1981 & 1981 Lippard er al., 1986, Parton and OConner. 1988: Boote
et al.. 1990 and Warburton er al., 1990).

Major structures formed m response to ophiolite emplacement include: 1) several sets
of east to-northeast dippmg thrust fauhs and nappes. u) uplifi and collapse of regional
culmmations above stacked thrust sheets: ) intense folding associate with thrust foldmg; and
iv)  pervasive intemal deformation (shearng tectonic dismemberment and mélange
development) in the Hawasina and rocks (Searle et al., 1990 and Warrak, 1987)

Regional mapping has dentfied complex foldng and fauling in the Bedrock
Mountains of the western Oman Mountains adjoiming the eastem margin of the study area
(Fig. 2.4).

2.5.2 Structures west of the Oman Mountains
Based on structural interpretations of seismic reflection profiles. several studies have
documented the presence of a large buned system of folds and thrust faults bordenng the

western flank of the Oman Mountams (Boote et al.. 1990: Dunne et al., 1990; and Warburton
etal., 1990).

Woodward (1994) used 94 reprocessed seismic sections covermg Al A arca (Fig.
2.¥) for outhning the major structural elements that affect the Quatemary aquifer. Most of the
thrust faults were dennfied by offset andior by aligned truncation of shallow reflectors. (Fig.

2.9) shows a comprehensive map of subsurface structures for the westem flank of the Oman

Mountains n Al Amn area.

Most of the deformanon m the zone i1s under a surficial cover of alluvium and eohan
sand, although some structures produce mountains ranging n size from Jabal Hafit n the
south to small bedrock outcrops protruding through the sand cover in the northem dune area.

such as Bida Bint Saud. Jabal Mohayer and Qam Saba. The onentation, style, and geometry
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of subsurface structures are similar m many aspects to the faults and folds exposed in the
bedrock of the Oman Mountams.

Two structural domams have been defined on the basis of deformational style and
complexity. A complex belt of tight folds and thrust faults underhie the northem dune area. A
less deformed zone of relatively simple compressional structures, as shown in (Fig. 2.9)
extends from Jabal Hafit eastward under Al Jaww Plain.

The boundary between the two regimes trends ENE beneath the Wadi Al Ain system.
The two regimes share the followings:

(1) The fold axes have a general NNW-SSE trend.
(1) All the major thrust faults are dipping eastward at moderate to steep angles.

(in) The distal (western-most) structural elements of each domain are antichines (Jabal

Hafit south of AFAn, and a bunied anticline to the north).

(1v) West of the distal antichnes, the undisrupted layered bedrock is dipping gently to

the west,

2.5.3 The northern structural regime

This structural regime is charactenzed by an episodic, compressive tectomsm. Starting
from the western distal antichne. the folding consists of three sets of altemating antichne-
synchine fold pais. The folds are doubly-plunging; the eastern ones are svmmetrical whereas
the western folds are asymmetrical; with the axial surfaces dipping shghtly to the west. Most

of the folds have been ruptured by a senes of imbncate thrust faults.

There are six sub parallel zones of major, eastward-dipping thrust faults. The F1 and
F6 thrust zones consist of single faults: the F3. F4 and F5 zones are made up of two ranching
thrusts, whereas the F2 zone compnses three inline discontinuous thrusts, The deformation
sequence of the post-Late Cretaceous shallow sediments 1s one of an mmual phase of folding
followed by thrusting. The thrust system seems to be a leading imbrnicate fan with westward
propagating piggyback thrust. Based on seismic data, the northem anticline 1s thought to be
either unfaulted or less faulted with little displacement along the thrust plan. In the central
part of the anticline. the fold becomes more compressed, where the imbs begin to dip quite
steeply, and a thrust fault develops near the central part of the fold and ruptures the fold west
of its crest. As compressional deformation increases, the throw of the thrust increases and the

antichne begins to be decapitated. At the southem end of the anticline, seismic sections show
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that the fold 1s broad and unfaulted, and the limbs are dipping at low angles. Warrak (1996)
studied the ongmn of the Hafit anticline and analyzed its structural patten. He concluded that
the structure was formed as a result of one-sided compression acting from ENE and grew as a
detachment fold. Also, the reversed verence and the fold superposed on the limbs of Hafit
folds were formed due to smple shear as it moved up a histnic, east-dipping thrust plane.
Warrak  (1986) emphasized that the Hafit anucline grew synchronously with the
sedimentation from just before the Middle Eocene until the end of the Miocene.

2.5.4 The southern structural regime
The southern structural regime 1s dommated by Jabal Hafit, the distal fold, and Al
Jaww Plam. The mountain 1s a composite anticline with a smuous doubly-plunging fold axis.

Ths large amphtude fold 1s asymmetnic with a vertical to steeply-overturned eastern limb.

The AkJaww Plain (500 km’) is a westward-sloping, low-rehef alluvial piedmont
bounded on the east by the Oman Mountains and on the west by Jabal Hafit. Structurally, the
plam 1s underlam by a senes of southerly-plunging folds that comprise a central antichne
flanked by synchines, and easterly-dipping thrust fault located near the eastern boundary of the
plam (Fig. 2.10). The major fold 1s a synclhine whose axis 1s about 6 km long east of Jabal
Hafit. All folds and faults have axial traces that are subparallel to Jabal Hafit, which has an
axial trace stnking about N20” W,
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see Fig.2.9 for location (modified after Woodward, 1994).
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CHAPTER THREE
MATERIALS AND TECHNIQUES OF STUDY

The theoretical background of the mmplemented geophysical techniques 1s discussed
in this chapter.

3.1 Materials

This study 1s based on varnous data collected from different sources including field
trips to the area under nvestigation. These data include.

1. Meteorological data  collected from the Departement of Civil Awviation (Abu Dhabi
Intemational Airport). These data are recorded at Al Ain Intrmational Auwrport, which
represents the nearest metrological station to the study area.

2. Records of the water wells dnlled in the study area, provided by National Dnlling
Company (NDC) and Water and Electneity Departement (WED) of Al Ain Distribution
Company, Al An.

3. The hthologic logs of many wells, which were dnlled at Al Jaww Plam.

4. Penodical recording for the measurements of groundwater depth in available wells by

NDC and WED.

n

Chemical analyses of previous periodical records of groundwater samples provided by
NDC and WED.

6. Topographic maps of scale 1:50,000 and land sate image for Al An area.

7. Surface geophysics including Direct  Current (DC) resistvity and  Transient
Electromagnenc (TEM). Data from borehole geophysics logged by Schlumberger Middle

East at Al Jaww Plain are also used.
3.2 Direct Current (DC) Resistivity Method

3.2.1 General

Applied geophysics 1s known as a large group of varnous methods and techmques
developed to mnvestgate the subsurface. By the geophysical methods, a lot of nformation is
acquired, which can be used for various aspects. Geophysical techniques are considered as
one of the most accurate and cost saving methods used in hydrogeology, engneering and
geoenvironmental investigations. This achievement s related to the expanding interpretative
skills of the geophysicists and the increasing acquamtance of the engmeers and geologists

with its basic geophysical principles.
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The electncal methods in general include different techniques and instruments
depending on the nature of the method used mn prospecting. Some of these methods make se
of the natural currents and others depend on injection of aruificial currents mto the earth. For
more details about these different techniques reference is made to Reynolds (1997), Parasins
(1997), Telford et al., (1990), Robinson and Coruh (198%8) and Dobrin (1976).

The DC-resistively methods of geophysical exploration are popular and proved to be
successful and have many implicatons m the fields of geoenvironment and hydrogeology.
Electrical resistively methods were developed in the early 1900 but have become widely used
since the 1970,, pnmanly due to the avalability in the search for suitable groundwater
sources. These methods have also been used to monitor types of groundwater pollution; in
engineermg surveys to locate sub-surface cavities, faults and fissures permafrost, mineshafts
and m archaeology for mapping out a real extent of remnants of buned foundations of ancient
buildings, amongst many other apphcations. Electncal resistively methods are also employed

extensively in downhole loggmg as will be elborated in the section of borehole geophysics.

3.2.2 Basic concepts of the resistivity method

Resistively is one of fundamental electnical properties of soils and rocks. The term
(Resistivity) 1s used because earth matenals behave hke electrical resistors, impeding currents
flow through the ground. The matenals, ability o conduct currents 1s controlled by a number
of factors, including the mowisture content, clay content, porosity or compaction and the
presence of free ions. For example, resistance to current flow decreases with increasing
ionized water or salt content.

Resistivity (p) 1s a bulk property of matenal describing how well that matenal
mhibts current flow. This 18 shghtly different from resistance, which s not a physical
property. If we consider current flowing through a umit cube of matenal, (Fig. 3.1) resistivity
1s defined as the voltage measured across the umt cube’s length (V/m)

Divided by the current flowing through the unit cube’s cross sectional area ( /).
This results in units of Ohm n1’ /m or Ohm-m.
It is expressed by the following formula:

r.A
_rd (3.1)
4 L

Where r is the resistance of a conductive material having a length L and across

sectional area A
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Consider an electne circuit in which the earth is the resistor. Two metal stake
electrodes are connected at two different locations to the battery terminals, as shown in (Fig.
3.2). The electrodes connected to the positive termmal 1s called the source. the other
connected to named the negative terminal is the sink. Due to the difference in potential
between these electrodes current is obliged to flow along paths leading from the source to the
sink. The source electrode 1s positively charged therefore 1t pushes positive electric charges
outward mto the ground. The result 1s that electnic current flows outward from the source, into
the ground. Assuming that resistivity 1s constant through the model of the earth, the current
moves away from the source, radiating outward and uniformly in all directions as shown by

the paths in (Fig. 3.2).

Now consider the resistance encountered by current that has traveled a distance from
the source. Because it spreads outward in all directions, it has moved through a hemispherical
zone. The current flows out of this zone when it moves across the area of 2td”, which is the
surface of the hemisphere. According to Equation (3.1), the resistance r can be expressed by
the product of resistivity p and the distance d that the current has traveled divided by the area
2nd’ then

pd _a(l l 13
el LI 8 |
xd-  m\d

The charge in potential resuling from the flow of current through this hemisphencal
zone can be found from Ohm’s law, which relates the current, potential difference, and
resistance such that

V=1ir (3.3a)
then

b — P LY Ny
V=1r 31?}_\" Va (3.3b)

Where. W - Vg 1s the difference between the electnic potential i at the source and
the potenntial Vy at any pomt in the ground at a distance d from the source.

Considering the sink electrode, if the potential at the source is V. the potential at the
sk will be - V, . for it 1s connected to the negative termnal of the battery. Similarly, we can
use ohm’s law to find the difference between the electric potential — Vg of the sink and the
potential Vy at all ponts which far by a distance d from 1. Thus

V=1ir= % = \'d— Vn (3.4)
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Fig. (3.1) Basic definition of resistivity across a homogeneous medium.
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Fig. (3.2) Current lines radiating out from a source electrode and converging
on a sink electrode.
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To find the electnc potential V at a pomt mn the ground, we have to combine the
potentials of the source and sink. Using Equations (3.3) and (3.4), we obtain

e - N b
\ = = 3
27 [d’1 d, ] 3.5)

Where d and & are the distances to the source and the sink. Equations (3.5) can be
used to calculate the potential point by pomt throughout the ground then, by connecting points
of equal potental, we would obtain the pattern of equal potential surfaces as shown in (Fig.
33). the pattem of equipotential lmes and current lines m (Fig. 3.3) apphes for any plane
surface containing the source and sink, regardless of its inclination.

In normal practices of electrical resistivity surveying it is usual to use source and sink
electrodes connected to a battery, or some other source of dectric power, to compel current to
flow m the ground. An ammeter 15 included to measure current. Two other electrodes
connected 1o a voltmeter are placed i other positions to measure differences in potential.

In (Fig. 34), the source and sink electrodes are A and B, and the so called potental

electrodes are M and N. According to Equation (3.5), if the resistively p is uniform, the
electric potential Vi at the M electrode will be.

, ip[ 1 |
V= e s
§ zn[dl d:]

(3.6)
And the potential Vy, at the N electrode will be

(3.7)
Therefore, the difference m potential Viyn measured by the voltmeter will be
: . _-dgfd 80 11
Van= V- Ve —| ————+— (3.8)
< M 8 .-.'Tf[dl d: d; (14
by rearranging Equation (3.8) to express resistively

(3.9)
most of the work with resistivity instruments is based upon apparent resistivity

(p,) mstead
of true resistivity ( p ). because the 1deally uniform subsurface 1s rare.
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Thus the value obtaned from Equation (3.9) is called the apparent resistivity p,.
Equation (3.9) can be expressed as:
I

pd='-"46 (3.10)

Where

G- 2r 3
Vo Vo Vo Vi

1s the geometrical factor that depends on the electrode arrangement.

For more detail about the theory, different types of electrode configurations, data
acquisition and methods of mterpretations, are given i Koefoed (1968), Dobnn (1976),
Robmson and Coruh (1988), Lowne (1997), Parasnis (1997), Reynolds (1997) and Sharma
(1997).

3.2.2.1 Electrode arrays

Most electnical resistivity surveymg 1s done with one or more of the vanous electrode
configurations. (Fig. 3.5) shows the most common electrode arrays used m resistivity survey.
The electrode configuration which has been used during this study s the Schlumberger
electrode array. illustrated m (Fig. 3.5b). In this configuration, the current electrodes A and B
are at equal distance S, in opposite directions from the center of the array. The potental
electrodes M and N are between A and B at equal distance from the center of the array, S/2

From Equation (3.11), the geometrical factor for this array becomes

- 2 ®(S*=(al2)
- = 312
G 1 1 1 l . et

== - -+
§-(a/2) S+(al2) S+(a/2) S—(a/2)

Therefore, the formula used in the Schlumberger configurabon can be written as

follows:

) (3.13)
1

S*a’/4_ VMN
p,=nr{
da

To measure apparent resistivity, the subsurface of the earth i1s energized through two
current electrodes, and the resulting potential 1s measured by two nonpolanzing electrodes.
and values of | and Myy are read from the ammeter in the current circunt and the voltmeter in
the potential circuit. These values are used with the appropnate geometnical factor in Equation
(3.10).
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Fig. (3.3) Current lines and equipotential surfaces produced by a source and sink in
a medium of uniform resistivity. (After Van Nostrand and Cook, 1966).

gquipotential

Fig. (3.4) Current electrodes A and B and potential electrodes M and N are used to
measure potential difference V, which depends on the zone resistivity.
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The depth of invesugation i1s generally controlled by the current electrode spacing.
Greater depths are achieved as the current electrode separation 1s increased. Each type of
electrode arrangement has its own depth of curent penetration, in the case of horizontal
layers. The depth of probimng 1s also controlled by the resistivities of the subsurface materials.

