Islamic University-Gaza
Deanship of Graduate Studies
Faculty of science
Department of Environmental & Earth sciences
Master of Environmental science program

Hydrogeophysical Investigation for the Delineation of Seawater
Intrusion into the Coastal Freshwater Aquifer of Southern
Governorate, South of Gaza Strip- Palestine
استخدام الطرق الهيدروجيوفيزيائية لتحديد أماكن تداخل مياه البحر في خزان المياه
 فلسطين-  جنوب قطاع غزة،الجوفية العذبة الساحلي في المحافظات الجنوبية
By
Shehda Abdullah Muhsen
Supervised by
Dr. Zeyad Hasan Abu Heen
Assistant Prof. of Environmental Geophysics
Islamic University of Gaza

A Thesis Submitted in Partial Fulfillment of the Requirements for
the Degree of Master of Science in Environmental Management and
Monitoring.

Apri. 2016 /1437

قال تعالى:

َ م َر َج الْبَ ْح َريْ ِن يَلْتَ ِقيَ ِان بَ ْي نَ ُه َما بَ ْرَز ٌخ ََل يَ ْب ِغيَ ِان 
()20

()19

سورة الرحمن اآليات () 19-20

ات وه َذا ِ
ِ
اج
ُج
أ
ْح
ل
م
ب فُ َر ٌ َ َ
َ و ُه َو الَّذي َم َر َج الْبَ ْح َريْ ِن َه َذا َع ْذ ٌ
ٌ َ ٌ
وجعل ب ي ن هما ب رَز ًخا و ِ
ورا
ج
ح
م
ا
ر
ج
ح
ْ
ْ
َ َ َ َ َْ َ ُ َ َ ْ َ ً َ ُ ً

()53


سورة الفرقان – االية 53

b

Dedication

This Master thesis is dedicated to :
The soul of my mother
My father for his encouragement
My beloved and trusty wife for her supported and
patience
My daughters and sons
My brothers and sisters

With all my love

Shehda Muhsen

c

ACKNOWLEDGMENTS
First, All praise to Allah, the one to whom all dignity, honor, and glory are due, the
unique with perfect attributes, who begets not, nor is he begotten. He has no equal
but he is the Almighty Omnipotent. Peace and blessing of Allah be upon all the
prophets and messengers, especially on Mohammed, the last prophet and on all who
follow him in righteousness until the Day of Judgment.
I am thankful to Allah for helping and blessing to achieve this study, I would like to
express my grateful appreciation and thanks to the donated institutions that facilitate
this study and made it possible including the Palestinian Water Authority (PWA) and
The Middle East Desalination Research Center (MEDRC).
I would like to express my profound and sincere gratitude to my supervisor Dr.
Zeyad Abu Heen, Associate Professor for his great support, invaluable guidance,
continuous encouragement, unlimited help and great efforts for providing
requirements for achieving the field work to achieve this research project.
My thanks must go also to Prof. Dr. Mohammad Al-Agha from Islamic University
and Prof. Dr. Zuhair El-Isa from Jordan University for accepting to discuss this
research that made me an honor .
Furthermore, great thanks are also to lecturers in Islamic University of Gaza , Faculty
of Science and the Environment and earth science Department for their continual
encouragement and support, and to my colleagues especially Ali Banat and
Mohammed Barhoum in particular for their participate in data collection and field
survey.
I would like to express my deep gratitude and thanks to everyone who gave me
support to bring this research alive. Especially; Coastal Municipalities Water Utility
(CMWU) and Ministry of Agriculture (MOA), Agricultural Directorate of Rafah.
Last, but not least, I would like to thank everyone who have assisted, guided and
supported me in my studies leading to the successful realization of this thesis
especially my parents and my wife.