A very general rule of thumb with certain reservations can be appled which implies
that the depth of penetration ranges between one third and one fifth of the current electrode
separation (Van Nostrand and Cock, 1966).
3.2.2.2 Surveying procedures

Many procedures have been designed (Habberjam, 1979) and although several are
occastonally employed in specialized surveys, only two are in common use as elaborated
below.

Vertical Electrical Sounding (VES)

The resistvity sounding 1s one of the most economical methods used in the field of
shallow geophysical nvestigations such as engineenng, hydrogeological. geoenvironmental
and archacological mvestigations. The man power and time required for performing
Schlumberger sounding are less than those required for Wenner array. Also, the effect of near
surface lateral mhomogeneities 1s less under the Schlumberger array (Zohdy, 1974), as the
separation MN 1s generally smaller than AB.

The objective of sounding 1s to determine the vanation of electrical resistivity with
depth. This method 1s also called (electnc drilling). An electncal sounding 1s done by
measunng several values of apparent resistivity with successively increasing electrode
spacing. with the center of the configuration and its onentaton remaining fixed. With
mcreasing electrode spacing, current penetration increases and consequently the depth of
mvestigation.

Therefore, in the Wenner configuration, as the electrode array expands, the distance
(a) 1s mncreased equally by keeping the mudpomnt of the configuration fixed. However, in the
Schlumberger configuration, the potental electrodes can remam in the same posiion for a
series of readings with changing only the current electrodes spacing. Then, increasing the
spacing of the potential electrodes for another series of current electrode spacing to obtamn
readable measurements for both V and 1. In all cases MN spacing must be kept to about 1/5 of
the AB spacing.

Electrical Profiling
The objective of electncal profiling 1s to determine the lateral vanations m resistivity

of the ground along profiles with stations used for measurements of p,. The coverage of the
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and their corresponding geometrical factor.

52



53

area of nvestgation with a number of such profiles can be used for construction of resistivity
maps representing resistivity at different electrode separations, 1e., at the depth of current
penetration related to this electrode separation (e.g. in case of Wenner array) (Fig. 3.5a).

This techmque 1s useful m detecting local shallow inhomogeneities in the subsurface
and 18 employed typically m dehneatng geologic boundanes, fractures, cavities, elc.
Generally any of the electrode arrays may be used. however, the selection is depending

mamly on the field situaton.

3.2.2.3 Data acquisition

Data of mnmme vertical electncal soundings (VES) using Schlumberger electrode
configuration along profile crossing Al Jaww Plam (after MAF, 1985) have been used.
Moreover, the available instrument “Sting R1 IP"™" Resistivity meter (Fiz. 3.6) has been used
n this study to carry individual VES near to borehole for purpose of calibration and training.

Presentation of the data, processing and interpretation are discussed n chapter six.

3.3 Principles of Time Domain Electromagnetic Techniques for Resistivity Sounding

Conventional DC resistivity techniques have been applied for many vears to a vanety
of geotechmcal apphcations. More recently electromagnetic techmques. have been used
effectively to measure the resistivity (or its reciprocal, the conductivity) of the earth.

Electromagnetic techniques can be broadly divided mto two mam groups. In
frequency-domain mstrumentation (FDEM) the transmitter current vanes smusoidally with
time at a fixed frequency which is selected on the basis of the desired depth of exploration of
the measurement (high frequencies result in shallower depths). On the other hand, m most
time-domain  (TDEM) strumentation, the transmitter current, while stll peniodic, 15 a
modified symmetrical square wave, as shown in Fig. (3.7a). After every second quarter-period
the transmitter current i1s abruptly reduced to zero for one quarter period, whereupon it flows
in the opposite direction.

A typical TDEM resistivity sounding survey configuranon 18 shown mn Fig. (3.7b).
The transmitter 1s connected to a square (usually single turn) loop of wire laid on the ground.
The side length of the loop 1s approximately equal to the desired depth of exploration except
that, for shallow depths (less than 40 m) the length can be as small as 5 to 10 m n relatively
resistive ground. A mult-turn receiver coil, located at the centre of the transmitter loop. is

connected to the receiver through a short length cable.
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Fig. (3.6) Super Sting R1 IP earth resistivity and [P meter
and its accessories.
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Fig. (3.7) Principles of time domain electromagnetic techniques for resistivity sounding.




In TDEM resistivity sounding, the process of abruptly reducing the transmitter current
to zero mnduces, m accord with Faraday's law, a short duration voltage pulse in the ground,
which causes a loop of current to flow in the mmediate vicinity of the transmitter wire. as
shown in Fig. (3.7¢).

Immediately after transmitter current is tumed off, the current loop can be thought of
as an image in the ground of the transmitter loop. However, because of finite ground
resisivity the amphtude of the current starts to decay immediately. This decaying current
induces a voltage pulse which causes more current to flow, but at a larger distance from the
transmitter loop, and also at greater depth, as shown in Fig. (3.7¢). This deeper current flow
also decays due to fimte resistivity of the ground, inducing even deeper current flow and so
on. The amphtude of the current flow as a function of time 15 evaluated by measuring its
decayng magnetic field usmg a small multrturm recever coil usually located at the center of
the transmitter loop. From the above it 1s evident that, by making measurement of the voltage
out of the receiver coll at successively later times. measurement 15 made of the cument flow

and thus also of the electrical resistivity of the earth at successively greater depths.

The output voltage of the receiver coil 15 shown schemancally (along with the
transmitter current) in (Fig. 3.7d). To accurately measure the decay charactenistics of this
voltage the receiver contamns 20 narrow nme gates indicated mn (Fig. 3.7e), each opening
sequentially to measure (and record) the amplitude of the decaving voltage at 20 successive
nmes. To mimimize distortion in measurement of the transient voltage, the early nme gates,
which are located where the transient voltage 1s changing rapidly with time, are very nammow,
The later gates, situated where the transient 18 varymg more slowly, are much broader. This
technique 1s desirable since wider gates enhance the signakto-noise ratio, which becomes
smaller as the amplitude of the transient decays at later times. It 1s noted from (Fig. 3.7d) that
there are four receiver voltage transients generated during each complete peniod (one positive
pulse plus one negative pulse) of transmitter current flow. However, measurements are made
only of those two transients that occur when the transmitter current has just been shut off. In
this case accuracy of the measurement 15 not affected by small errors in location of the
receiver coll. This feature offers a very significant advantage over FDEM measurements,
which are generally very sensitive to vananons in the transmutter coilreceiver coil spacing
since the FDEM receiver measures while the transmitter current 1s flowing. For more details

about TDEM resistivity sounding refernce 1s made to McNeill (1994).
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Three types of equipment systems manufactured by Geonics limited, Ontario, Canada.
were used for electromagnetic surveys done by US Geological Survey, (1993) at Al Ain area.
The EM-34, 1s a frequency domain terrain conductivity meter (TCM) that uses a portable
loop-loop recewver and transmitter configuration to collect conductivity data at three preset
separation frequencies and two different loop orentations (McNeill, 1980, Fitterman and
others, 1991). Six measurements are recorded at a series of stations spaced at mtervals of 10,
20, and 30 m along a profile line. Results are used to produce geoelectric resistivity cross-

sections with fair to good resolution to depths below land surface of about 40 m.

Two types of transient electromagnetic (TEM) systems were used to obtain vertical
sounding with higher resolution and greater depths, relative to TCM surveys. The TEM
systems use battery or generator driven transmitters to supply square wave direct current at
two base frequencies into large wire loops lay on the ground. The on-off source current n the
loop induces eddy currents in the subjacent ground: these currents decay as they diffuse
downward and outward. The ground response, in tumn, induces transient voltages i a receiver
coil. These transient voltages. which are recorded digially in 40 channels with prescnbed
time delays, are converted to apparent resistivities.

The EM-47 system uses a small loop (40 meters on a side), low wansmitting current (3
amperes), and high frequencies to give ligh resolution soundings over a depth range of 0 to
100 m. Deeper soundings (extending to 300 m). but with lower-resolution, are provided by
the large loop (100 to 200 m on a side), high transmutting current (30 amperes). and low
frequencies of the EM-37 system.

Transient electromagnetic (TEM) data provided by NDC along some wadis crossing al
Jaww Plain are used to determme the paleochannel geometry along these profiles and to map
the depth of the conductive clay layer of Tertiary age that forms the base of the aquifer. Data

presentation and discussions of results are given in chapter six.
3.4 Borehole Geophysics

3.4.1 General

Well logging methods are essential tools in groundwater exploration and development.
In borehole geophysics, a suntable sensor 1s lowered to the bottom of the borehole and the logs
are continuously recorded in terms of depth when the sensor (called ‘Sonde) 15 drowning
upwards gradually with a uniform speed.

Normally, logging 15 carmied out in water wells as test boreholes recommended after

through geological and surface geophysical surveys. Geophysical logs help understand the



hydrogeology of the area clearly as the strata chart prepared from the mixed up samples
recovered at the time of dnlling is not reliable. While the logs are used for stratigraphic
correlation from well to well, these may be used for detection of bed boundaries, porous and
permeable zones, saline water bearing zones, fractured zones and groundwater flow pattern,
having a strong beanng mn groundwater development and management of large scale water
supply schemes.

Electric resistivity and electromagnetic methods presented in the earlier sections help
in the selechon of dnllhng points recommended for test borehole in both hard and soft rock
areas. The dnlling points are recommended after the geoelectric section and the subsequence
lithological sections are obtained on necessary correlation of data. As soon as the dnlling of
the borehole starts, well logging 1s camed out for m situ evaluation of the aquifer's

charactenstics through measured physical properties.

3.4.2 Logging in groundwater development

The subsurface geophysical methods (logging techmiques) available for oil, water and
mineral exploration are numerous (Nath et al, 2000). Of these. the following logs play an
important role i detailing water wells and related groundwater development.

o Self potential (S.P) logging,

e Conventional resistivity logging (normal and lateral),

e Natural gamma and radioactive traces,

e (Caliper logging (as a substitute for Cahper log, dnlling time log 15 used for fractured
zones) and

e Temperature logging (typical geothermal gradient of +1.3 °F per 100 feet 1s taken as a
suitable for temperature log).

Other logs like neutron, somc and gamma-gamma ray (density) logs known as
porosity tools may be used. Table (3.1) hsts the utlity of geophysical logs used for
groundwater exploration.

Surface electncal resistivity can be camed out to locate the dnlling site for
groundwater pumping. Once the borehole 1s dnlled and geophysically logged, the formation
water resistivity value can be used for noting the chemical quality of groundwater. The
thickness of porous and permeable zones and their lateral extent obtained from geophysical
surveys help m fixing the spacmg and vield of wells, phasing the annual recharge and

discharge of the aquifer causing no overdraft and minmizing mutual interferences among the
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Table (3.1). Utility of geophysical logs for exploration of groundwater

TYPE OF LOG s el

oTER, | PERMEABILITY | POROSITY | WATER | LitHoLogy | FERATON | CORRELATION | BEDDING
CALIPER ? ?
GAMMA-RAY ? ? ?
SPONTANEOUS , 5
POTENTIAL
DUAL INDUCTION ? ? ? ? ? ?
MICRO-RESISTIVITY ? ? ?
NEUTRON ? ? ? ? ?
DENSITY ? ? ? ? ?
SONIC ? ? ? ? ?
PHOTO-ELECTRIC ? ?
COMPUTER PROCESSED ? ? ? ? ? ? ?




pumped wells. The well logging methods together with pump test play a dominant role in the
development, planning and management of groundwater resources.

3.4.3 Logging in water wells

The methods hsted in section (3.4.2) and implemented for water wells are elaborated
in the following section,

3.4.3.1 S.P logging

S.P. 1s the self potential or spontaneous potential of electrochemical ongin controlled
by the concentration difference of the electrolytes in boreholes (dnlling mud) and formations
(formanon water) within borehole dnlled with fresh water mud. The S.P. (mV) across a
porous and permeable bed 1s given by the expression:

S.P.(mV) = -K log Ry/R, (3.14)

K 1s a constant, dependent on absolute temperature (value equal to 80 at 24 °C. for
example), Ry 1s the resistivity of formation water and Ry,¢ s the resistivity of the mud filtrate
(Ras = 0.8 Ryy) caleulated from the resistivity of mud (R,,,) at the corresponding temperature.

S.P. (always negative) log plotted to the record (Fig. 3.8) has three major applications:
(1) defimtion of bed boundanes, (1) correct locaton of porous and zones and (m)
determmation of formation water resistvity (Ry). The total dissolved salt (TDS) may be
calculated for the formation water in parts per million (ppm) from the empinical relation.

TDS = 0.64 * EC in micromhos/cm (3.15)

Where EC = electncal conductivity of formation water given by,

EC = 10000/Ry (Ry in Q2-m) (3.16)

Once TDS s known, chlonnity of the water may be evaluated using the empincal
relation.

Chlonmty ( m ppm ) = 0.6 (TDS - 400 ) (3.17)

When salimty of formation water is less than that of mud. positive S.P. anomaly 18
recorded. This 1s termed as S.P reversal (Fig. 3.8) and 1s an mmportant diagnosis for fresh
water aquifers, normally encountered in the coastal areas. When S.P. is used n combmation
with resistivity logs the following situation may occur.
. No S.P and a high resistivity means: (a) NaCl concentration n the formation water and the

borehole mud are the same, and (b) a hard non-porous bed which shows mcrease n
resistivity but no S.P. 1o be resolved through sonic log.

1. A strong negative S.P. but no distinct resistivity anomaly means a saline water aquifer.
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3.4.3.2 Point resistance logging

This 1s the simplest and cheapest approach where a constant and regulated amount of
current 1s fed through two spherical lead electrodes, one at the surface mud pit and the other
in the borehole. Normally this is recorded simultaneously with S.P. log and plotted to the nght
side of the record. The measured resistance becomes proportional to the resistivity of the
material close to the electrode. This is used for detection of resistive porous and permeable
fresh water saturated zones against low resistivity adjacent shale and clay bed estimation of
their thicknesses. The saturated zones interpreted from S.P. log are confirmed through point

resistance log.

3.4.3.3 Resistivity logging (normal and lateral)

Beside pomnt resistance, normal and lateral logs are used both for qualtative and
quantiative mterpretation n water wells. The apparent resistivities obtained from these logs
give the true resistivity (R,) of the formation. The R = Ry (read from the log) is the resistivity
of the bed completely saturated with formation water. Knowing Ry from resistivity log and
the value of R, from SP. log, resistivity formation factor (F) and porosity (@) can be
calculated from the relations:

F = Ro/R (3.18)

F= (/g% (3.19)

Where F 15 a measure of the tortuosity of the path for groundwater flow. Using
Archie’s relanon F = (a9™) where a = | and cementation factor m = 2 the porosity (@) of the

formation 1s calculated using equation (3.19).