d

ABSTRACT
Integrated geophysical, hydrogeological and geochemical investigations employing
DC resistivity tomography and resistivity sounding were carried out in Southern part
of the coastal aquifer in Gaza Strip (Khan Younis and Rafah Governorates) to
investigate subsurface geologic formation and delineation seawater intrusion into
freshwater aquifers in the coastal environment of the study area.
Due to the lack of geophysical studies in the Gaza Strip for seawater intrusion,
hence, this study aims to apply hydrogeophysical investigation, and the work focuses
to develop an approach to study seawater intrusion and its effects on groundwater
quality, and that contributed to map the subsurface salinity distribution.
Fourteen (14) Vertical Electrical Sounding (VES) measuring points (Schlumberger
array) were carried out using the instrument Syscal Junior R1, in order to determine
the number of the underlying layers, depths and their thicknesses with the total
length of the expanding electrodes with maximum (AB/2) is equal to (200m). The
field curves are interpreted automatically by using the (IPI2win) program.
Eighty three (83) 2D Resistivity spreads was carried out using Wenner-Schlumberger
array with a NW-SE direction, distributed on seventeen (17) profiles, and the
numbers of the employed electrodes were (24) and the spacing between them is
(5m). The total length of survey line is equal to (125m), and the profile expand range
from (0.8- 1 km) from west to east. The measurements of 2D imaging survey were
interpreted by using (Res2dinv) program.
The resistivity data were consistent and showed good correlation with 12 borehole
lithologic cross sections, (10) agriculture wells for chemical analysis and previous
geophysical studies, proving the efficiency of combining two methods in solving
environmental problems.
Quantitative and qualitative interpretation was applied to study the type of the
electrical field curves, which were classified to KQ, QQ, and Q in the investigated
area. Moreover, two cross sections H1 and H2, where H1 extends along the western
side of the study area and close to the coastal line, and cross section H2 was selected
to parallel cross section H1with 400m east of H1. In general, resistivity
measurements showed that the top soil at H1 about (300 Ωm) are characterized with
electrical resistivities lower than that of H2 section about (1000 Ωm). This may be
due to soil type and water salinity.
The second layer (sub aquifer) at H1 geoelectrical section is characterized by
resistivities lower than that of H2 section, because it is near coast line.
The fresh water aquifer almost is absent in H1 section. All the aquifer layers are
saturated with saline water except the upper most layers. Seawater intrusion appeared
at all the section at few meter depths in Rafah to about 30 m depth in Khan Younis,
but fresh aquifer layers in H2 cross section is characterized by medium resistivity
values and much layer thickness. This means that the aquifer is still have fresh water.
Either two resistivity profiles (A1, A2) were constructed, with N-S trending and
parallel to each other with distance about 400 m.
In the first profile, The model shows that seawater intrusion (> 2.8 Ωm) in the
aquifer mapped at shallow depths (3m to more 6m) in different sections near coast
line. But in the second profile, the geoelectrical image shows that seawater intrusion
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cannot observed eastwards the first sections by the present 2D configuration. This is
due to the limited depth of penetration because of the limited user cable length.
The inverse models of 2D resistivity imaging and 1D sounding showed decreasing in
resistivity values with the depth due to the salinity of groundwater.
According to geochemical analysis for water samples, it revealed that maximum
values of EC, TDS and CL is higher in the western part of the study area
(9370μs/cm, 5829mg/l and 2900 mg/l) respectively and decreases in the east.
Empirical relations between different aquifer parameters TDS, earth resistivity, and
water resistivity were achieved, that show the earth resistivity is strongly affected by
the chemistry and salinity of the groundwater.
The geoelectric (Dar-Zarrouk) parameters determined and interpreted by using the
integration of the results, which indicates that longitudinal conductance has a high
values that shows an increase to the western part of the study area which reflects the
validity of the electrical current in parallel to the layers, as this represents an increase
in groundwater movement horizontally, that is a strong evidence of seawater
intrusion.
By using Archie's law, the porosity was estimated to be in the range of 0.38-0.52%
with an average value of 0.46%.
Finally, a map with the possibility of salt/brackish and fresh water interface was
generated, which showed that the area suffers from acute seawater intrusion and
could be aggravated if there is continuous groundwater abstraction, and subsurface
structural geological map of the studied area deduced from electrical resistivity
survey.
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المستخلص
لقد تم إجراء دراسة متكاملة جيوفيزيائية و هيدرولوجية و جيوكيميائية من خالل تطبيق طريقتي المقاطع
الجيوكهربائية ثنائية البعد و السبر الجيوكهربائي العمودي للخزان الجوفي الساحلي في المنطقة الجنوبية لقطاع
غزة ( محافظتي رفح و خان يونس ) لتحليل التكوينات الجيولوجية التحت سطحية و تحديد تداخل مياه البحر مع
المياه العذبة في المنطقة الساحلية لمنطقة الدراسة.
و نظراً لقلة الدراسات الجيوفيزيائية في قطاع غزة حول تداخل مياه البحر بالمياه الجوفية ,فإن هذه الدراسة
هدفت إلى تطبيق الدراسة الهيدروجيوفيزيائية و تطوير نهج لدراسة تداخل مياه البحر و آثاره على جودة المياه
الجوفية  ,والتي بدورها تسهم في رسم خارطة تحت سطحية لتوزيع الملوحة.
لقد تم اجراء  14سبر جيوكهربائي عمودي باستخدام ترتيب شلمبرجير باستخدام جهاز  Syscal R1لتحديد
أعماق و سماكة و عدد الطبقات األرضية على طول امتداد بحد أقصى  . AB/2 = 200و تم تفسير المنحنيات
الحقلية آليًا باستخدام برنامج ( . ) IPI2 win
وتم إجراء  83خط جيوكهربائي ثنائي البعد  2Dباستخدام ترتيب (وينر – شلمبرجير) موزعة على 17
مقطع و كان عدد األقطاب المستخدمة  24قطب و المسافة بين األقطاب المتتالية هي  5م  ،بإجمالي طول خط
المسح يساوي  125م و يمتد المقطع من ( )0.8-1كم من الغرب الى الشرق بشكل متعامد على الشاطئ ما
أمكن ،و تم تفسير المسح ثنائي البعد باستخدام برنامج .Res2dinv
إن بيانات المقاومة الكهربائية المقاسة لمنطقة الدراسة أظهرت تطابقًا جي ًدا مع المعلومات التي تم الحصول
عليها من  12بئر مياه الخاص بوصف الطبقات الصخرية و  10آبار زراعية للتحاليل الكيميائية و أيضا
الدراسات الجيوفيزيائية السابقة للمنطقة و التي تؤكد كفاءة دمج هذه الطرق في حل المشكالت البيئية.
و تم استخدام التفسير النوعي و الكمي لدراسة نوع المنحنيات الحقلية الكهربائية و التي صنفت إلى ( KQ,
 )QQ, Qفي المنطقة المراد دراستها .عالوة على ذلك تم رسم مقطعين (  ,)H1, H2حيث يمتد  H1على
طول الجانب الغربي من منطقة الدراسة وعلى مقربة من الخط الساحلي ,و تم اختيار المقطع  H2موازيا ً
للمقطع  H1وعلى بعد مسافة  400م منه .
وبشكل عام ,أظهرت قياسات المقاومة أن التربة السطحية للمقطع  300 > ( H1أوم متر) و تتميز بمقاومة
كهربائية أقل من المقطع  1000 > ( H2أوم متر) قد يكون هذا بسبب نوع التربة وملوحة المياه.
و تتميز الطبقة الثانية (طبقة المياه الجوفية) في  H1بمقاومة منخفضة أدنى من المقطع  ، H2و ذلك بسبب
قربها من الخط الساحلي .
المياه الجوفية العذبة تكاد تغيب في مقطع  . H1حيث أن جميع طبقات المياه الجوفية مشبعة بالمياه المالحة
ماعدا الجزء العلوي من الخزان الجوفي ,ويظهر تداخل مياه البحر في كل المقاطع حيث تصل إلى أعماق
منخفضة في رفح و إلى حوالي  30متر في خان يونس.
و لكن طبقات المياه الجوفية في مقطع  H2تتميز بمقاومة كهربائية متوسطة و أكثر سمكاً .و هذا يعني أن
الخزان الجوفي ال زال عذبا ً .
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و أيضا ً تم رسم مقطعين متوازيين ثنائي البعد ( (A2, A1باتجاه شمال -جنوب تفصل بينهم مسافة  400م،
حيث أظهر المقطع األول تسرب مياه البحر (<  2أوم .متر) على أعماق ضحلة تصل من ( 3إلى أكثر من  6م
في مناطق مختلفة بالقرب من ساحل البحر ،بينما لم تظهر التفسيرات الجيوكهربائية في المقطع الثاني تداخل
لمياه البحر باستخدام طريقة  2Dو يرجع ذلك لمحدودية عمق االختراق بسبب محدودية طول الكابل المستخدم .
وأظهرت المقاطع الجيوكهربائية  2Dو السبر الجيوكهربائية نقصان في قيم المقاومة مع العمق ويرجع ذلك
إلى ملوحة المياه الجوفية.
وفقا ً للتحليل الكيميائي لعينات المياه ,تبين أن أعلى قيم التوصيلية الكهربائية و مجموع االمالح الذائبة و
الكلوريدات في غرب منطقة الدراسة ( 9370ملى سيمنس 5829 ،ملجم/لتر 2900 ،ملجم/لتر) على التوالي
وتقل باتجاه الشرق.
تم تحقيق بعض العالقات الرياضية بين عناصر الخزان الجوفي (مجموع األمالح الذائبة ،مقاومة الطبقات و
مقاومة المياه) و التي أظهرت أن مقاومة الطبقات تتأثر بقوة كيميائية و ملوحة الخزان الجوفي.
تم تحديد و تفسير العناصر الجيوكهربائية (دار الزاروق) باستخدام النتائج المتكاملة و التي أشارت إلى أن قيم
التوصيلية الطولية مرتفعة غرب منطقة الدراسة و التي تعكس سريان التيار الكهربائي بشكل مواز للطبقات ،و
هذا يمثل زيادة في حركة المياه الجوفية أفقيًا و الذي يعتبر دليالً قويًا على تداخل مياه البحر
و لقد قدرت قيم المسامية ،اعتماداً على القياسات الجيوفيزيائية و باستخدام قانون آركي تتراوح ما بين (– 0.38
 )% 0.51و بمعدل % 0.46
وأخيراً ،تم إنشاء خريطة لتحديد حدود المياه العذبة مع المالحة و التي أظهرت أن تلك المنطقة تعاني من تداخل
المياه المالحة بشكل حاد و قد تتفاقم المشكلة في حالة االستمرار في سحب المياه الجوفية و أيضا رسم خارطة
جيولوجية تحت سطحية لمنطقة الدراسة أُنتجت من خالل المسح المقاومة الكهربائية.
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Chapter 1
Introduction
1.1 Background
Securing water for sustainable development is a major challenge facing the global
community . At present, developing countries face environmental pressure induced by
high population community, rapid urbanization, and deficient water sector services
reflecting on improper management of water resources( UN 2003; WHO 2006 ).
The intrusion of saltwater into coastal aquifer is a wide spread phenomena, especially
in Mediterranean regions where semi-arid conditions lead to excessive pumping, high
extraction rate and low recharge (Petalas et al., 2009).
Seawater intrusion is an inevitable problem of coastal fresh water aquifer associated
with urban area (Oladapo et al., 2013).
Coastal aquifers constitute a vital source of fresh water in these regions, and are
increasingly used to meet the water supply needs ( Pareek et al., 2006).
The problem of the salination of groundwater aquifers arises in coastal areas, where
the excessive pumping of unconfined coastal aquifers by water wells leads to the
intrusion of seawater. This negative effect of human activity has been recorded in
many areas of the world. Hence, this problem is likely to arise in areas like Gaza Strip
that has poor water resources (low precipitation and high evapotranspiration) and has
mismanagement of water resources (Abu Heen et al., 2005).
Gaza Strip is classified as a semi-arid region and suffers from water scarcity. Ground
water is the main source of water in Gaza Strip. Water analysis results revealed that
more than 90% of the water wells unsuitable for domestic uses according to WHO
Standards. The water sector suffers a lot of problems in terms of quantity and quality.
Water demand in the Gaza Strip is increasing continuously due to economic
development and population increase resulting from natural growth and returnees,
while the water resources are constant or even decreasing due to urban development
(Hamdan, 2006).
Palestinian Water Authority reports (2015) published a recent salinity maps for Gaza
Strip. The maps show that all the area adjacent to the coast characterizes by high
salinity values. Some local areas still have a suitable salinity values (fresh aquifer).
In saltwater intrusion studies, hydro-geochemistry analysis from monitoring well and
geophysical method are used. The best geophysical method to assign particularly in
salinity mapping is geo-electrical method (Loke, 2000).
Surface resistivity methods have been used for groundwater research for many years.
Earth resistivities are related to important geologic parameters of the subsurface
including types of rocks and soils, porosity, and degree of saturation. It was shown
that the electrical resistivity of rocks and minerals, except for massive sulfides and
graphite, vary in a wide range between 1 to 107 ohm-m, whereas coastal aquifers that
are prone to saline water are identified by relatively low resistivity values. Thus,
saltwater can be easily distinguished from almost any combination of lithological
types.
Resistivity methods are used to map the freshwater-saltwater interface and for
studying conductive bodies of hydrogeological interest.