3.4.3.4 Natural gamma ray logging

This 1s the record of natural gamma ray intensity ongmating mamly from radioisotope
Potassium-40 (K*") present only in clay or shale. The shale or clay bed shows higher gamma
ray counts compared to sand.

Gamma ray log 1s suitable for S.P. log, which becomes practically non-existent in case
of holes dnlled with saline mud. Thus, when S.P. log fails to demarcate bed boundaries of
clay or shale from adjacent sand. gamma ray log is the only altemative. In hydrogeology. the
volume proportion of shale n shaly sand 1s generally obtained from gamma ray mntensity
amplitude,

In tracer techmique, weak radioactive sources hike Bromme-82 (half hfe = 36 hours)

and lodine-131 (half hfe = 8 days) are used as the tracers for determination of the direction of



the movement of the groundwater within borehole, through single hole and multple hole
measurements. Other loggmg tools like neutron, sonic and density, if available, may be used
for determmmation of porosity of the aquifer.

3.4.3.5 Neutron log
Neutron log records the response due to neutron-capture gamma rays which depend on

the hydrogen content of the formation. Hydrogen content is a measure of the porosity for non-
shale sand. This method of logging 1s used to calculate the porosity.

3.4.3.6 Sonic log
Sonic log records the time required for a sound wave to travel through unit length of

formation. The following expression 18 used for calculation of porosity for uniform

mtergranular porosity
- AII.-._:_ AII’IJI"‘:J - A
Q= = (3.20)
AI.'_-.;:.:.I = At_-uurr.u

Where At's are the travel times (n microsecond) for umit length of formation

(recorded from the log) matrx and the hquid filling the pores.

3.4.3.7 Gamma-gamma ray or density log

Gamma-gamma ray or density log measures the mntensity of scattered gamma-rays
which 1s dependent on the density of the formation. Both neutron and sonic logs are affected
by shale content of the formation and the porosity values are altered considerably Density log.
which 1s mdependent of chemical behavior and 1s not affected by shale contammation and 1s

given by the followng equation

d.—d.

@ =————— x100( precent ) (3.21)

Where, d; 1s the gram density (gm/c’) 1s known from the constituents of the formation
(2.65 for sandstone, 2.70 for himestone and 2.85 for dolomite, for example), dy 1s the bulk
density 1s obtamned from density log and dy indicates the average fluid density.

As soon as the expenmental borehole 1s drilled. logging of the borehole 1s carmed out.
This helps to define the total thickness of the aquifers and to determme strammers positions m

wells.
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Fig. (3.8) A typical S.P. record (modified after Nath et al., 2000).
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CHAPTER FOUR
HYDROGEOLOGICAL ASPECTS

4.1 General Outline

The study area 1s located in the southeast of Al Ain city and comprises Al Jaww Plan
which is bounded by Oman Mountains range from the east and Jabel Hafit from the west (Fig.
1.6).

All of the major wadis crossing Al Jaww Plain ongmate from the Oman Mountans
range (Fig. 4.1a&b) which forms the catchment and feeding area of the water resources in the
mvestigated area. These catchments areas are made up of barren high mountains and hills
nsmg up to elevatons of 1500 m and s relatively impervious except for fault zones. The
narrow valley 1s filled with alluvium and the mtra mountain flat areas are covered with

extensive gravel deposits.

Al Jaww Plan 1s a large spread of an area made up of gravel and sand outwashes from
the Oman Mountains and deposited m the mam wadies including Al Amn, Shik and Hamad

which traverse the plain (Fig. 2.4).

The gravel progressively diminishes in size away from the hills and 1s replaced by
thicker deposits of fine sands and silts. The vegetation 1s sparse comprsing low trees (Fig.
4.1¢).

All the rocks of Al Jaww Plam mn Al Amn area are sedimentary including massive,
fossiliferous  Tertiaryv hmestone of Lower Eocene, limestone with intercalations of Pelagic
blue grey marls, gvpsum and gypsiferous marls of Miocene age overlam by marls and clays
with conglomerates of the Fars Formation. The latter forms the base of the Quatermary to

recent deposits which include the aquiferous zones of the study area.

The mam structural elements of the region 1s the two antichnes formed by Jabal Hafit
and Jabal Huwayiah outcrops (Fig. 2.4). The younger rocks mn Al Jaww Plain and in other
basins complementary to the antichnes are deposited mn sequence around these two mam

structures.

Jabal Hafit structure plunges northward from the Al Amm area while the Jabal
Huwaviah plunges southward beneath the Al Jaww Plain. These structures have mnfluenced
the subsurface geology of the plan, especially through the synchinal area which has been

formed between them. The Fars Formation which forms the base of the Quaternary aquifers



Fig .(4.1) Photos of Al Jaww Plain.
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deposits 1s thickest m the axial region of the syncline while the subsurface folding of the
Tertiary rocks has controlled the thickness of this formation.

4.2 Climate

The meteorological data, given in Table (4.1) are compiled from the data obtained
from the Department of Civil Awiation (Abu Dhabi International Awport) for Al Am
Intemational Amport meteorological station. Generally, the study area is charactenized by dry

and condmons. The analysis of the chmate data of Al Am area 15 given below.

4.2.1 Temperature

The mean maximum temperature is 46.7 °C and was in June 1998, while the mean
minimum temperature 15 10.8 °C and was recorded in January 2001 (Fig. 4.2 a through ¢) and
Table (4.1). Fig. (4.2b) indicates that the monthly mean maximum temperature 1s 38.1°C
which was recorded in August 1998, The monthly mean mimmum is 172 °C and was
recorded m January 2001. The highest maximum temperature i1s recorded between June and

September. The temperature vanation from one year to another 1s relatively small.

4.2.2 Rainfall

Al Amn les m an and desert belt which 1s charactenzed by low ranfall (less than 150
mm’y). The mam ran falls between November and March but the maximum s durning
January and February. Fig. (4.3a) shows the histogram of rainfall for the penod from 1994 to
2002.

The wettest vear was 1996, where the total annual rainfall reached 162.5 mm. While
the driest vear was 2001 as no rainfall was traced. Years 1995 and 1997 are regarded rainy
vears as the ranfall reached to 119.8 and 134.9 mm, respectively. Fig. (4.3b) shows group of
total monthly ranfall at Al Am for the peniod from 1994 to 2002. It could be concluded that
the man ran falls between January and March. In summer months the rain 1s rare and f
exists it would be in the order of a few millimeters. However, n July of 1995 the ramfall

reached about 48.8 mm (Fig. 4.3b).
4.2.3 Humidity

Although, Al Am area 1s located in a non coastal area, the humudity 1s relatively high.
The mean maxmimum humidity value recorded n Al A Intematonal Awport in the penod
1994-2002 1s 92% and was recorded n January 1998, The mimmum humidity value 1s 9%

and was recorded in June 2000 (Fig. 4.4 a through c). However, there are seasonal differences
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Table (4.1) Summary of meteorological data at Al Ao International Airport from 1994 1o 2002,
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n the wmnter months which are associated with higher humidity’s value while in the summer
months small humidity values are noticeable. The monthly mean maximum humidity is 74%
and was recorded m January 1998. The monthly mean mimmum humidity 1s 25% recorded
and was i July 2000 (Fig. 4.4b).

4.2.4 Evaporation

Evaporation ntensity 1s generally affected by ar temperature, relatve humidity and
wind speed. Fig. (4.5) shows the vamation of the total mean evaporation during the period
1994-2002. The evaporation 1s uregular in duration. A clear fluctuation in evaporation
mtensity 1s recogmzed. The maximum values are recorded mn summer months, while the
minimum  values are recorded in December and January. The maximum mean evaporation
according to Fig. (4.5) reached to 22 mm and 1t was recorded in June 1994, The minimum

mean evaporation 1s 5.1 mm and was recorded in January 1996.

4.2.5 Aridity
Using the data obtamed from meteorological station of Al Am International Airport
and applying the Emberger formula (1955), the mean degree of andity (Q) i1s determined as

follow:
Q = [100 x R / (M+m) (M-m)] (4.1)

Where: R 1s mean total annual ramfall (mm/year)
M is mean maximum temperature of the hottest month

m is mean mmnimum temperature of the coldest month.

The andity scale used by Emberger 1s shown in Table (4.2),

Table (4.2) Prevailing climatic conditions corresponding to the different values of dryness.

Value of Q Corresponding annual rainfall intensities (mm/year) Climatic conditions
0-20 0-200 Desert conditions
2045 200400 Arid conditions
45-65 400-800 Semi-arid conditions

Applying the above formula, 1t 1s concluded that the study area belongs to the desert

conditions domam.
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4.3 Groundwater Bearing Formation

Rizk et al, (1997) reported that the mam existing aquifers in the UAE are, fractured
ophiolite rocks in the east, gravel aquifers flanking the easten mountain ranges on the east
and west and sand dune aquifers m the south and west (Fig. 4.6). A discussion on these
aquifers with more emphasis on the aquifers existing on the study area (Quaternary aquifer
and Jabal Hafit hmestone aquifer) 1s provided hereafter. For more details about the different
types of aquifers in UAE, reference 1s made to Garamoon, 1996, Bakhit, 1998, and Rizk 1999
and Alsharhan et al., 2001.

4.3.1 Quaternary aquifer

The most important aquifer in the study area is the Quaternary aquifer. Quaternary-age
deposits consist of near-surface and surficial sediments of mixed alluvial, aeolian and locally,
sabkha (Evaporates) ongins. Quaternary alluvium represents the principle water bearing

lithostrangraphic unit relative to other umits,

Quatemnary alluvium s composed of a sequence of about 60 m of sand and gravel with
nterbeds of silt and clay. Most of the coarse clastic units contain a clay-rich matrix that 1s
usually calcareous. The bulk of the alluvium has been deposited after transport within wadi

systems draming westward from ophiolitic source rocks in the Oman Mountains.

Fig. (4.7) shows a generahzed structure contour map of the basal contact of the
alluvium n Al jaww Plain (Menges and Woodword. 1993). This map depicts a generally low-
relief surface that contains a sigmficant westerly directed trough on the eastem margin of the
plain near Jabal Zarub.

This trough appears to represent an ncised paleovalley where Wadi Shik exists onto
the piedmont through a bedrock gap in the Oman Mountain range front. Thus, the sub-
Quatemnary erosional surface may have developed by lateral stream planation between loci of

marked of downcutting approximately comncident with modem dramnages.

The base of the Quatermary alluvium is usually an abrupt unconformity at the
juxtaposition of the contrasting lithologies of the underlying Neogene section which contans
clastic sections with generally clay-rich textures at thin dispersed sand or gravel interbeds

(Menges et al., 1993).

Quaternary alluvium deposited across an erosional unconformity cut across a varety

of Ternary to Cretaceous rocks underlying the piedmont along the western front of the Oman
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Mountams. This erosional surface discordantly truncates older rocks including folded and

locally faulted sedimentary rocks of Eocene to Miocene age; see the geological sections (Fig.
4.11a through d).

Fig. (4.8) shows the thickness of Quatemary alluvium m Al Jaww Plain. The thickness
of Quaternary alluvium m Al Jaww vanes from 12 to 50 m. The thicker accumulation of

Quatemary alluvium occurs at the bedrock gabs along the eastern edges of the piedmont. The
alluvium wregularly thins to the west across the piedmont.

Al Jaww Plam has several westward decreasing gradually wedges of sediment with
rachal fan-like geometry pieces of the sediment fans comncide with palevalleys at the wadi
gaps, suggesting a persistence n the general location of drainage and sediment dispersal from

the mountains during the Quaternary (Bown et al., 1991).

4.3.2 Jabal Hafit limestone aquifer

Jabal Hafit 1s composed of 1500 m thick hmestone and marl mterbeds with gypsum
and dolomite and evaporate formations of Lower Eocene to Miocene age. Limestone of the
Middle Eocene of Dammam Formation constitutes an aquifer in Jabal Hafit. The aquifer 1s
characterized by extensive dolomitizaton and s affected by numerous faults and fractures.
Porosity 1s wirtually mill except for nfrequent unfilled fractures, vugs and heterogeneous

secondary porosity (Whittle and Alsharhan, 1994).

Fig. (4.9) shows a conceptual model of the three water bearing zones in the Jabal Hafit
area. These are: a fresh water zone replenished by meteoric water, a mixing zone where fresh
water mimxes with brackish water, and a deep salime water zone (White, 1977). The model
supports a mixture of two different sources fresh water from rain falling on the Jabal and
saline water moving upward from 2000 m deep by gas or temperature drive. Brackish water 1s
formed due to the mixing of the two types of water. Then, the aquifer water cools and become
more dilute. For more information about the geometry and distribution of geologic units that
compnse the mam aquifer of the study area and the structural deformation affecting the
hydrology of these units, some geologic cross-sections are developed. These geological

sections guided with the stratigraphic sequence in Al Ain area (Table 4.3) are discussed
below.

The subsurface of Al Jaww Plain based on seismic interpretation has been discussed mn

chapter two. The Pre-Quaternary bedrock underlying Al Jaww Plain is deformed by a series
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Fig. (4.9) Conceptual model of recharge and discharge of the Tertiary limestone
aquifer at Jabal Hafit (modified from Khalifa, 1997).
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Table (4.3) Geological formations and their water beanng

roperties in Al Ain area, (after Gibb et al., 1970).

UNIT UNIT
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of southerly dipping plunging folds compnsing a central anticline flanked by syncline (Fig.
2.10).

An easterly dipping reverse forms the easten structural boundary between the plan
and the outer mountans of the Oman Mountams., The most pronounced fold 1s a westem
syncline with an axis located about 6 km east of Jabal Hafit. The axial traces of folds are

onentated approximately sub parallel to the trend of Jabal Hafit.

4.3.3 Recharge of the Quaternary aquifer

The mam source for the recharge to Quatemary aquifer at Al Jaww Plain 1s the rainfall
on the Oman Mountains. The system s recharged through three sources: groundwater
underflow through gaps (drammage basin exit points) nfiltration of flood flows camed onto the
piedmont plains overlying the aquifer and groundwater flow through fractured bedrock along
the entire mountam front. The fractured bedrock east of the piedmont plain may also recharge

the shallow aquifers (US Geological Survey, 1993).

The Quatemary aquifer may also be recharged by the infiltration of precipitation i the
nterdune areas and gravel plam and from Jabal Hafit where the precipitaion percolates

rapidly through the permeable mestone rocks of Jabal Hafit.

There are other sources that recharge Al Am aquifer such as mmgation retum flow,
upward vertical recharge from deeper rocks (fault zone) and mfiltration of water lost from

heavy water transmission lines.
4.4 Geological Cross Sections

For the Quaternary aquifer m the study arca, some geological cross sections are
considered (Figs. 4.11 a through f). The locations of the boreholes are given m Fig. (4.10).
Investigations of these cross sections guided with the two maps presented in Figs. (4.7) and
(4.8), revealed the following with consideration of the stratigraphic sequence from younger to

older.