1.2 Scope and objectives
1.2.1 Study objectives
The objectives of the research study are:
• Identify the geographical boundaries of the seawater intrusion in the fresh
aquifer.
• Identify the characteristics hydrological / hydrogeological for south of Gaza Strip
aquifer.
• Determine the subsurface aquifer layer thickness.
• Identify the electrical resistance of the different layers of the various rocks.

1.2.2 Research Problem
Coastal areas are of great environmental, economic, social, and cultural relevance.
Therefore, the implementation of suitable monitoring and protection actions is
fundamental for their preservation and for assuring future use of this resource.
The problem of the salinization of groundwater aquifers arises in coastal areas, where
the excessive pumping of unconfined coastal aquifers by water wells leads to the
intrusion of seawater. This negative effect of human activity has been recorded in
many areas of the world. Hence, this problem is likely to arise in areas like Gaza Strip
that has poor water resources (low precipitation and high evapotranspiration) and has
mismanagement of water resources.
Many studies showed that water sector suffer a lot of crisis in term of quality and
quantity, Ashour, (1985), El-Nakhal, Abu Heen (1997), Al-Yaqubi et al., (2001),
Abu Heen, et al.,(2005), Al-Agha, Mortaja, (2005), Abu Heen, et al., (2007),
Shomar, (2006).
Salinity of fresh water increased quickly as a result of some reasons. Seawater
intrusion is believed to be main reason for increasing salinity in coastal areas.

1.2.3 Research motivations
Hydrogeophysical investigation will be used to study the delineation of seawater
intrusion into the freshwater aquifer of Southern Governorate - south of Gaza Strip

due to the following motivations:
• Gaza coastal Aquifer (GCA) is the only source of freshwater for the relatively
big and rapidly increasing population of Gaza Strip.
• This source is facing a noticeable and evolving saltwater intrusion problem.
• The problem of saltwater intrusion in (GCA) is an outcome of the complex
interaction between the pumping wells and a groundwater flow model is ought
to be developed and used to set up pumping strategies to help in solving the
problem.
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1.2.4 Previous studies
The previous studies were divided into four parts as following:-

• Geophysical studies
A number of outstanding papers and reports have been published on the application
of geophysical techniques (electrical resistivity 1D - 2D, electromagnetic (TEM),
seismic refraction ….. ) to delineation seawater intrusion with aquifer coastal such as
Keller and Frischknecht, (1966); Zohdy, et al. (1974); Goldman, et al. (1991); Gemail,
et al. (2004); Stampolidis, et al. (2005); Sherif, et al. (2006); Aletabe, (2007);
De Franco, et al.(2009); Capizzi, et al. (2010); Batayneh, et al. (2010); Chitea, et
al.(2011); Satriani, et al. (2011); AL-Khersan, (2012); Olympia, et al. (2012); Thabit,
et al. (2014); Basheer, et al. (2014); Kalisperi, et al. ( 2015); Mogren, (2015).
Interfaces and saline intrusion have also used integrative approaches geophysical and
geochemical methodologies. In particular they have combined methods such as VES
sounding, resistivity traversing, groundwater chemistry and borehole lithology to
delineate the interface which allowed to decrease the uncertainty limits of the various
inversions such as Choudhury, et al. (2004); Sherif, et al., (2006); Al-Bassam, et al.
(2008); Capizzi, et al., (2010); Gurunadha, et al .(2011); Lagudu, et al.(2013).

• Hydrogeology studies in Gaza Strip
many papers and reports studied Gaza Strip hydrogeology as following:
Fink (1970); Al-Agha (1995); Abu Heen (1997); Mogheir (2003); Qahman (2004);
Aish (2004); Al-Mahallawi ( 2005); Abu Heen, et al. (2005); Al Banna, et al. (2007);
Abu Mayla, et al. (2009); Aklok, et al. (2015).

• SWI Studies in Gaza aquifer
During the last decades several studies have been carried out to analyze seawater
intrusion in Gaza aquifer by a number of researchers without geophysical
investigation e.g. Yakirevich et al. (1997) ; Qahman1, et al. (2001) used SUTRA
code. Where Qahman, et al. (2003); Qahman, et al. (2005) ; Sarsak, Almasri, (2013)
used SEAWAT code to simulate saltwater intrusion in the Gaza aquifer. Where Moe
et al. (2001) used the 3D finite-element coupled flow and transport DYNCFT model .
Dentoni, et al. (2014) integrates three computational tools (a three -dimensional
hydrogeological model) into a unified framework to investigate seawater intrusion
for the Gaza Strip coastal aquifer (Palestine ) .
but the aquifer quality situation is so critical that this problem is still a long way from
being solved and corrective measures are needed to restore groundwater quality and
properly manage the aquifer
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•

Geophysical Studies in the Gaza Strip

The previous geophysical research studies on the subject are very little in Gaza Strip.
1- The first geophysical survey to South of Gaza Strip (Khan Younis) has been
conducted in 1997 by the ITALIAN COOPERATION (International Cooperation
South -South (CISS- Palermo) in cooperation with Water Research Center, AL Azhar
University-Gaza). The study used the geoelectrical technique where Vertical
Electrical Sounding (V.E.S) has been applied using Schlumberger array. A total of
(60) V.E.S has been executed in the area of south Gaza Strip in Khan Yonis area.
VES locations illustrated in figure (1.1). The VES data has been reinterpreted by (Abu
Heen, 2005).

Fig (1.1 ) : Location

map of V.E.S in South of Gaza Strip

Khan Younis geoelectrical model is composed by 15 vertical electrical sounding and
extends for about 8 km from the border of Khan Younis City to the eastern border
with South-East to North-West direction. This section lies to the north of Rafah, and
its end my used to evaluate the subsurface geology in Rafah area (VES number 41,
42, and 43) and the regional trend along the profile.
The interpretative model, figure (1.2) is very simple and composed with four
geoelectrical layers as follows:
•
•
•
•

The top layer with high resistivity values (259 Ω.m) with variable thickness
ranging from 15 to 5m of sandy dune layer.
The second layer (10 Ω.m) clay layer with a thickness of about 15m.
The third layer coincides with resistive sandstone and pebble (50-150 Ω.m) and
thicknesses ranging from 60 to 120m.
The base of the sequence (fourth layer) with very low resistivity (0.1-1 Ω.m)
saline marl-clay formation shows a top altitude ranging from 20-65m below sea
level and marks the top of the Saqiya Formation.
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Fig (1.2 ) : Interpreted

Geoelectrical cross section of Khan youis governorate

For more detailed study, a geoelectrical cross section including sounding Kh17, Kh21,
Kh14, Kh16,Kh41 and Kh8 have been chosen and re-interpreted. Kh17 and Kh 21 are
closed to the proposed eastern Rafah. Both the pseudo-cross section and the
geoelectrical interpreted modes are presented in figure (1.3), while the interpreted
Geoelectrical model illustrated in figure (1.4) (Abu Heen, 2005).

Fig (1.3 ) : resistivity
Rafah.(Abu Heen, 2005)

Pseudo- cross section for Khan youis area and

A conductive layer is found under lay the soil cover with resistivity ranging between
4m and 22m with different layer depths. The maximum interpreted depth for this
layer is found close to ky21 and approximately 42.3m. This depth is decreases to a
value of 6.2m at ky16.
The third layer represent the Kurkar layer which have a conductive zone from
sounding ky14 to ky16 with a resistivity values 28m and 31.3 m respectively . The
rest of this layer characterized by high resistivity extended between 166 m and 67.9
m. This difference related to being the Kurkar layer saturated with ground water in
Gaza Strip as we talked about before. So the resistivity values affected with
distribution of ground water and its salinity. The deeper layer represent Saqia
Formation, which is very conductive layer and it’s resistivity value about 1m.
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Fig (1.4 ) : Interpreted
.(Abu Heen, 2005)

Geoelectrical cross section of Khan youis area and Rafah.

2- A second geophysical survey in Gaza Governorates has been executed in 2000 for
Metcalf&Eddy (Metcalf & Eddy Contract Number 294-C-00-99-00038-00) by
Blackhawk Geometrics INC for CAMP Project (Coastal Aquifer Management
Program). The study consisted of acquiring data for:
•
•
•
•

Seismic reflection: with a total length of 24.7 Km.
Seismic refraction: with a total length of 3.9 Km.
Time Domain Electromagnetic (TDEM): where 84 Soundings have been
selected (arranged in six lines).
IP/Resistivity: with a total length of 4.5 Km.

The main objectives for the geophysical surveys in Gaza Strip were identified and
are presented below:
(a)- Mapping the depth to bedrock (Saqiya Formation): Because of the relative large
depth to the Saqiya Formation (more than 100m), the seismic reflection and TDEM
methods were suitable. The change in seismic velocities and rock resistivity at the
boundary between the Kurkar Formation and the Saqiya Formation were expected.
(b)- Mapping the Fresh/Saline groundwater Interface: By electrical and
electromagnetic methods
(c)- Mapping the individual clay layers with the sequence of the coastal sediments.
The results of a TDEM sounding inversion is a geoelectrical model of the subsurface
in terms of layer thicknesses and resistivities. These layers can then be interpreted into
lithologic layers and / or changes in Salinity as classified in table (1.1).
Table (1.1)

summarized the relationship between resistivity, salinity and lithology
Metacalf, Eddy (2009)
Resistivity Range

Lithology/ Groundwater

> 0.8 Ωm

Brine saturated formation, either kurkar or saqiye.

0.8 – 2 Ωm

Seawater saturated kurkar or clay

2-15 Ωm

Clay – rich zone or brackish water

15-75 Ωm

Sands filled with fresh to brackish water

< 75 Ωm

Dry or fresh water filled sands

The current study will contribute effectively to the implementation of a detailed
study and more accurate to the study area in order to accurately determine the
characteristics of subsurface aquifer of area. This contribution is of great importance
for researchers, engineering and large construction projects and identifies suitable
sites for drilling drinking fresh water wells.
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1.2.5 Thesis Outline
To achieve the study objectives, This thesis consists of six chapters whose contents
can be summarized as follows:
•

Chapter One (Introduction)

The introductory part includes a general introduction, presentation and identification
of the problem targeted by this research and the research objectives in order to
achieve the objectives and provides a literature review of past studies on seawater
intrusion and geophysical investigation.
and presents previous studies on geophysical methods and seawater intrusion and
finally a plan for thesis outline.