1) Near NW-SE strip of the middle part of Al Jaww Plain, the Quaternary aquifer umt
attams s maximum thickness (boreholes 11 and 12, cross section C-C Fig.
4.11¢c). The location of these sites of high Quatemary thickness near to Jabal
Zaroub appear to represent the incised palleovalley where Wadi Shik exits onto the
piedmont through bedrock gab i the Oman Mountains range front. Towards the
limestone ndges, the aquifer thickness dimimishes gradually to about 10 m or less
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Fig. (4.10) Base map for the boreholes used to develop geological and schematic
cross-sections.
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Fig. (4.11a) Schematic section along profile A-A", Al Jaww Plain (modified after
GeoConsult and Bin Ham Well Drilling Establishment, 1985).
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(4.11¢) Geological cross-section C-C', Al Jaww Plain (modified after Saqr, 1980).
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Hill Area

Fig.(4.11d) Schematic section along profile D-D" Al Jaww Plain ( modified after
GeoConsult and Bin Ham Well Drilling Establishment (1985),
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Fig.(4.11e&f) Schematic section along profiles E-E"& F-F', Al Jaww Plain (modified after Saqr, 1980).
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near Jabal Malaget, Jabal Hafit and disappears at the foots of both Jabals Hafit and
Malaqat, as shown in cross sections BB (Fig. 4.11b) east to the borehole BH6 and to
the east of BHI2, section C-C'(Fig. 4.11c). The thickness of the Quaternary unit at Al
Jaww Plain is controlled by many factors which include the distance from the alluvial
fans as 1t decreases by the effect of wind and the ephemeral wadies while the thickness
of the Quatemary unit increases when the subsurface is syncline or a basin shape like.
Moreover, the erosion of the Upper Eocene has played imporant rule in such effective
structural elements which 1in tum control the thickness of the Quatermary unit. It
increases when the subsurface is syncline or a basis shape like. Along section BB’ (Fig.
4.11b) 1t 1s noted that the Quatemnary unit has its mummum thickness i the middle part

of Al Jaww Plain (boreholes 9 and 10). Eocene-Ohigo-Miocene are relatively high.

2) The Quaternary aquifer to the west of Jabal Hafit north of Al Ain city (the oasis
area) attams a considerable thickness which vanes widely from a few meters to
100 meters or even more. Reference 1s made to the section beneath BH26 along the

cross section D-D° (Fig. 4.11d).

3)  In the Plan lying to the west of Jabal Hafit, the thickness of the Quatemary deposits
has wide range, 1t gets thicker towards the west: see for example BB (Fig. 4.11b)
beneath BH235 and section (=C" (Fig. 4.11¢) beneath Tw22, In these areas the old

rocks have low relief which results from either erosion or structural effects.

From the schematic cross section AA " (Fig. 4.11a) it 1s clear that from Jabal Hafit to
westward, the Teruary rocks are dippmng 1w the west and are covered by
Quatemary sediments in the western plan arca. In this area, the Fars Formation 1s
represented by evaporates as the data of BH23 and BH2R indicate. The Fars
Formation 1s encountered at depths of less than 100 m. Am Bu Sukhana 1s
emerged from Fars Formation (Evaporates) where the Fars Formation overlying

the impermeable marl sediments which belong to Oligocene.

4) Along these sections, the Upper Fars Unit (Td) acts as an aquiclude for most of the
Quaternary umt. On the other hand, the Lower Fars Oligo-Miocene (Tc) consists
of the evaporate series (gypsum), anhydrite, clay. marl and Imestone which act as
an aquifer of poor potennal. Such an aquifer umit 1s encountered beneath the area
lying to the east and west of Jabal Hafit, as a part of the Al Jaww Plain and the

western plain, respectively. The average thickness of this unit 15 50 m. although
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an exceptional thickness of about 200 m has been recorded at the southem border
of the Al Jaww Plam. In some locations this unit does not exist due to the
outcropping of the older rocks at these sites. Geoconsult and Bm Ham Well
Dnling Est.. (1985) reported that the Lower Fars exists with a considerable
thickness at the southemn part of Al Jaww Plain. At that site the Lower Fars is
overlam by a gravel layer of abnormal thickness (200 m), which is attmbuted to
the accumulated deposits carried by Wadi Muraykhat. Such condition has led to
the occurrence of a relatively good aquifer (the gravel layer) above a poor aquifer
(the Lower Fars). In Al Jaww Plain, the altitude of the top of a thick sequence of
less permeable rocks (that compnse the basal confimng system) declines from
about 360 m at Zaroub gab to about 150 m near Jabal Hafit. The altitude of the
top declines to about 60 m where Quaternary aquifer contains a thicker zone of
fresh water west of the northern end of Jabal Hafit. The basal confining system 1s
dominated by slightly permeable mudstone. claystone, evaporate, and hmestone
units of the Fars Formations i the Al Jaww Plain. Geoconsult and Bin Ham Well
Drilling Est., (1985) reported that the Caliper Log revealed that the Lower Fars

unit was confirmed by dnlling data.

5) The Eocene Limestone Unit (Ta, Tbh) consists of fossiliferous limestone with
gypsiferous marl in its lower part and mtercalations of hmestone and marl with a

cherty base into upper part.

The hmestone has a fractured nature and sometimes very permeable (to the North of
Al Jaww Plain) and sometimes of extremely low permeability (at the Northern limit of Jabal
Hafit). In borehole No.15 along section E-E° (Fig. 4.11e). the hmestone has a thickness of
more than 600 m while in borehole No. 25 along section B-B' (Fig. 4.11b) mn the western

plain, the drilling down to 600 m does not reach the top of this formation.

Figs. (4.12 a through ¢) show three geological cross sections crossing Al Jaww Plain,

The locations of these cross-sections are presented in the inset map of Fig. (4.12a).
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Fig. (4.12a) Geological crosssection showing the changes in the thickness of shallow
aquifer at Al Jaww plain (modified after Saqr, 1980).
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Fig. (4.12 b) Geological cross-section along north of Al Jaww Plain showing the
shallow aquifers (modfied after Saqr, 1980).
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Fig. (4.12¢) Shallow aquifers and gypsum aquifers along Al Jaww Plain between
Jabal Malaqat and Jabal Hafit (modfied after Saqr, 1980).
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These sections indicate the condition of the shallow aquifer at Al Jaww Plain. In areas
where the thickness of the aquifer i1s small. it will not be productive. These shallow aquifers
generally consist of conglomerates cemented with calcareous. Except at BH4, the shallow

aquifer consists of fissured hmestone of Upper Eocene (Ta Unit).

4.4.1 Hydraulic characteristic and well yield of shallow aquifers at Al Jaww Plain

Hydraulic charactenstics of aquifers affect the groundwater movement and
distnbution to local and regional groundwater systems. Groundwater gradients change n
relation to where water 1s added to or removed from the groundwater system. Based on
Petrophysical logs, Jorgensen and Petricola (1993) estimated values for geohydrologic aquifer
properties such as tansmissivity, aquifer thickness, hydraulic conductivity and storage
coefficient (Table 4.4).

4.5 Groundwater Flow Systems
Toth (1963) suggested that most of the flow nets can be distingumished nto local,
mtermediate  and regional systems of groundwater flow and are controlled by local

topography and basin shape geometry (Fig. 4.13).

The local groundwater is considered of good water quality type, such as those of
Masafi and the Al Jaww Plain area. Also Khatt springs (Ras Al Khaimah) and Maddab spring

(Al Fuairah) are local groundwater flow systems (Rizk et al., 1997).

Local groundwater flow system charactenzes the eastem mountain  where the
hydraulic cvcle s fast and the groundwater has a short residence time. The water of these
systems has a low salmity (500-1500 mg/1l) with HCO: water type and magnesium ion (Mg"")

as dominant cation.

In the mtermediate groundwater flow system, the groundwater i1s mainly brackish
(1500-10000 mg/l) and has a moderate residence time. It belongs to SOs* water type and the
caleium ion (Ca®") is the dominant cation. Al Ain Al Faydah (Al Ain) to the west of Al Jaww

Plain seems to belong to this system.



89

Table (4.4) Thickness of near-surface permeable matenal, aquifer thickness, thickness of saturated cohian dune sand, and fresh water
thickness (after US Geological Survey, 1993).

|m, meters; nd, no data; est, estimated]

Groundwater

THICKNESS OF

o | mcoomars | BRSNS wmise  woswar  mesessor  sows s
Number MATERIAL (m ) ALTITUDE {m) ALTITUDE (m) DUNE SAND (m ) (m) (m)
| 26774895 3936758 P 38156 408 20 00 nd nd
2 26775530 3936655 nd 3815 408 41 00 nd nd
3 26774907 3936342 nd 3815 407 90 00 nd nd
4 26774984 3936491 nd 1815 408 05 00 nd ad
5 26757890 389344 6 o 3517 377 34 00 nd nd
6 26673057 3863138 72 1222 342 52 00 513 510
7 26640804 380942 0 102 3005 322 30 00 803 00
8 26659719 3932205 110 358.2 397 92 00 880 200
9 26691475  390728.0 102 3479 369 65 00 803 39.0
10 26560587 381480 3 117 3022 317 41 00 1021 400
1 26629093 385939 8 81 3191 337 B3 00 620 620
1A 26629112 385903 1 81 3191 337 75 00 621 620
14 26663608 3803035 130 298.0 32060 00 106.9 400
15 26711550 386144 1 a0 325 1 348 52 00 162 180
16 26773900 3845303 a6 3215 343 36 00 239 240
17 26743458  3RBAGI B a3 3419 367 30 00 172 20,0
18 26767915 393546 3 a4 3786 403 39 00 19.4 220
19 26765237 3807026 50 3017 32010 00 319 nd
20 26642162 3952099 107 3710 189 59 00 88 1 nd
21 26842952 375639 1 55 2790 288 63 00 452 450
22 26603400 367988 3 76 2287 233 98 282 1044 0.0
66 26846915 369033 2 nd 2583 269.06 00 nd est32
67 26859220 365786 1 0 246 2 268 16 780 68 1 nd
68 26646390 395194 4 nd 3605 388 43 o n nd
80 26702761 3803711 nd 298 8 323.50 nd nd nd
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In the third type (regional groundwater flow system), the groundwater i1s characterized
by the high salinity content of greater than 10000 mg/l. The coastal sabkhas represent the
mam discharge of this groundwater system. It has a long residence time and it is of CI water
type. The sodium 1on (Na') 1s the dominant cation in this system (Rizk et al., 1997),

To assess water level changes m Al Jaww Plain, the available data about water levels
from both NDC and WED were used i this analysis. Historical data for water level
measurements of four wells at Umm Ghafa area (south east of the study area (Fig. 4.14) were
considered. The water levels fluctuated in the period from 1982 to 2001. Water levels nise
during ramy years and drop dunng the years of less precipitation. Guided with Fig. (4.3a), it
could be noted that there 1s a nse in the water level for the penod from 1995 to 1998, while
there 1s a drop in the 1998 as the total rainfall was low (about of 17 mm). Also from this
hydrograph, there 1s another drop in the water levels in the year 1986. The rates of pumping

and evapotranspiration were assumed fixed during the period of water levels measurements.

Figs. (4.16a through d) show water levels fluctuation along four cross sections in Al
Jaww Plain. The locatons of this cross section are shown in Fig. (4.15). There 1s a shightly
decrease in water levels in the period from 1995 to 2002 for all the wells included along these

cross sections. This analysis indicates that the water resources in Al Jaww Plam 1s n balance.

Water level maps for Al Jaww Plain dunng the period from 1995 to 2002 are shown in

Figs. (4.17a through k). The following can be deduced:

1) Fluctuations m water level have been observed along with displacement in the
positons of the equipotential line. This displacement 1s attnbuted to the vanation
of discharge rate. Fig. (4.18) shows the change in the position of equi potental
line 300 for the years 1995, 1999 and 2001.

2) The groundwater level decreases gradually from east (about 400 m above sea level
near Oman Mountain) to about 200 m (towards Jabal Hafit). The contours of
equal water level are quite uniform and parallel to each other. They follow a
north-south trend with shght deflections in the mam recharge zones (around Jabal

Hafit and the Zarub gab).

3) In the Al Am area and west of Jabal Hafit the distance between the contours 1s
somewhat increasing, perhaps due to higher permeability but most possibly due to
the pumping in this area (see the water level map of 1995 Fig. 4.17a).
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Fig. (4.13) Different groundwater flow system in UAE (after Rizk et al., 1997)
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Fig. (4.14) A graph showing the water level fluctuations for some wells
in Umm Ghafa area, Al Jaww Plain.
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4) A groundwater mound near Jabal Hafit was found parallel to the
eastern edges of the mountam and channeled groundwater around the
northem and southern ends of Jabal Hafit (Fig. 4.17a through h). Two
possible explanations for the mound may be given:

a) Increased groundwater recharge from ramfall mnfiltening through

the more permeable Imestone units of Jabal Hafit.

b) The upward movements of groundwater through fractures
associated with the Jabal Hafit anticline.

The constructed water level maps are in a good match with the map (Fig. 4.19), which

was constructed, based on seismic uphole survey data (Woodward and Menges, 1991).

Generally, the depth to water level decreases with distance from the Oman Mountains.
The depth to water from the alluvial plam surface in the eastemn part of the study area i1s about

30 m. whereas n the western part of the study area, the depth to water 1s about 3 m.
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CHAPTER FIVE
HYDROGEOCHEMICAL ASPECTS

5.1 Background

The geochemical charactenstics of groundwater give mportant mformation regarding
the geologic history of the enclosing rocks, sources of groundwater recharge, and the velocity
and direction of flow. The chemical composition of groundwater may sigmificantly change
due to the admixture of other water, natural biological processes in aquatic plants and

amimals. and as a result of direct or indirect human activities.

The hydrochemistry of groundwater mn the UAE has been discussed by many
mvestigators including, among others , US Geological Survey, (1993), Garamon (1996), Rizk
et al, (1998), Rizk (1999) and Alsherhan et al., (2001).

The water resources in the study area can be grouped under two major sources;
groundwater and surface water. The groundwater 1s mamly encountered n  Quatenary
aquifers. The surface water 15 encountered in the flajes and as an outflow from Al Am
Faydah. The determmation of the water quahty of these resources 1s based on the
hydrochemical data provided by NDC and WED.