• Chapter Two (Literature Review)
Presents background of saltwater intrusion investigation methods, its causes,
mechanisms. And includes a brief description of geophysical, geochemical methods
and techniques.

• Chapter Three (Study Area description)
Contains an overview of the study region (Gaza Strip), with a detailed description of
the Gaza coastal area, with regard to its geography, population, topography, climate
and meteorological characteristics, rainfall, as well as of its land use, geology,
hydrogeology. Depending on the available studies on the groundwater quality status
of the area and the present groundwater situation.

• Chapter Four (Approach, Methodology and Tools)
Discusses the general site investigation, the data collection, measurement , processing
and analysis and representation of it in different forms of maps, sections and tables
etc. using different software's including PROSYS II, RES2dinvx64 , IPI2WIN,
Rockworks software.

• Chapter Five (Results and Discussion)
Presents the collected data (1D, 2D) after their processing through the software's with
interpretation and discussion for these results, and present geochemical analysis from
MOA and CMWU ,and borehole logs.

• Chapter Six (Conclusions and Recommendations)
Finally, summarizes the major outcomes and the results obtained from the research
work. and explains to what extent the aims have been achieved. And draws some
conclusions and provides further recommendations
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Chapter 2
Literature Review
2.1

Hydrogeophysical investigation

2.1.1 Introduction
The shallow subsurface of the earth is an extremely important geological zone, one
that yields our water resources, supports our agriculture and ecosystems, influences
our climate, and serves as the repository for our contaminants. The need to develop
sustainable water resources for increasing population, agriculture, and energy needs
and the threat of climate and land use change on ecosystems contribute to an urgency
associated with improving our understanding of flow and transport processes in the
shallow subsurface. (Hubbard, 2011).
Site investigation techniques may be divided into two categories, destructive and
nondestructive. Destructive techniques are those which, in their execution, in some
way change the nature of the ground they are investigating. Thus, for example, plate
bearing tests at the bottom of a shaft test ground influenced by the excavation of the
shaft rather than undisturbed ground. Non-destructive techniques examine the ground
without permanently altering its characteristics and are generally of either an
observational or a geophysical nature. (De Freitas, 2009).
An alternative method of investigating subsurface geology is, of course, by drilling
boreholes, but these are expensive and provide information only at discrete locations.
Geophysical surveying, although sometimes prone to major ambiguities or
uncertainties of interpretation, provides a relatively rapid and cost-effective means of
deriving a really distributed information on subsurface geology. In the exploration for
subsurface resources the methods are capable of detecting and delineating local
features of potential interest that could not be discovered by any realistic drilling
programme. (Kearey, et al., 2002)
The field of hydrogeophysics has developed in recent years to explore the potential
that geophysical methods have for characterization of subsurface properties and
processes relevant for hydrological investigations.
Integration of geophysical data with direct hydrogeological or geochemical
measurements can provide characterization information over a variety of spatial scales
and resolutions. The main advantage of using geophysical data over conventional
measurements is that geophysical methods can provide spatially extensive
information about the subsurface in a minimally invasive manner at a comparatively
high resolution. The greatest disadvantage is that the geophysical methods only
provide indirect proxy information about subsurface hydrological properties or
processes relevant to subsurface flow and transport. (Hubbard, 2011)
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2.1.2 Geophysical Survey Methods
geophysics is the sub discipline of geology which deals with the application of
physics to geologic problems. Some of the major areas of geophysical analysis are
volcanology, petrology, hydrology, ionospheric and magnetospheric physics,
geochemistry, meteorology, physical oceanography, seismology, heat flow,
magnetism, potential theory, geodesy and geodynamics. The aims of geophysics are
to determine a body’s interior composition and structure, and the nature of the
processes that produce the observed features on the body’s surface (Matzner, 2001)
Geophysical surveys can be useful in the study of most subsurface geologic problems.
Geophysics also can contribute to many investigations that are concerned primarily
with surface geology. However, geophysical surveys are not always the most effective
method of obtaining the information needed. For example, in some areas auger or drill
holes may be a more effective way of obtaining near-surface information than
geophysical surveys.( Zohdy, et al., 1974)
Many geophysical techniques that are most commonly used for hydrogeological
studies, including: electrical resistivity tomography (ERT), induced polarization (IP),
electromagnetic induction (EMI), self-potential (SP), ground penetrating radar (GPR),
seismic, surface nuclear magnetic resonance (SNMR), gravity and magnetics
techniques.(figure 2.1)
Table (2.1) summarized the most common geophysical methods, advantages and their
limitation in geophysical exploration purpose.

Fig (2.1 ) : Geophysical

survey methods
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2.1.3 Selected geophysical techniques
Electrical (particularly DC resistivity) methods have been widely used to image the
resistivity structure of near-surface targets (i.e., within a few tens of meters of the
ground surface), owing to their ease of operation and low equipment cost. In some
environments, however, these methods are difficult or impossible to use for
delineating deep targets, since they require large array dimensions in relation to the
maximum depth at which useful information can be obtained.
The problem is particularly severe in the case of multidimensional resistivity imaging
techniques, which require a large number of electrodes to be involved in the
measurements. On the other hand, 1-D resistivity soundings that sample great depths
usually deal with significant lateral resistivity variations, thus leading to essential
problems in data interpretation. Controlled-source electromagnetic (EM) techniques,
which play an important role in shallow-depth conductivity mapping, have limited
frequency bandwidth and hence relatively poor depth sounding capability .
The methods most suitable for deep soundings are the transient electromagnetic
(TEM) or time-domain electromagnetic (TDEM).
EM methods can be combined with electrical methods for improved subsurface
mapping. The TEM method is particularly suitable for the characterization of
groundwater salinity, because of its superior sensitivity to electrically conductive
targets (Fitterman and Stewart, 1985). For high-resolution stratigraphic mapping of
deep aquifers and their confining formations, the seismic reflection method is
emerging as the tool with the best potential in some sedimentary environments. This
method can be combined with electromagnetic or electrical methods for improved
target identification in large-scale hydrogeophysical studies.( Rubin, et.al, 2005).
However the present study will use the electrical resistivity techniques (1D and 2 D )
of DC current for investigation of the study area.
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Table (2.1)

summarized geophysical methods (advantages and limitation )

Geophysical methods
Resistivity Method

Electromagnetic
methods

Magnetic methods

Advantages

Limitation

1- Give quantitative and qualitative
modeling by computer software.
2- Provide accurate estimates of depth,
thickness and electrical resistivity of
subsurface layers.

1- Interpretations are ambiguous.
2- Interpretation is limited to simple structural configurations.
3- Topography and the effects of near-surface resistivity
variations can mask the effects of deeper variations.
4- The depth of penetration of the method is limited by the
maximum electrical power
1- Cultural noise.
2- Lateral variability in the geology can also cause
conductivity anomalies or lineation.