In this study, data of 202 observation and production wells (Fig. 5.1a) are used. The
locations of wells and their numbers are provided m Figs. (5.1b and 5.1¢). The chemical
results are given i Appendix (A). The following discussions and nterpretations are made

based on the results included im Appendix (A).
5.2 Hydrogeochemical Characteristics

The mam charactenstics of the groundwater in the Quatemary aquifer mcluding, hydrogen
ilon concentration (pH), electncal conductivity (E.C.), total dissolved salts (T.D.S.), and
hydrochemical properties; distribution of major constituents (K™, Na’, Mg, Ca™", CI, SO4",

No'y and HCOy') are presented hereafter.
5.2.1 Physical properties

The quality of water must suit the purpose of its intended useage. It must has suitable
physical quality. Three critena are generally used m the prelmmary assessement of
groundwater quality. These criteria include pH (aadity/alkalimity), total dissolved salts

(T.D.S.) and specific electrnical conductance (EC).
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Fig. (5.1b) Wells and their numbers provided by National Drilling
Company (NDC), Al Jaww Plain,
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Fig. (5.1¢c) Location map of the wells provided by Water
and Electricity Department (WED), Al Jaww Plain.
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5.2.1.1 Hydrogen ion concentration (pH value)

pH 1s a measure of the acidity and alkalimty of the groundwater, or hydrogen ion
concentration on a loganthmically calculated scale, Gymer (1973). pH has a major
mfluence on the water geochemistry, because it affects ionic strength. organic carbon
content. mobility of metallic 1ons and the oxidation’reduction potential. The pH affects to a
great extent the growth of both plant and soil micro-organisms, degree of ionization. extent
of hydrolysis and buffering action. Worsley (1929) further stated that the addinon of salts
to water may cause a reduction in the pH value depending on the quahty and quantity of the
added salts, whereas leaching of salts may cause a rapid nse m its pH value. Exchangeable
cations like K', Na’, Mg", Ca™", and hydrogen, affect the water reaction properties.
Sodium and potassum catons make water shghtly more alkalme than calcium and
magnesium. Moreover, the presence of CaCO; with considerable quantity nses the pH

value of water and makes 1t alkaline as shown in the following equations:
H;O + CaCO; — CO3~ + H,O
CO;" + H:O = HCO3 + OH'
CO;™ + 2H,0 — H,CO; + 20H

In the present work, water samples can be calssified according to the pH value as:

pH value Type of water
<6 Acidic
6-7 Slightly acidic
7-8 Slightly alkaline
8-9 Alkaline

The groundwater samples of the Quaternary aquifer have pH values ranging between
7 1o 11.6 (alkaline type) with an average value of 9.3. The distribution patterns of pH of the
groundwater in the Quatemnary aquifer 18 shown m Fig. (5.2). There 1s no specific trend for
the pH patterns. These patterns have irregular distribution but do not completely match with
the water salinity, (Fig. 34). A great part of the aquifers 1s alkaline, particularly in eastern and
western parts of the study area. The high value of pH concentration in the west and east side has
resulted from the increase of CaCO; from Jabel Hafit and from carbonate units of Oman
Mountains. The pH values are inversely propotional to the salinity content. However, relatively

low pH values are observed along the rest of the area.
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5.2.1.2 Electrical conductivity (E.C.)

Electric conductvity (E.C)) refers to the ability of substance to conduct electrical
current. It depends on the concentration of charged 1onic and species in the water. Hence, the
measure of conductance 1s used to approximate the total concentration of ionic species present.
The measurement of electrical conductance is usually n micromohs per centimetres (Umhos/cm),
The measurements are standardized to 25°C. For a very rough estimate of the total dissolved salt
m parts per million in fresh water, the specific conductance of the water m micromhos should be
multiplied by 0.6-0.7 according to the cation and anion types.

The distnbution of electrical conductivity of the groundwater 1s shown in Fig. (5.3).
The western and eastern parts have E.C. less than 4000 (i mhos/cm). In the transition zone the
E.C. ranges between 4000-8000 (i mhos/cm). The area located near the centre 1s characterized
by high values of E.C. ranging between 12000-16000 (1 mhos/cm). The electrical conductance of
water depends on the salimty content. The similanity between salinity and electrical conductance

1 demonstrated in the salinity map (Fig. 5.4).
5.2.1.3 Total salinity distribution

The total salimty of natural water i1s a measure of the 1on concentration which may be
affected by dissoluton and evaporation processes. In natural water which contains a vanety
of comc and non comc species, the values of E.C. are not simply related to T.D.S. However,
some water sources may display well defined relationships. The vamation mn the salmty 1s
relatively influenced by evaporation, lithologic charactenstics of the aquifers, transportation
process, solubility of salts by falajes, and the rate of discharge of the groundwater from the

aquifer.

In the Quaternary aquifer, the total salinity ranges between 240 and 51000 ppm, with a
mean value of 2550 ppm. The distribution of salimty content is shown mn Fig. (5.4). The salimty
increases from east to west in the direction of groundwater flow, The higher salimty content
recorded for the central and western areas can be attnibuted to the influence of the marne
sedimentary facies which are encountered at shallow depths in these areas as shown in the

geological cross-sections (Fig. 4.11a through f).

According to Chebotarev classification (1955), the salimty content of the different water
samples are classified into several catergones. These categories are presented in Table (5.1) and
(Fig. 5.5).
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le (5.1) Classification of the water samples in the area of study. based on Chebotarey's classification (1955),

ter Water '
/ | yibonis' | 108 Well No
|
. |WEDIE 8,911 1213 14 15,16 17.18.19.21 23 24,28,32.35,37 38 30 40 41 44 46 48 40 50.51.52.53 10
1,102,103, 105,204 206 207 404 406,409 411,501,502 503 504,505 506,507 601 602 603 604 605,506
b oasl 1 507 608 803,610,611 812,613 814 615)
| coranie <500  |NDC(19.002GHAF 002MARK D02SAA 002 SHIR 003SAA 003SAA 003SHIR 004SHIR 00SSAA 0085H
| | iR D0SSHIR D11SHIR 017BSAA 019SHIR 0198SAA 0218SAA 037S0H 040SHIR DE4GHAF 017S0H
D40SHIR DB4GHAF DBESAA 07SGHAF 106GHAF 107GHAF 108GHAF 109GHAF 149SAA 18.248A14
| 8.02%
z | ' '
& !
- WED(201 508 412
FRESH 500- 700 |NDC{2468 001SOHHIR 053BSAA 037GHAF30SHIR D335 2478201 412 508,002ZAK 003GHAF 010

MEZ.011MEZ 01250H 02BMEZ 029GHAF 020SHIR19.41%

|FA!FILY FRESH| 700-1500

WED{201 508 412)

|NDC(246B.001SOHHIR 053BSAA 037GHAF 305HIR 0335,2478 201 412 508 002ZAK 003GHAF 010
(MEZ.C1IMEZ.012S0H 028MEZ D29GHAF 023SHIR)14.38%

SLIGHTLY

BRACKISH | 19002300

|WED{201 508 212

[NDC(2468,001SOHHIR 053BSAA D37TGHAF 30SHIR 0335.2478.201.412.508 D02ZAK D03GHAF 010
IMEZ 011MEZ 01230 028MEZ 0239GHAF 0295HIR)5.94%

|

. |
g [WED(201 508 412)
O | BRACKISH | 2500- 3200 NODC{246B.001SOHHIR D53BSAA 037GHAF 30SHIR 033S 2478 201 412.508 002ZAK 003GHAF 010
= | | IMEZ 011MEZ 01250H 028MEZ D23GHAF 0235+IR}3.96%
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Fig. (5.2) Distribution map of the pH for the Quaternary aquifer in Al Jaww Plain.
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5.2.1.4 Total hardness

The calculated total hardness for the Quaterary water at the study area varies between
150 and 3270 ppm. (Fig. 5.6) shows the distribution of the total hardness (TH) along the study
area. There are two areas of high (TH); one 1s located at the northwestern part of the area and the

other one area 1s located to south at the middle part of the study area.

The total hardness of water could be divided mto two man types. The first includes
carbonate hardness (temporary hardness). which 1s expressed as a portion of calcium and
magnesium that would combme with the bicarbonate and the small amounts of carbonate. This
type of hardness can be virtually removed by boiling the water, where calcium and magnesium
carbonates precipitate. The second 1s the non-carbonate hardness (permanent hardness). which is
the difference between the total hardness and carbonate hardness, and 1s caused by those amounts
of calcium and magnesium that would normally combine with sulfate, chlonde and nitrate 1ons.

Most of the Quaternary water at Al Jaww Plain belongs to the first type.

The wells of temporary hardness water are corresponding to the recharge area, while the
wells of some permanent hardness salts are located at a relatively long distance from the fresh

water recharge (Fetter, 1988).
5.2.2 Chemical properties

The chemical compositon of natural water 1s govermed pnmanly by the natural
environmental factors, to which the water 1s exposed in the hydrologic cycle. Specifically, the
composition of natural water 15 influenced by the type and amount of soluble products of rock
weathening and decomposition and by the terrain traversal by that water. The parameters that best
relate to the major constituents of a water are potassium (K ), sodium (Na ). magnesium (Mg ).
calcium (Ca ). chlonde (CT), sulphate (SO ), carbonate (CO ") and bicarbonate (HCO ). Each
of these parameters and their relatonship to each other are discussed. Table (5.2) illustrates

statistics about the distnbution of these constituents at Al Jaww Plain.

5.2.2.1 Major cations
The major sequence of cations dommance in groundwater of the Quaternary aquifer at

Al Jaww Plain area has the order Na > Ca > Mg >K , Table (5.2) and the appendix .

Table (5.2 ). Statistical analysis for the parameters of physical properties (pH, Ec, TDS,
TH) and for the major cations and anions of Al Jaww Plain.

galysis Major Cations Major Anions
Valuse pH Ec DS TH
Na* Ca* K= Mg~ Ck So- Heos Noy
Minimum 7 375 240 150 8 14 0 2 38 22 12 014

Maxmum | 116 | 75000 | 51000 [ 3270 | 8650 | 2400 | 350 | 1200 [ 25347 | 2840 | 2489 26

Mean 7.9 | 38345 25505 | 3654 | 6486 | 2368 | 32 | 1542 | 1325 | 3373 | 2234 | 7220
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Calcium distribution

The common form of calcum in the sedimentary rocks i1s carbonate specially the
limestone and dolomite which are distributed i the study area specifiely at Jabal Hafit. The
calcuim 1on Ca * concentration ranges between 14 to 2400 ppm with a mean value of 236.8

ppm.

A gradual mncrease from east to west 1s observed (Fig. 5.7). The concentration of
calcum i the east and muddle 1s less than 500 ppm. High Ca concentration 1s encountered

west of Jabal Hafit, manly due to the carbonate rocks of Jabal Hafit.

Magnesium distribution

The common source for magnesium in the groundwater is the dolomite (MgCO;,
CaCO;3) magnesite (MgCO;) and limestone (CaCO;) i the sedimentary rocks, biotite,
homblend and augite in igneous rocks and serpentine, talc and tremolte mn metamorphic

rocks (Davis and De Weist, 1966).

The presence of magnesium ion Mg n the freshwater is less than calcium due to the
low geochemical abundance of magnesium (Mathess, 1982). The concentration of Mg~ m
water ranges from 2 to 1200 ppm with a mean value of 1452 ppm. Contour map (Fig. 5.8)
shows a general increase in Mg: * concentration from east to west. The maximum Mg
concentration exists on the westen side of Jabel Hafit and s related to the solution of
dolomite which is abundant at Jabal Hafit. High Mg is located in the western part of the
study area and 1s related to the released magnesium from chemical fertilizers (Terao et al,

1993). Ths area 1s intensively cultivated (Fig. 5.1a).

Sodium distribution

Sodium 10n 1s considered as one of the most important ions in natural water. The
source of sodium m water depends on the rock type through which the water moves. The
main source for the presence of most sodium ions (Na ) in the natural water s the release of
soluble products during the weathenng of plagioclase feldspars. which are typical
constituents of many igneous rocks. It 1s also common in evaporates and argillaceous
sediments. The value of (Na') ranges between 8 and 8650 ppm with a mean value of 648.6
ppm. The sodium distribution 1s presented n (Fig. 5.9). The concentration of Na' increases
from east to west. Most of Al Jaww area has (Na’) concentration of less than 500 ppm, while

the area west of Jabal Hafit has the highest concentration.
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Potassium distribution

Potassium content 1s generally lower than sodium. The natural sources of potassium
in water are the igneous rocks as feldspars (orthoclase and microcline) some mica and
sedimentary rocks as silicate and clay mmerals. Potassium concentration is commonly less
than one-tenth the concentration of sodium in natural water because potassium is hardly taken
into solution. The potassium content ranges between 2 and 350 ppm with a mean value of 32
ppm. Potassium 1on concentrations are low at Al Jaww Plam, while high K~ concentrations

are recognized west of Jabal Hafit (Fig, 5.10).

5.2.2.2 Major anions
The sequence of the major amon in the groundwater of the Quatemary aquifer at the

study area has the order of:

CI>SO *>HCO >NO *

Bicarbonate distribution

The presence of bicarbonate 1ons HCO i the groundwater 1s denved from carbon
dioxide n the atmosphere. m soils and by dissolution of carbonate rocks (Davis and De
Weist, 1966). In the absence of calcareous sediments and carbonate rocks most of HCO™ m
groundwater results from the dissolution of carbon dioxide within the soill zone by organic
decay. Bicarbonate i1on concentrations in groundwater of the Quaternary aquifer m Al Amn
area range between 12 and 2489 ppm. Bicarbonate represents the third dommance amon m
the study area. The distribution of bicarbonate i1s shown in (Fig. 5.11). The 1so-concentration
contour map shows iregular distnbution. The concentration in the area located at the most
eastern part of the study domam reaches abouwr 200 ppm. On the other hand, HCO
concentrations are high at the western part (more than 400 ppm). The dechne n HCO
between the two concentrations of bicarbonate area is attributed to the presence of a buned

alluvial channel that runs in a SW direction, see the dashed lhine m (Fig. 5.11).
Sulphate distribution

The most extensive and important occurrences of sulphate ions in water are
sedimentary rocks as gypsum (CaSO42HO;) and anhydnte (CaSOy). Dunng weatherng, the
sulphides which are in contact with water are oxidized to yield sulphate that is cammed off in
water. In and region, the leaching of sulphate from the upper soil sediments causes the

sulphate to be the principle anion in the underlying groundwater. Further addinon of sulphate
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to the groundwater anises from the breakdown of organic matters in the soil and from addition
of leachate sulphates in fertilizers. The value of the sulphate m the study area ranges between

22 and 2840 ppm (Fig. 5.12). There is a steady increase in Sos ™~ from the east to west.

Chloride distribution

The chlonde 1on (CI) 1s widely distibuted m natural water. Most (Cl) i the
groundwater 1s from three sources mcluding ancient seawater entrapped n sediment, solution

of halte and related minerals in evaporate deposits and soluton of dry fallout from the
atmosphere especially m the and region (Davis and DeWeist, 1966).

The value of the chlonde in the study area ranges between 38 and 25347 ppm. Low
values of the chlonde concentration are encountered in the eastern side, while high values are
observed in the north and south of the study area. There is a steady increase in CT from east

to west in the direction of water flow, (Fig. 5.13).

Nitrate distribution

The dissolved mitrogen in form of nitrates (NO; ) 15 the most common contaminant
identified i groundwater. Nitrate m groundwater generally ongmates from several natural
and man mduced sources on land surface. Nitrate or nitrogen has proved to be a health hazard

when 1t occurs mn drnking water at concentrations i excess of 10 mgl The Nitrate

distnbution 1s given in (Fig. 5.14).

The mamn source of nitrate in groundwater is related to the intensive use of chemical
nitrogen fertihzers m agriculture. This s clearly demonstrated in the westem part of the study

area, where most of the farms are located (Fig. 5.14),

5.3 The lon Dominance

The 1on dommance detection 15 quite helpful m the water quality assessment and
classification. Three Semi loganthmic profiles, Schoellers diagram after (Schoellers, 1962),
were constructed within the study area (Fig. 5.15). The three profiles are oriented SE-NW
(Figs. 5.16, 5.17 and 5.18). Generally, these diagrams indicate the predominance of sodium,
followed by magnesum. followed by calcium and then by potassium. On the other hand. the

chlonde 1ons predominate followed by sulphate and then bicarbonates.
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From the hydrochemical cross sections, 1t can be concluded that:
Along the 1-1" hydrochemical profile (Fig. 5.16)
Na® > CI'>80,7> Mg™" > Ca">HCOy >K*
Along the 2-2" hydrochemical profile (Fig. 5.17)
CI >Na">Ca™">Mg"™" >Soy > K" >HCOy
Along the 3-3" hydrochemical profile (Fig. 5.18)
Na™> SO, > Mg™ > Ca™™> K™ > HCO; > CF

Along these sections diversity in water genesis within  Quatermary aquifer is

demonstrated.
5.4 Water Genesis

5.4.1.Water genesis using (Sulin’s graph)

The hydrochemical composition of the Quatemary aquifer reflects the meteonc ongin
of the water, where the hydrochemical parameter rk™+rNa' /rCl expressed in equivalent
concentrations 1s always greater than umt, Where the letter ( r ) expresses that the relation 1s
calculated m epm. by applying Sulins graph (1948) which s prepared for the genenc
classificaton of water, (Fig. 5.19). the Quatemary reveals two types of water genesis, the first

1s of CaCb ongin and the second is of MgChL ongm,

5.4.2. Trilinear diagram

Piper (1944) suggested a form of hnear diagram representing the analysis of water by
three plotted pomnts. The cations are plotted on the tnangle to the lower left and the anions are
plotted on the tnangle to the lower nght. These plots show the relative properties of the mam
constituents of natural water on the basis of the percentage reacting values (r%). The third
point, plotted in the diamond shaped field indicates the character of water as represented by

the relanonship among Na™ + K™, Ca™ + Mg™ . CO;~ + HCO3 and CT + SOy 1ons.

The diamond shaped field can be subdivided horzomtally into two equal triangular
fields. The major cations (K~ & Na'), Mg and Ca are plotted in the lower left mangle,
while the anions (CO;™ & HCOJY). CT and SOy are plotted on the i the lower nght tnangle.
The two points representing the major cations and amons composition are then plotted in the

diamond shaped field. Numerous natural chemical changes can be demonstrated by the
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trilinear diagram. If the analysis represents regional water and a mixture, it will plot on a
straight lme. Thus this diagram can be used for the detection of water quality changes by the
muxing of water.

In this study the data of the chemical analysis of the groundwater samples are plotted
on Piper diagram (Fig. 520). The mvestgated Quaternary type can be discriminated in sub
areas of the diamond shaped filled. The appearance of most of the samples in the upper

tnangle of the diamond shaped field, pomnts to the dommance of Ca-Mg and CO: -HCO;
water types.

It should be noticed that water at Al Jaww Plain 1s enniched im Mg that is dissolved
from Mg-nch Ophiolite rocks. This plot 1s m good match with the data plotted on Sulin’s
diagram (Fig. 5.19).

5.5 Water Quality Evaluation and its Availability for Use

The most important factors to determme the sutability of water quahty for wmgation
purposes are the total concentration of soluble salts and the sodium adsorption ratio. Sodium
and salinity hazards represente severe problems m and areas where salt accumulation in the

soil 1s seldom flushed by ramwater.
a) Evaluation of water for irrigation using the relation between (SAR and EC)

The sutabihity of the water for mmgation purpose depends on the classification
proposed by salimity laboratory staff (1954). This classification 1s based on the electrical
conductivity in micromohos per centimetre and sodwm adsorption ratio (SAR). According to
this classificabon, the charactenstics of imganon water which s most important

determining uts suitability are:

1) Sodium Hazard: expressed as, sodium absorption ratio, which 1s defined by the

equation:
Na’
\/Ca” +Mg"

)

A

S.A.R.=

Where, Na', Ca™” and Mg ™ are in meg/l SAR has long been used as a measure of
sodium hazard. It predicts reasonably well the degree to which imgation water tends to enter
into cation exchange reactions n soil. High values of SAR mmply a hazard of sodium

replacing absorbed Ca™ and Mg and this replacement 1s damaging to soil structure.
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‘ The sodium-ion concentration 1s mmportant m classifying 1mgation water because
’ sodium reacts with soil to reduce its permeability and cause hardening of the soil.

According to the SAR values (Fig. 5.21). the groundwater in the east of the study area
has a limited harmful effect on plants when used for imgation. To the west. the groundwater
can cause moderate to high harmful effects for plants when applied for imgation.

2) Sahmity Hazard, expressed as electncal conductivity in micromohos'cm at 23

The total concentration of soluble salts in imgation waters can be adequately

expressed for the purpose of diagnosis and classificaton in terms of electnical conductivity.

The conductivity 1s useful since 1t 1s readhly and precisely determined.

Nearly all imganon water which could used without adverse mmpacts for a
considerable tme have conductivity values less than 2250 micromhos/cm. Water of higher

conductivity can be used occasionally, but for the crop production it might not be suitable.

This classificaton diagram s divided into 16 classes according to sahmity and sodium
hazards. Fig. (5.22) shows the sodium and the saliniies hazard diagram. Inspection of this
figure indicates that sodum and salimity hazards increase with distance from the Oman

Mountains. This westward increase in salimity hazard 15 consistent with westward mcrease of

electnc conductivaty and TDS (Figs. 5.3 and 5.4).

b) Evaluation of water for irrigation purposes using sodium content (Wilcox,
classification).

The soluble sodum content of water 1s an mportant mdicator of 1its quality and sunability
for ymganon. The increase of sodium 1on content in groundwater leads to a high content of these
ons n the soil, which in tum has a great effect on its physical properties. Wilcox (1955) defined

sodium percentage in terms of common cations (epm) as follows:

P (Na™ + K7 )x100
Na  Yo=— = re = =
Na +K +Mg +Cua -

Wilcox (19355) designated a graph with the total cations or amons (epm) expressed by
the honzonwl axis aganst the sodm percentage expressed by the vertical axis. This graph 1s
subdivided nto five zones (excellent, good to permissible, permussible to doubtful. doubtful

to unsuitable and unsuitable) to delineate water concerming its suitability for imgation. Based
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Fig. (5.21) Distribution map of the sodium adsorption ratio (SAR) for the
Quaternary aquifer in Al Jaww Plain.
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on the classification established by Wilcox (1955) for imgation purposes. the groundwater of
the Quaternary aquifer at Al Jaww plain can be classified as (Fig. 5.23).

1. Excellent 1o good water: This category includes samples No GWP (019-018), GWD
. (040SHIR-034SHIR-028-002GHAF-00 1 SOH-028MEZ-001SOH).  250. 307. 309.
248A, 258, 308, 250, 254, 257 and 331.

ra

Good to penmissible water: This category mcludes the samples No GWD (065SAA-
OD02SAA-O68SAA-042SHIR- 149SAA-04 ISHIR-003GHAF-033SHIR). 333, 68,
246B, 253, 247B. 330, 252 and 251.

3. Permussible to doubtful water: 1t includes samples No GWD (029SHIR-030SHIR-
D07SHIR-001ZAK-010NTAD-00SAMM).

4. Doubtful o unsutable water. This class includes samples No GWD (D0SSAA-
D03SAA-O4GHAF-00TMEZ-003SOH-002ZAK-011MEZ), 333, 68, 246B. 253,
2478, 330. 251and 252,

5- Unsuntable class: the sample No.329 falls i this class. However, some samples fall out

of scale.

¢) Evaluation of water using residual sodium carbonate (R.S.C.)

The residual sodum carbonate represents the excess of carbonate (COy + HCO;y)
over the hme elements (Ca™™ + Mg'") It gives an indicaton for water alkalmity and is used
to estimate the sutabihty of the water for agncultural purposes. The quality of water samples
has been determined according 1o the scale after Caton (1950). The residual sodium carbonate

15 shown n the followmng equaton:
RS.C.=(COy "+ HCOy)- (Ca + Mg )
Where all values of cations and anions are expressed in epm.

The residual sodum carbonate 18 used to disungwsh between the differemt water
classes for mmgation purposes because high concentration of HCO:™ leads to an increase n
pH values causng the dissolunon of organic matter. Moreover. high concentranon of HCO:
i umganon water leads to the ncrease of s toxicity and affects the mmeral numton of
plants. The residual sodium carbonate of Quatemary aquifer vanes from -197 to 40 epm with
a mean value of -6.1 epm. Generally. the distnbution of residual sodium carbonate in the

Quaternary aquifer ranges from good to unsuitable quahty (Fig. 5.24). The eastern part of the
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Fig. (5.24) Distribution map of the residual sodium carbonate (RSC) for the
Quaternary aquifer in Al Jaww Plain.
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: study area has RS.C. ranging between less that -2 to 3 epm while the western part of the

Plain.

Quaternary aquifer at Al Jaww plam has concentrations greater than 9 epm.

According 1o Eaton classification (1930), the water samples are classified into three
classes. The first class has (R.S.C) less than 1.25 epm (good quality). The second class ranges
| 125 10 2.5 epm (medm quahty). The third class has more than 2.5 epm (unsuitable quality),

- Table (5.3) hsts the samples numbers and their relevant classes.

Table (5.3). Suitability of water according to RS.C. for Quaternary aquifer at Al Jaww

Residual Na, CO,

Quality

Samples No.

| = 1.25 epm

Water of good quahity,
used for the imgation of
all soils

Te18-20-68-198-204-206A-206B-246B-247A-247B-248A-250.25 1+
252-253-254-256-257-258-259-307-308-309-32RA-328B-329-330-
331-333-GWP(334A-334B-335-336-19)-1H(001-002-004-005-007-
00B-009-010)-199-200-261-297A-297B-GWD(00 1 SOH-00 | ZAK -
002GHAF-002SAA-002SHIR-003GHAF-D038AA-003SHIR-
003SOH-004CHAF-004GHAF-004ZAK-005 AMM-005NTAD-
DOSSAA-005ZAK-D0TMEZ -007SHIR-007ZAK-D08SHIR-008Z AK -
O0OMEZ -009SHIR-D09ZAK-010NTAD-01 IMEZ-O14SHIR-015MEZ -
016MEZ-01TMEZ-01SMEZ-01UMEZ-0195HIR-020MEZ -D20SHIR -
02IMEZ-022ZMEZ-028MEZ-029MAS-029SHIR-030SHIR-D3 1M AS-
O33SHIR-034MAS-O34SHIR-D35SHIR-035SOH-037SOH-0408 HIR-
D4ISHUR-O4ISHIR-0655 AA-068SAA-106GHAF-108GHAF-
IOOGHAF- 1 I2GHAF-149SAA-1495AA)

Water of medium
quahty used in case of
good dramage
espectally rich with
calcium

GWDI00 I MAQ-EQ-002ZAK-00IMAQ-EQ-D147 AK-022MAS-
O32SHIR-07SCHAF-I0TGHAF)

Unsuitable water

espedially i poor
dramage or when

soluble calcium

GWDIOOZNIAD-002ZAK-00INAD-OOSMEZ 006N LAD-00TNIAD-
00SM AS-DOENIAD-O1OMEZ-D10ZAK-01 IMASO] INIAD-
O12NIAD-O1INTAD-OZ0DALGZIMAS)
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GEOPHYSICAL INVESTIGATIONS

6.1. General

Surface and borehole geophysical methods constitute a part of preliminary site
evaluation for groundwater mmvestigations. Geoelectrical surveying and well logs would be
useful for those areas in which the unconsolidated deposits are important like for the case of
the Al Jaww Plam. The data from the geophysical surveying can gwide the selection of the
sites to conduct test borings and provide nformation to correlate between them. These
borings or wells are needed to determine the subsurface geologic units. The term borings
referred to uncased holes dnlled in unconsolidated overburden (Fetter, 1994). Logging of
these borings, with wireline geophysical tools, s mmportant for evaluating the aquifer’s

charactenistics and management of groundwater resources.

In this study, the D.C resisivity method (Vertical Electncal Sounding, VES). Time
Domain Electromagnetic (TEM) and wirelime geophysical logging data are implemented. The
descniption of these methods are disussed in chapter three. The results and interpretation of

these data are given below.

6.2 Vertical Electrical Sounding Results

Table (6.1) lists the qualtative and quantative interpretation of nine vertical electnical

soundings along a profile trending SW-NE direction (Fig. 6.1).

6.2.1 Qualitative interpretation

The first step in the mterpretation of an apparent resistvity-sounding curve s to
define the curve shape. This can be classified simply for the three layer case mto one of four
basic curve types, which are H (pl=p2<p3), A (pl<p2<p3), K (pl< p2>p3) and Q
(pl=p2>p3). These can also be combined to describe more complex field curves, that may
have several lavers such as HK, KH or more complex types. The curve shape i1s dependent

upon the relative thickness of the in-between layers (1.e. layer two n a 3-layer model).

The relanve magnitude of the true resistivities obtained from the levels of the flat
portions or shoulders of the graph represents a useful starting point before conducting more
detailed interpretations. The number of layers identified 15 equal to the number of tuming

pomnts m the curve plus one (Reynolds. 1997). The presence of tuming pomnts indicate sub-
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Table (6.1) Qualitative and quantitative interpretation of the Vertical Electrical Sounding (VES) resistivity data, Al Jaww Plain.