1- Used in ground water pollution
investigations.
2- Lightweight and easily portable.
3- Measurements can be collected rapidly
and with a minimum number of field
personnel.
4- capability to electronically store data
and more accuracy
1- Used in hazardous waste sites.
2- Relatively low costs of conducting the
survey in a short amount of time.

1- Cultural noise.
2- Man-made structures that are constructed using ferrous
material.
3- Inability of the interpretation methods to differentiate
between various steel objects
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Ground Penetrating
Radar methods

Gravity methods

Seismic Refraction

Seismic Reflection

1- Provide a continuous display of data
along a traverse.
2- Capable of providing high-resolution
data under favorable site conditions.
3- A rapid turnaround, quickly evaluate
subsurface site conditions.
1- Gravity measurements are not as
susceptible to cultural noise.
2- Gravity readings can be taken in
virtually any location, even indoors.
1- useful to obtain depth information at
locations between boreholes.
2- Determine the depth to the water table
or bedrock.
1- Allows the interpreter to discern
between fairly discrete layers.
2- used to map stratigraphy.
3- Provide an accurate depth-structure
model of the channel bottom and
subchannel bottom sediment.
4- Post-acquisition processing ( including
2-D migration) can be applied.
5- Lithological/facies units with thickness
on the order of 0.3 m can be imaged.

1- Site-specific nature of the technique.
2- Cost of site preparation necessary prior to performing the
survey.
3- The quality of the data can be degraded by a variety of
factors such as an uneven ground surface or various cultural
noise sources.
1- Precisely surveyed for elevation and latitude control.
2- Costly and time consuming.

1- Data collection can be labor intensive.
2- Large line lengths are needed.

1- A precise depth determination cannot be made.
2- The acquisition of reflection data is more complex than
refraction data.
3- The reflection method places higher requirements on the
capabilities of the seismic equipment.
4- The source and receiver need to be submerged.
Data may be contaminated by noise
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2.1.3 Resistivity theory: concept and introduction
2.1.3.1

Introduction

The resistivity method is one of the oldest geophysical survey techniques, it has been
used for many decades in geological, geotechnical, environmental and hydrologic
investigation.
Electrical resistivity method is, generally, considered to be the most promising and the
most suitable method for groundwater prospection. This is based on the concept of
determination of the subsurface which can yield useful information on the structure,
composition and content of buried formations.
The purpose of electrical surveys is to determine the subsurface resistivity distribution
by making measurements on the ground surface. (Loke, 2004)
Although the apparent resistivity values could be considered a direct criterion for the
presence or absence of groundwater, general information about water salinity could be
also deduced since these values inversely proportional to the salinity factor.
Resistivity methods have proven to be the most successful of the electrical methods
for obtaining information about the substrata of the earth. Resistivity methods are
comparatively cheap and rapid and well suited for the upper levels, especially where
there is a marked difference in resistivity, such as at the level of the water table. Here
the resistivity method is excellent and is used world-wide for mapping ground waters.
The resistivity method is used to map geologic features such as: lithology, structures,
fractures, and stratigraphy; hydrologic features such as depth to water table, depth to
aquitard and groundwater salinity and ground water exploration (El-Isa, 2005).
Rock resistivity is of special interest for hydrogeological purposes, it allows, e.g., to
discriminate between fresh water and salt water, between soft-rock sandy aquifers and
clayey material, between hard rock porous/fractured aquifers and low-permeable clay
stones and marlstones, and between water-bearing fractured rock and its solid host
rock. (Kirsch, 2006)
According to (Dobrin, Savit, 1988), electrical prospecting uses three phenomena and
properties associated with rock:
1) Resistivity, or the reciprocal of conductivity, governs the amount of current that
passes through the rock when a specified potential difference is applied
2) Electrochemical activity caused by electrolytes in the ground is the basis for
magnetic, self-potential and induced polarization methods.
3) The dielectric constant gives information on the capacity of a rock material to
store electric charge and governs.

2.1.3.2

Resistivity and Conductivity

Metals and most metallic sulphides conduct electricity efficiently by flow of
electrons, and electrical methods are therefore important in environmental
investigations, where metallic objects are often the targets, and in the search for
sulphide ores. Graphite is also a good ‘electronic’ conductor and, since it is not itself a
useful mineral, is a source of noise in mineral exploration. Most rock-forming
minerals are very poor conductors, and ground currents are therefore carried mainly
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by ions in the pore waters. Pure water is ionized to only a very small extent and the
electrical conductivity of pore waters depends on the presence of dissolved salts,
mainly sodium chloride. Clay minerals are ionically active and clays conduct well if
even slightly moist. (Milsom, 2003)
Where conductivity equals to the reciprocal of the resistivity.

σ = 1/ρ
The electrical conductivity is the ability of a material to let an electric current flow
through it when an electrical voltage is applied . It is linked to the quantity of salts
dissolved in the water by the following empirical equation:
Conductivity (microS/cm) = 1.4 x Total Dissolved Salts (mg/l)
A usual rule for drinkable water as water resistivity is 10 Ohm, or water conductivity
is 1000 microS/cm, or TDS for water is 0.7 g/l (Bernard,2003)

2.1.3.3

Basic resistivity theory

Resistivity of the ground is measured by injected a direct currents or very low
frequency alternating current into the earth by means of pair of electrodes and the
measuring resulting potential differences between another pair of electrodes at a
multiplicity of locations at the surface. These measurements are inverted into a
distribution of electrical resistivity in the subsurface. The resistivity boundaries are
interpreted in terms of lithological boundaries, the foundation of this is Ohm’s law.
The general field layout is sketched in (figure 2.2), Two pairs of electrodes are
required, A and B are used for current injections, while M and N are for potential
difference. In a homogeneous ground (half space) the current flow radially out from
the current source and the arising equipotential surfaces run perpendicular to the
current flow lines and form half spheres (figure 2.2a). In the common situation with
both a current source and a current sink the current flow lines and the equipotential
surfaces become more complex (figure 2.2b).( Kirsch, 2009)

Equipotential Surface

Fig. ( 2.2 )

:Simplified current flow line and equipotential surfaces arising
from a single current source and from (b) a set of current electrodes

In reality the current flow lines and the equipotential lines will form an even more
complex pattern as the current flow lines will bend at boundaries, where the resistivity
change.
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Geo-electrical data are commonly expressed as apparent resistivity:

ρa = K (ΔV/ I)
Where ΔV is the measured potential, I is the transmitted current, and K is the
geometrical factor.
2.1.3.3.1 Ohm’s law
The German scientist Georg Simon Ohm established in 1827 that the electric current I
in a conducting wire is proportional to the potential difference V across it. The linear
relationship is expressed by the equation:-