True resistivity (Ohm-m)

Thickness of Layers (m)

VESNo  Curve Type  Noof Layers
P P Py Pa Ps Pe Pz Ps Pa T T2 T3 T4 5 T16 T7 T8 i)
| QOH 5 180 42 4 24 9 13 78 1638 82
2 KOH 5 300 450 75 10 36 04 56 44 310
! QOH 5 200 75 37 3 290 07 B3 226 165
1 KOOH 7 450 1250 190 105 6 24 12 05 13 32 252 249
< OH K 1300 BS { 67 2 25 220
& QOH 5 590 58 26 6 59 15 4.5 30 160
7 OHKH 6 270 27 B 40 4 20 1 75 44 42 155
] HKHKHKH 9 269 7 23 5 16 11 23 10 22 07 1.5 42 45 192 2% 70 BE0O
_ - ! \ 58
] KOHKH ‘ 460 670 22 7 25 7.5 48 06 e 354 218 488
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Fig. (6.1) Base map showing the locations of VES data and the available logged

wells at Al Jaww Plain.
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surface interfaces. so the number of actual layers must be one more than the number of
boundaries between them. However, the coordinates of the tuming ponts indicate the depth
to a boundary to provide specific informaton about the true resisivines. The mmmum

number of honzontal layers and the relative magmtudes of the respective layer resistivities
can also be estimated.

A general mspection of the mterpreted VES data (Table 6.1) indicates that they
represent four to nine layers of different types such as the QQH, KQH and HKHKHKH. This
vanation n the curve types within the study area revealed that the subsurface geoelectnc
model m the inveshgated area 1s complicated. The elements which make the geoelectnc
model not simple include. the subsurface structure of Al Jaww Plamn as discussed in chapter

two, varatnon of hthological unmits of the subsurface sequence and changes of total dissolve

sohds of groundwater.

6.2.2 Geoelectric section discussion

The review of the geoelectne section (Fig. 6.2) guided wath hthological imformaton
from the available borehole data reveals a svstematic vanation m the lateral sedimentary

sequence at Al Jaww Plam.

There are four mamn litho-geoelectne units llustrated along this section: a- top sl
zone of resistvity ranging between 180 1o 1300 O-m. b- htho-geoelectnc umit with a
resistivity ranging between 23 to 190 ohm-m which 15 interpreted as marl with finer matenals
(this zone contams the water table). ¢- third geoclectmic unit with the lowest resistivity values
rangmg between 3 to 100 O-m. and s atnbuted to clay and marl and d- the fourth
geoelectne layer with a resistivity ranging between 20 to 290 ohm-m and 1s interpreted as

hmestone and or gypsum.

Along this geoelectne section a remarkable ndge of relanvely high resistvity at a
depth of 200-500m and extends bepeath VES 7 to VES 4 in the north east direction 1s
encountered. The low resistivity values show the trend of thick shale-filled faults which reach

a depth of 900 m or more at the extremuty of the profile. These inferred faults are in good

match with traced faults based on seismic reflection data. (Fig. 2.9).
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Fig. (6.2) Geoelectric cross section along profile trending southeast-northwest,
Al Jaww Plain.
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6.3 Time Domain Electromagnetic (TEM) Results

6.3.1 TEM data and resistivity model

A total number of 212 loop data measured at Al Jaww Plam have been provided by
NDC. Fig. (6.3) shows the locations of these loops. Interpretated data using a one-
dimensional model (program TEMIXGL, Interpex Ltd.) wmndicated three to four layer

resistivity models (Table 6.2) for each station on the profile. Typical soundings from Zaroub
Ime-2 are shown in Fig.(6.4).

The three resistvity models of TEM become more conductive with depth. This 1s in
good agreement when correlated with lhithological information from the available borehole
data located near to relevant loops. The model of TEM data in the interdune area to the
northwest of Al Jaww Plain 15 reviewed and shown m Fig. (6.5) (US Geological Survey,
1993). The TEM Model at Al Jaww Plain and the model in the nterdune area are not similar
The mterdune area does not contan an alluviaktype layered sequence (existing at Al Jaww
Plam). Instead. a thick resistive accumulatons of vanably-cemented dune sand overlying

conductive bedrock.
The mamn three dentfied geoelectnc- htologic umts at Al Jaww Plan are:

Laver-1 1s a surficial zone of loose 1o weakly consolidated sand and gravel. This zone
corresponds to the upper part of the very resistive (> 200 ohm-m) layer in both TEM models

and VES. The resistive nature of this layer 1s indicative of dry condiions in the upper pant of
the alluvium.

Layer-2 1s a thick zone of gravel and sand compnrising the bulk of the alluvium. This
zone has moderate and generally downward increase in the amounts of intersutial cement.
The moderate to relatvely small resistvity in this muddle interval suggests partial satuaration
andor the presence of a clay-nch mamx (Fig. 6.6). However, at certam locations along the
measured loops. there 1s a zone of coarse cemented gravel of a varying thickness at the

bottom of the alluvial section. This zone appears to represent a basal deposit of the satuarated

channel gravels.

The third laver has a resistvity range from 5 to 11 Ohm-m. This low resistivity layer
1s composed of bedrock consististing of marl. caly. mudstone, or shale. In some places in the
deeper depth this zone would have resistivities of less than 5 Ohm-m probably due to the

increase of salimty with depth (see Fig. 6.8a below loop No.10). The depth to the boundary
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Fig. (6.3) Base map showing the locations of TEM profiles at Al Jaww Plain.
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soundings at Al Qura’a, north of Al Jaww Plain (after US Geological Survey, 1993).
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Alluvium

Fig. (6.6) Photos showing the presence of clay layver at shallow depths of drilled
trenches at Al Jaww Plain.



Table (6.2) Qualitative and Quantative interpretation of the Time Domain Electromagnetic (TEM) data

along some wadis of Al Jaww Plain.

[

|

|

prmm—
| LineNo  VES No ! Curve Type | No of Layers | T {O:m'm}p | T::'"‘"m :'2"""’ (:':
| | P P: ;] h |
1 H 3 ‘ 6943 1076 1336 2358 60 8
‘ 2 | ' 3 041 919 4151 ‘ 2552 6243
) 3 | H 3 | 1929 93 2073 2787 8165
4 | Q 3 2436 1228 855 2694 3419
5 a 3 2615 1845 833 | 2652 3851
] 6 H 3 2453 1086 2095 28 98 4264
£ 7 H 3 | 1909 983 2102 302 3178
i 8 ‘ Q 3 3524 1588 1014 ‘ 2579 1892
-~ [ g | H 3 3366 1153 1756 2653 4796
‘ z 10 Q 3 | 2327 1779 1118 15 | 2583 22 86
| 1 | Q 3 | 3618 1898 1269 383 | 2549 238
12 Q 3 | 6183 1764 5098 2768 772
13 Q 3 517 1701 1574 | 269 1028
| 4 | M 3 2034 1337 6935 | 2058 7613
15 Q 3 4654 1516 371 2486 221
% | Q 3 | 4289 2876 1059 2468 1716
| 17 Q | 3 4745 3066 1096 2406 97
| 18 Q 3 4777 3279 1064 2173 859
19 | Q | 3 4638 1886 1158 2577 2169
20 o 3 | 6182 202 12852 | 2436 343
| Q 3 5931 3256 1247 ‘ 2304 1841
= 2 | Q 3 6072 2919 1213 2249 2007
) e Q 3 6415 2950 1266 %24 115
= 4 H 3 ‘ 7065 1541 2757 2518 8007
3 5 H | 3 | 3418 1485 795 2735 2538
= ) Q : 3 3559 1806 1353 2581 2254
‘ 7 Q 3 4422 1551 132 268 208
8 H 3 | 5989 1284 2093 2812 4339
g H 3 566 1272 1421 2803 2446
i H 3 4024 1317 5032 2577 3481
2 H 3 5648 2194 3113 ‘ 2257 163
3 Q 3 I 7059 383 2374 | 1856 5069
| - 4 | Q | 4 691 4372 232 1689 3705
a 5 Q 3 ! 6748 2378 961 ‘ 2147 6863
= 6 Q 3 9654 2247 1212 2082 5233
= 7 Q 3 9898 2291 1068 1809 3265
g H 2 ‘ 2373 955 2052 2924 5078
g | & 2 4737 823 2101 | ‘Z1 7 2647
| ‘ 10 QH 4 | 4995 751 06 15 ‘ 2351 1743 5293
11 HK 4 ‘ 5047 1003 1337 383 | 2386 1627 4719
12 Q 3 | 3194 1289 659 | 2188 5897
‘ 13 Q 3 2576 1594 453 2452 3818
1w || a | 3 | 2913 1947 58 | 2309 3064
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‘ Line No | VESNo | Curve Type | Noof Layers True resistivity (Ohm-m) Thickness of Layers (m)
| Py P2 Ps Ps T T2 T3
[ 1 Q 3 2487 186 4.36 2649 3573
2 Q 3 2832 211 427 258 3513
. 3 Q 3 4609 2314 614 2604 3431
& 4 Q 3 5455 1971 528 2575 2888
a 5 Q 3 6181 1943 51 2515 2924
- 6 Q 3 6183 2027 523 255 2667
, 7 Q 3 6157 201 434 2544 2689
| 8 Q 3 6078 2292 454 l 2394 3328
| 9 Q 3 6238 2059 595 : 2418 28.09
' 10 Q 3 6336 1368 506 15 2659 2727 5293
11 Q 3 8235 1149 33 383 2285 6976 4719
12 Q 3 7621 1437 502 | 2312 2785
1| Q 3 11322 938 252 W 2224 4659
2 | Descending 2 8426 267 2567
. 3 (8 3 11612 159 1403 ’ 2812 2259
H 4 HK 4 : 17911 27 966 307 2914 496 47 R
4 5 Q 3 17252 2129 948 2289 35.21
= B ] 3 22739 1229 1065 2588 7202
g 7 | Q 3 316 2491 307 2569 1624
3 8 | Q 3 4455 1625 1034 25 16 183
» a H 3 4853 1218 6284 2569 7466
' 10 Q 3 2004 1525 B93 | 274 3625
" Q 3 221 1229 574 | 287 2942
1 Q 3 2186 1457 732 ‘ 2862 3424
2 Q 3 2512 2662 1246 | 2605 158
3 Q 3 3963 2321 1285 2877 987
. 4 a 4 | 4239 1392 954 | 2789 2332 4732
% 5 | Q 3 ‘ 344 8 1523 809 27.23 2402
3 6 Q 3 3238 1136 89 3041 2237
s 7 Q 3 4594 1022 951 | 2881 2898
- 8 | Descending 2 ‘ 4132 946 | 2087
z 9 Dascanding 2 | 2197 944 3
10 | Descending 2 2197 956 3104
| 1" Q 3 | 2289 1137 665 2893 3656
‘ 12 Q 3 2455 1328 BB7 3115 40
13 Q 3 3144 1417 903 2976 46 66
" 1 Q 3 2514 1278 733 3051 5059
1 2 | Q 3 2007 11 887 3199 3896
E 3 ( Q a 2147 1815 573 2815 121
' g 4 Q 3 2651 2341 506 2318 1344
3 5 Q 3 4208 1266 441 207 1053
L * 6 Q 3 4242 1357 97 | 2906 1203
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¥
! LineNo | VESNo | Curve Type | NeofLayers | True resistivity (Ohm-m) Thickness of Layers (m)
| ! P P2 P Pa ™ T2 T3
| 1 H 3 5803 232 536 1992 858 ==
| 2 | Descending ' 2 7564 562 19.33
3 Q 3 4178 B16 495 2131 3633
. | Q ' 3 4773 1664 565 1894 2119
| 5 Q ' 3 4687 3072 557 1975 3097
6 Q 3 4582 4623 564 1802 3912
7 Q i 3 4668 5605 638 1711 44.04
8 Q ! 3 5199 5249 698 1914 4902
9 Q 3 5285 6117 7.96 1874 4712
‘ 10 Q 3 5008 4104 1028 15 | 2522 33 84 52.93
11 Q 3 | 6723 3307 854 383| 2619 2934 4719
12 Q 3 6935 2024 748 2703 2947
| = 13 Q 3 722 2754 813 | 2612 2919
| 3 14 Q | 3 7322 2477 174 2596 2675
2 15 Q 3 j 7292 29 823 2519 23 86
s 16 Q | 3 726 2955 755 2412 2496
17 Q | 3 7234 3831 873 1974 3374
| 18 Q 3 3747 1303 418 2592 3315
| 19 Q 3 4062 4379 812 1884 3514
20 Q 3 4086 4625 797 | 1912 3285
21 Q 3 8719 1084 615 4213 1335
. 22 a | 3 12248 843 559 3968 1357
23 Descending 2 13491 704 37.07
24 Q 3 7187 1108 72 | 2316 3068
25 Q 3 672 1134 751 2195 329
26 Q : 3 7146 1702 858 | 204 28 48
1 Q | 3 6503 3191 802 2764 3983
2 Q | 3 6619 3548 1053 2634 3636
3 a Q 3 6855 3182 735 2594 3775
B 4 Q 3 7284 353 BO08 | 2596 3665
. © 5 Q 3 7865 3563 BE2 262 3503
E 6 Q 3 7953 4072 828 | 2587 3679
3 7 a i 3 813 4573 703 2423 3797
| 8 Q | 3 | B351 4956 8.09 | 2357 3937
9 Descending | 3 B59.2 706 2359 38 17
10 Q 3 B75 42 94 744 ‘ 2348 353N
_ 11 Q 3 | 879 4353 839 2368 3014
i 1 Q 3 | Bo28 4208 77 ‘ 2532 302
2 Q 3 9025 3888 731 248 278
a Q 3 8997 3826 708 2466 2545
4 Q - a 8491 3963 543 235 2635
‘ 2 5 a | 3 901 2851 557 2663 2122
s i Q . 3 4231 2293 481 2833  1B&7
a 7 Q 3 9167 2691 53 271 17 31
5 8 Q 3 9247 2563 514 2684 1719
‘ g Q ‘ 3 9738 1816 485 2807 1584
10 Q | 3 9968 1585 473 2858 1461
11 Q 3 10003 1533 44 | 2872 1457
12 Q 3 992 1581 377 28.41 1565
13 Q | 3 9955 1479 359 2845 1538
14 Q | 3 | 9181 2068 566 | 9181 20 68 5 66
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between the second and third layer, commonly i the range of 35-60 m, vanes from one
sounding to another along the profile. This vanation is less than that encountered mn the first
layer. This layer corresponds to what 1s called “basal confiming system™ which 15 dominated

by shghtly permeable mudstone, claystone, evaporite, and lmestone units of the Fars
formations n the Al Jaww Plam (as discussed in chapter four).

6.3.2 TEM cross sections

The model results are used to produce geoelectric resistivity cross-sections to depths
below land surface of about 40 m. These geoelectric resistivity cross-sections represent the
wadi profile and are composed of a series of EM-47 soundings located at intervals of 40 to
120 m to the side of the profile. Table (6.3) and the inset maps of Figs. (6.7b,6.8b,6.9b and
610 b) describe these TEM -profiles.

Table (6.3) Electromagnetic (TEM-47) Profiles data at Al Jaww Plain.