V=IR

(2.1)
where R is the resistance of the conductor. The unit of resistance is the ohm ( Ω ).
The inverse of resistance is called the conductance of a circuit; its unit is the
reciprocal ohm (Ω-1), variously also called a mho or siemens .
Experimental observations on different wires of the same material showed that a long
wire has a larger resistance than a short wire, and a thin wire has a larger resistance
than a thick wire. Formulated more precisely, for a given material the resistance is
proportional to the length L and inversely proportional to the cross-sectional area A of
the conductor (figure 2.3). These relationships are expressed in the equation:(2.2)
If we substitute Eq. (2.2) for R in Eq. (2.1) and rearrange the terms we get the
following expression:
(2.3)

Fig. ( 2.3 ) : Parameter s used to define Ohms law for a straight
conductor (Lowrie, 2007)

The ratio V/L on the left side of this equation is, by comparison with Eq.
the electric field E (assuming the potential gradient to be constant along the length of
the conductor).
The ratio I/A is the current per unit cross sectional area of the conductor; it is called
the current density and denoted J (figure 2.3), We can now rewrite Ohm’s law as
(2.4)
This form is useful for calculating the formulas used in resistivity methods of
electrical surveying. However, the quantities that are measured are V and I.
(Lowrie, 2007).
15

2.1.3.4

Electrical properties of earth materials

Electric current flows in earth materials at shallow depths through two main methods.
They are electronic conduction and electrolytic conduction. In electronic conduction,
the current flow is via free electrons, such as in metals. In electrolytic conduction, the
current flow is via the movement of ions in groundwater. In environmental and
engineering surveys, electrolytic conduction is probably the more common
mechanism. Electronic conduction is important when conductive minerals are present,
such metal sulfides and graphite in mineral surveys.
The resistivity of common rocks, soil materials and chemicals is shown in figure (2.4)
and table (2-1)

Fig. (2.4)

: The resistivity of rocks , soil and mineral

Keller and Frischknecht 1966, Daniels and Alberty 1966, Telford et al. 1990

The resistivity value is dependent on the porosity (assuming all the pores are
saturated) as well as the clay content. Clayey soil normally has a lower resistivity
value than sandy soil. However, note the overlap in the resistivity values of the
different classes of rocks and soils. This is because the resistivity of a particular rock
or soil sample depends on a number of factors such as the porosity, the degree of
water saturation and the concentration of dissolved salts. (Loke, 2011; El-Isa, et al.
(1998)
Igneous and metamorphic rocks typically have high resistivity values. The resistivity
of these rocks is greatly dependent on the degree of fracturing, and the percentage of
the fractures filled with ground water. Thus a given rock type can have a large range
of resistivity, from about 1000 to 10 million Ωm.
Sedimentary rocks, which are usually more porous and have higher water content,
normally have lower resistivity values compared to igneous and metamorphic rocks.
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The resistivity values range from 10 to about 10000 Ωm, with most values below
1000 Ωm. The resistivity values are largely dependent on the porosity of the rocks,
and the salinity of the contained water.
Table (2.2 )

: Resistivity of some common rocks and soil material modified after (Keller
and Frischknecht,1966, Daniels and Alberty , 1966 )

The resistivity of groundwater varies from 10 to 100 Ωm. depending on the
concentration of dissolved salts. Note the low resistivity (about 0.2 Ωm) of seawater
due to the relatively high salt content as shows in table (2.2).
This makes the resistivity method an ideal technique for mapping the saline and fresh
water interface in coastal areas. (Loke 2011).
Table (2.3 ):

Resistivity range of Types of water Sources (Telford, et al. 1990)

Water

Resistivity range (Ω m )

Meteoric waters

30 - 10 3

Surface waters

0.1 – 3 × 10 3

Soil waters

100

Natural waters

0.5 – 150

Seawaters

0.2 – 0.3

The resistivity of many rocks is roughly equal to the resistivity of the pore fluids
divided by the fractional porosity. Archie’s law, which states that resistivity is
inversely proportional to the fractional porosity raised to a power which varies
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between about 1.2 and 1.8 according to the shape of the matrix grains, provides a
closer approximation in most cases. ( Milsom, 2003)
Archie's Law is given by

ρe / ρw = a * φ –m

(2.5)

where ρe is the rock resistivity, ρw is fluid resistivity, φ is the fraction of the rock
filled with the fluid (porosity), while a and m are two empirical parameters.

2.1.3.5

Apparent resistivity (ρa)

A single electrical measurement tells us very little. The most that can be extracted
from it is the resistivity value of a completely homogeneous ground (a homogeneous
half-space) that would produce the same result when investigated in exactly the same
way. This quantity is known as the apparent resistivity. (Milsom, 2003)
The apparent resistivity value calculated by the above equation (2.2 , 2.3 ) is not the
true resistivity of the subsurface but is the resistivity of a homogeneous ground which
will give the same voltage and current values for the same electrode arrangements.
By measuring ∆V and I and knowing the electrode configuration, we obtain
an apparent resistivity value (ρa).

ρa = K (ΔV/ I)
If the ground is inhomogeneous, the apparent resistivity value will depend on
the location of the electrodes. Although it gives some indication of the true
resistivity in the vicinity of the electrode array, the apparent resistivity value is not
an average value. Only in the case of a homogeneous ground is the apparent value
equivalent to the actual resistivity.
The relation between the "apparent" resistivity and the "true" resistivity is a
complex relationship. To determine the true subsurface resistivity, an inversion of
the measured apparent resistivity values must be carried by using computer program
such as ( Res2dinv) or other commercial software's (Loke, 2015).

2.1.3.6

The Electrodes Configuration and array

The arrays most commonly used for resistivity surveys were shown in (Figures 2. 5,
2.6, 2.11, 2.12, 2.13) The choice of the “best” array for a field survey depends on the
type of structure to be mapped, the sensitivity of the resistivity meter and the
background noise level. In practice, the arrays that are most commonly used for 2-D
imaging surveys are the (a) Wenner, (b) Wenner Schlumberger, (c) dipole-dipole (d)
pole-pole and (d) pole-dipole and Schlumberger in 1-D sounding survey.
According to Loke (2011), the characteristics of an array that should be considered:
• the depth of investigation.
• the sensitivity of the array to vertical and horizontal changes in the subsurface
resistivity.
• the horizontal data coverage and the signal strength .

2.1.3.6.1 Wenner Array
Wenner array was the first to be proposed for geophysical prospecting in 1916.
One common electrode arrangement for resistivity measurement is the Wenner
configuration illustrate in figure (2.5 ) Each potential electrode is separated from the
adjacent current electrode by assistance a which is one-third the separation of the
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current electrodes. For this geometry, (Dobrin, Savit, 1988). The apparent resistivity
ρa becomes
ρ = 2π a ∆V / I
The four electrodes are collinear and the separations between adjacent electrodes are
equal (a) with M,N or ( P1,P2) in between A, B or (C1,C2) that is AB = 3 MN as
shown in figure (2.5). In the Wenner procedure all electrodes are moved for each
reading, this method can be more susceptible to near surface and lateral variations in
resistivity; some time called horizontal electrical profiling (HEP).
The Wenner array is characterized by small geometric factor(
), it is advantage
because the signal strength, used to calculate the apparent resistivity value for this
array, is inversely proportional to geometric factor. Therefore, Wenner array has
strongest signal strength (Loke, 2011). This means that Wenner array has less effected
by noise contamination and has better signal-to-noise ratio than other arrays (Dahlin
and Zhou, 2004).