Site Line Total Profile Length (m) Number TEM loops
1 1350 26
Zaroub Gap 2 530 1
3 700 14
1 2250 19
Wadi Muraykhat

2 900 9
1 900 11
Wadi Muthaymimah 2 1230 13
g 520 6
1 1400 14

Wadi Saa
2 500 12

Loops model results are mterpretated to form resistivity cross-sections termed wad
profiles. These wadi profiles provide valuable high-resolution subsurface information on the
buried paleochannels in wadi gaps. This mformation would help understand the process of

groundwater recharge in the shallow alluvial aquifer.

Four geoelectric cross-sections (Figs 6.7 to 6.10) are constructed along Wadi
Muraykhat line-1, Saa line-1, and Wadi Muthaymmmah line-2 and Zarub line-2, respectively.
These geoelectric cross-sections provide additional information on the subsurface geometry

of Quaternary alluvium along the eastern margin of Al Jaww Plain. The gaps at the wadis
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Fig.(6.9 a) Wadi Muthaymimah line 2 geoelectric models showing the variation of
resistivity with depth.
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have wide, complex channel systems that are typically filled with 24 to 40 m of alluvium.
The erosional contact at the base of the alluvium s generally imegular and broadly
undulating, with relief locally up to 40 m, but commonly mn the range of S to 10 m. These
mregulanties define one or more, vanably distinct, deeper subchannels with typical widths of
200 to 500 m and depths of 45 to 60 m (see cross-sections of Wadi Muraykhat line-1 at
locations of loop 5 and 6 and between 11 and 14 | (Fig.6.7b ). The same feature 1s identfied
beneath loops 8 to 10 along the profile of Wadi Muthaymimah hine-2 (Fig. 6.9b), with 24 to

40 m of alluvium of coarse materals which are characterized by relatively high resistivities.

Zaroub hne-2 (Fig. 6.10b) is not well situated to show channel geometry as 1t crosses
the wadi at an oblique angle. However, this cross section shows that there can be vanations in
depositonal envimoment along the wadi axis. This suggests that for a more detailed analysis

of channel geometry several traverses prependicular to the wadi axis are needed.

The constructed electromagnetic profiles can be used to mfer lateral vanations in the
thickness and resistivity of the model layers. In EM models, the uppermost resisive layer
tends to thin and the basal resistive layer tends to thick in the deep portions of bured
paleochannels beneth active wadis (Figs. 6.7b & 6.9b). These paleochannels are promising
sites of dnilling water wells as they contain appreciable thickness of water beaning formation

which are recharged from the surrounding mountain region,

These geoelectne cross sections are in a good match with the geological cross
sections discussed i chapter four. Morever, they confirm the depositional framework of
Quaternary alluvium at Al Jaww Plain, where wadis exist from the Oman Mountains througth
narrow bedrock gaps and extend to the west across namow flanking piedmont fans (see the
geologic map, Fig. 2.4). However, wadi systems disappear beneath the eohan sand cover and
there 18 no defined expression of surface channels along the westward projection of the wadis

in the interdune areas.

6.4. Borehole Geophysics (Wireline Logging)

Borehole geophysics offers a great deal in the way of practical application to
hvdrogeology. Borehole geophysical methods were developed prnmary in the petroleum
industry and wirtually m all ol and gas wells. In the water well industry the use of
geophysical loggmg 15 generally restnicted to  either research projects or high capacity
municipal and industrial wells.

Borehole geophysics i1s considered as the most reliable and accessible geological-
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geophysical method for determmining rock petrophysics and areas of high porosity and
permeabihity, that would produce high quantiies of groundwater. However, zones of an
aquifer with high salinty water and the regional groundwater flow pattern can also be
identified 1f a number of wells are used. In addition, 1t can be used for locating the saline
‘fresh water interface in the coastal regions. It 1s considered as one of the best branches of
geophysical science treatable by computer for the ability of transfernng the usable set of logs

into a continuous sequence of numbers and digits.

On the other hand, the existmg lithological columns of the drlled wells do not replace
using the wirelne logs. This is because the reliability of lithologic well log depends on the
method of drilling and sample recovery as well as the knowlkdge and skills of the person who
is making the log. There are also many existing wells for which records of the subsurface

geology are available.

Generally, a sute of geophysical logs 1s made rather than only a single type. The
method tends to be a complementary, one may confirm another, and certam nterpretations

are made on the bases of two or more logs.

Wirelme logs have been utilized n this study compnsing conventional Resistivity,
Gamma Ray, Self-Potential and Temperature logs of 7 logged boreholes. Locations of these

wells are combined with VES location (Fig. 6.1).

Petrophysical logs are analyzed to determine the depth to water table, depths and
thickness of permeable rock strata, resistivity of formation water in the permeable strata and
hydraulic properties of penetrated formations. Permeable zones were identified by nspection
of the resistivity. Permeability m clastic matenal 1s often a function of clay content. Most
permeable aquifer matenal, such as sand and gravel are resistive and can ke identified on the
resistivity log. However, water resistivity and clay conductivity also affect the resistivity log.

Figs. (6.11 to 6.13) present plots of the different type of geophysical logs recorded for

boreholes GWP-398, GWP-255 and GWP-251 respectively.

Inspection of these plots indicate remarkable log responses due to lithological
changes. The hydrogeological conditions are clearly demonstrated. Table (6.4) summanzes

the description of lithology versus depth for these three wells.
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Table (6.4) Lithology description for the wells GWP-398, GWP-251 and GWP-2551.
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Well No. Depth (ft) Description of Lithology

50 Gravel, weakly cemented
60 Clay, sandy

- 140 Mudstone

5‘3 150 Siltstone, calcareous, gray

% 180 Mudstone

© 190 Limestone. yellowish brown
210 Mudstone
220 Siltstone, calcareous, gray
50 Gravel, sandy
70 Marl

ﬁ 80 Gravel

o a5 Claystone

% 110 Limestone
310 Mudstone
330 Limestone

9 40 Gravel

E 80 Gravel, clayey

2 195 Clay, yellow, sticky

© 253 Clay, gray. silty, calcareous

Guided with lithological records of these boreholes (Table 6.4) and the geophysical

log plots (Figs. 6.11 to 6.13). 1t could be concluded that:

=

]

The aquifer consists mamnly of gravel and sandy gravel interbeded with mud as

indicated from resistivity and gamma logs.

The aquifer 1s underlain by mudstone and claystone, which may act as a bamer for

vertical percolation of groundwater. Resistivity and gamma logs along GWP-398 are

clearly defining this mudstone layer at depth of 200 ft (Fig. 6.11).

Due to the mud ntercalations, the groundwater i1s not restricted to a hmited thickness

within the aquifer. For this reason, the geophysical logs should be considered when

finalizng the well for production where the screen must be faced by permecable

formations (less shaly). This feature 1s remarkable from resisuvity logs of GWP-398
at intervals 120 1o 140 ft and from 150 to 185 ft (Fig. 6.11).
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Chapter 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

Water resources constitute the most mmportant element for the sustamnable
development. Water has always been regarded as the sources of hfe, without which no hfe
could exist on the earth, Availability of water with sufficient quantities and proper qualities is
vital for agriculture and industrial development.

In and and serm and regions water 1s very scarce and is thus valuable. Ramnfall events
are scattered and infrequent. Surface water runoff 1s very hmited. Surface water bodies are
almost absent. Due to the harsh chimatic conditions, evaporation rates are very high
Therefore surface water resources do not contnbute significantly to the water budget.
Groundwater resources are thus cntical for the nation's development. In the absence of
desalination plants and other nonconventional water such as treated wastewater,
groundwater would be the only freshwater resource.

The UAE s located in an and region. The groundwater constitutes the only natural
water resource mn the country. Groundwater has been overexploited to meet the increasing
water demands. Despite the wide expansion i the construction of desalination plants n the
different Emurates, the groundwater resources still contmbute by the largest share in the water
budget of the country. The mportance of the subject matter of this thesis can not, therefore,
be overemphasized.

This study s devoted to the quanntatne and qualitative assessment of the
groundwater resources m Al Jaww Plam which 1s located in the eastem part of Al Ain City. It
represents one of the main plams at Al Ain with an area of about 500 km’. The study includes
a comprehensive review and assessment for vanous aspects related to groundwater resources
m Al Jaww Plam including chmatology, hydrology. hydrogeology. and geochemistry of the
system.

The thesis 1s composed of seven chapters. Chapter One presents an mtroducting for
the subject. The physical locaton of the UAE and the prevailing climatic conditions
mcluding  evaporation and evapotranspiration rates, mean annual temperature, relative
humidity and wind speed and directions are presented The conventional and non-
conventional water resources n the UAE are quantfied based on previous mvestigations,

These sources include ramnfall, seasonal floods, falajes. groundwater, springs. as well as
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desahnation water and treated wastewater (reclaimed water). Emphasis 1s then devoted to the
quantitative assessment of the water resources in Al Ain area. The am of the current study
and 1t 1s expected results are also included at the end of this chapter.

Chapter Two 1s devoted to the geological and geomorphological aspects of Al Amn
area. A comprehensive review for the classificaton of the geomorphic unmits m Al Am area
including mountains, gravel plams, dramage basins, sand dunes, mterdune areas, and inland
sabkhas 1s presented in details. The stratigraphy of Al Ain area and the rock sequence from
Cretaceous to Quaternary are described. The focus 1s then drected to the geology of Al Jaww
Plam including fluvial deposits, desert plain deposits, mixed deposits, sabkha deposits and
acohan sand. The chapter is concluded with the structural setting of Al Ain area compressing
the structures of Oman Mountams and the northem and southern structural regimes.

Chapter Three presents a comprehensive review for the different techmques employed
in geophysical mvestigations and electncal soundings. The Direct Current Resistively method
1s discussed and its basic concepts and surveying procedures are presented. The prnnciples of
Time Domam Electromagnetic techmiques for resistively sounding are discussed. The
different methods for Borehole Geophysics including S.P. logging, point resistance logging,
resistively logging, natural gamma ray logging, neutron log. sonic log and gamma-gamma
ray or density log are presented.

The hydrogeological aspects of Al Amn constitute the subject matter of Chapter Four.
The prevailing chmatic conditions in Al Am area mcluding temperature, ranfall, humidity,
evaporation, and andity are outhned. The groundwater bearing formations encompassing the
Quatemary aquifer and Jabal Hafit limestone aquifer are presented. Several cross sections
were deduced for Al Jaww Plain. The groundwater flow system in the study area and the
historical fluctuations of the groundwater levels are discussed at the end of this chapter.

Chapter Five 1s devoted to the hydrogeochemical aspects and groundwater in the
study area. The physical properties including the hydrogen ion concentration (pH), electrical
conductivity, total salinity distnbution and total hardness and the chemical properties
mcluding the major cations and anions are discussed. The distnbution of vanous physical and
chemical elements and the ion dominance in the groundwater are elaborated. The water
genesis including analyses by Sulin's graph and Trilinear diagram is discussed. The chapter 1s
concluded with an assessment of the suitability of groundwater for imgation purposes based
on SAR, EC. sodium content and residual carbonate.

Chapter Six elaborates the field activities and the geophysical investigations that have

been conducted within the course of this investigation. The results of vertical electrical
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soundmg along with the quantitative interpretation for the apparent resistivity-sounding curve
are presented. Geoelectrical sections are deduced and discussed. The time domain
clectromagnetic results are presented and analyzed. Available data for the borehole
geophysics are discussed.

Chapter Seven presents a summary of all the activities conducted within the course of
this study. The conclusions and mamn findings of the study are presented. Recommendations

for future investigations are also made.

7.2 Conclusions
Based on the mtegranon of borehole data, Vertical Electrical Sounding data,

Electromagnetic (TEM), borehole geophysics, meteorological data along with the review of

the geomorphological and geological nformation of study area, the following conclusions are

made:

I- Al Jaww Plam 1s charactenized by a relatively thin surficial aquifer of shight to moderate
permeability overlying a thick basal confining umit of very low permeability. The
thickness of the aqufer ranges from zero to more than 100 meters. The aquifer is
composed of interbeded rock and sediment. Rainfall i the Oman Mountains and Jabal

Hafit contrnibutes to the recharge of the Quaternary system.

ra

- The hydrogeological situation at Al Jaww Plamn is affected by mamn structural elements
which are north to northwest trending folds associated with northeast-dipping thrust and

reverse faults.

3- Groundwater flow 1s generally from East to West. However, this flow system is affecting
by local features such as Jabal Hafit, where a groundwater mound 1s encountered on the
east flank of Jabal Hafit. This mound 1s recognized on the developed water level maps.
The companson of 1995 through 2002 water level maps shows some decline in the water
levels which 1s associated with the decrease of recharge rate (mamly ramfall) and the

increase of groundwater pumping.

4- The total dissolved content of the water shows a general increasing trend from east to west.
The fresh water 1s associated with Wadi courses locations. An area of high total dissolved
solids content 1s encountered west from Jabal Hafit. This increase of TDS s attnbuted to
the brine moving upward near Am Al Faydah. This is also attnbuted to the existence of
sabkhas i areas of low elevation west of Jabal Hafit, at locations where the water table 1s
near or at the land surface.
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Veruical Electncal Soundings (VES) results portrayed the lithostrangraphy beneath Al
Jaww Plam. A ndge of relanvely high resistiwvity at depths of 200-500 m, related to
gypsum with clay intercalation, 1s traced. The constructed cross section reveals a trend of
thick shale-filled faults which reach a depth of 900 m. Shall aquifer of quatemary has
been dehneated as channel-like structure. According to these results, no deep aquifer of

importance 1s present.

Time Domain Electromagnetic data along wadi profiles at Al Jaww Plan has been
successfully traced the erosional unconformity that crosses Tertary to Cretaceous rocks.
These unconformities represent the paleochannels in the bed rock that were formed i the
geological past by the ancient wadis. These paleochannels are promising targets for fresh
groundwater, as they contain appreciable thickness of water beanng formations that are

recharged from the surrounding mountain region.

The borehole geophysics identified the mudstone and claystone, which act as barners for
vertical percolation of groundwater. Also the permeable zones and shaly zones within the
aquifer are identified. The geophysical logs should be considered when finalizing the well

for produchon i which the screen must be placed at the permeable formations (less

shaly).

7.3 Recommendations

1+

4 ]
'

Y]

Recharge areas should be monitored to prevent developments that might reduce recharge

or contaminate the recharge area.

A comprehensive water resources database for mnformation regarding well locantons.
meteorological data. water quality, water levels and water use should be developed. This
database should be accessible by researchers and scientists in the different fields of water

resources.

- A monitonng system for groundwater levels and quality should be established. maintained

and updated.

- The construction of new groundwater pumping wells should be fully controlled by local

authontes. The pumping rates should also be monitored to avoid over pumping practices.

Detailed analysis of paleochannel geometry should be done. Several TEM traverses for

perpendicular to the wadi axis are recommended.

6- The treated wastewater can be fully utilized in the imiganon and horticulture. This would

help sustamn the groundwater resources at Al Jaww Plan.
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