I

v
a
A

a
M

a
N

B

Geometric factor

Fig. ( 2.5 )

:Wenner arrays used in resistivity surveys and its

geometric factor.

2.1.3.6.2 Schlumberger Array
The electrode array most commonly used in electrical prospecting is Schlumberger
array, especially in investigation of groundwater aquifers. It is adopted by Conrad
Schulmberger in his pioneer works .
In the period from 1912 to 1914 Conrad Schlumberger began his pioneering studies
which lead to an understanding of the merits of utilizing electrical resistivity methods
for exploring the subsurface.
In the Schulmberger array, four electrodes are placed along a straight line on the earth
surface (figure 2.6 ) in the same order (A M N B). The distance between the potential
electrodes MN is small and is always kept equal to, or smaller than, one-fifth the
distance between the current electrodes AB ; that is AB ≥ 5 MN (Zohdy, et al.,1990).
Schlumberger sounding curves portray a slightly greater probing depth and resolving
power. However, when the ratio of the distance between the current electrodes to that
between the potential electrodes becomes too large, the potential difference become
too small to be measured with sufficient accuracy. In this case, it is necessary to
increase the distance between potential electrodes.
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The apparent resistivity ( ρa ) applying Schlumberger array can be written in the form:
ρa = π ∆V/I * [ ((AB/2)2 – (MN/2)2 ) / MN ]
or ρa = π K ∆V/I
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Fig. ( 2.6 )

: Schulmberger arrays used in resistivity surveys and its

geometric factor.

The sensitivity plot for the schulmberger array has almost vertical contours as shows
in figure (2.7)
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Fig. ( 2.7 ) :

The sensitivity plot for the schulmberger array

2.1.3.6.3 Wenner-Schlumberger array
This is a new hybrid between the Wenner and Schlumberger arrays. Actually it is
combination of Wenner and Schlumberger arrays adopted for using an arrangement
with a line of electrodes with constant spacing (normally used in 2D electrical
imaging) (Geotomo software, 2008).
Arising out of more recent work with electrical imaging surveys. The classical
Schlumberger array is one of the most commonly used arrays for resistivity sounding
surveys. A digitized form of this array so that it can be used on a system with the
electrodes arranged with a constant spacing. The “n” factor for this array is the ratio
of the distance between the C1 - P1* (or P2-C2) electrodes to the spacing between the
P1 - P2 potential pair. Note that the Wenner array is a special case of this array where
the “n” factor is equals to 1. (Loke, 2015)
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In areas with limited open space for a long survey line, the conventional
Wenner array has a disadvantage in that there is a large reduction in horizontal
coverage when the electrode spacing is increased in order to achieve a deeper
depth of investigation. For example, in order to increase the depth of
investigation by two times, the electrode spacing a has to be increased to 2a
(figure 2.8). In this case, the total length of the array is increased from 3a to 6a.
At the same time, the width of the pseudosection decreases by 3a with each
level of measurement (Figure 2.9).
Thus it is actually a combination of the Wenner and Schlumberger arrays adapted for
use for an arrangement with a line of electrodes with a constant spacing (as normally
used in 2-D electrical imaging).

Fig. ( 2.8 ) : The

steps used by the Wenner- Schlumberger arrays
to increase the depth of investigation.

Fig. ( 2.9 ) : Arrangement

of data points in the pseudo sections for
the Wenner-Schlumberger arrays.

Besides better horizontal coverage, the maximum depth of penetration of this array is
about 15% larger than the Wenner array. Note that the normal Wenner array is
actually a special case of the Wenner-Schlumberger array where the n factor is equals
to 1. (Geotomo Software, 2010).
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2.1.3.6.4 Summary of array types
Wenner-Schlumberger has slightly better horizontal coverage compared with Wenner
array. the horizontal coverage for Wenner-Schlumberger array is slightly wider than
Wenner array but it is narrower than that obtained with Dipole-Dipole array (Loke,
2011). The Wenner-Schlumberger array (with overlapping data levels) is a reasonable
all round alternative if both good and vertical resolutions are needed, particularly if
good signal strength is also required.
The Wenner array is an attractive choice for a survey carried out in a noisy area due to
its high signal strength), While Wenner-Schlumberger array, even the slight reduction
of the signal strength, may be offered an improved imaging resolution compared with
Wenner array (Dahlin and Zhou 2004). and also if good vertical resolution is required.
The Wenner array is good in resolving horizontal structures (vertical change in
resistivity); the Dipole-Dipole array is good in resolving vertical structures (horizontal
change in resistivity), while the Wenner Schlumberger array is good in resolving the
both structures (Dahlin and Zhou, 2004; Loke, 2011). The Schlumberger array is
widely used for vertical electrical sounding VES. It is less sensitive by lateral
inhomogeneity, and the measured apparent resistivity is more representative of deep
layers for the farther (P1, P2).

2.1.4 Resistivity imaging
The main aim of sounding methods is to determine the vertical distribution of the
resistivity in the ground. Several soundings at regular spacing's along profiles and/or
randomly in the area under investigation will also provide information about the
lateral extent of structures. Soundings may be made for investigation depths up to
several hundred meters. The measured data may be interpreted both qualitatively and
quantitatively.
Sounding and profiling can be combined in a single process (2-D resistivity imaging)
to investigate complicated geological structures with strong lateral resistivity changes.
This combination provides detailed information both laterally and vertically along the
profile and is the most frequently applied technique in environmental studies. 2-D
inversion yields a two-dimensional distribution of resistivities in the ground.
Three-dimensional (3-D) resistivity surveys and ERT measurements provide
information about complex structures. (Knödel et al., 2007)

2.1.4.1 Vertical Electrical Sounding (VES)
The resistivity method has its origin in the 1920’s due to the work of the
Schlumberger brothers. For approximately the next 60 years, for quantitative
interpretation, conventional sounding surveys were normally used. In this method, the
center point of the electrode array remains fixed, but the spacing between the
electrodes is increased to obtain more information about the deeper sections of the
subsurface. (Loke, 2004).
Loke (2001) mentioned that there are two main reasons why 1-D resistivity sounding
surveys are common:
• The first reason is the lack of proper field equipment to carry out the more data
intensive 2-D and 3-D surveys.
• The second reason is the lack of computer interpretation tools to handle the more
complex 2-D and 3-D models.
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VES is typically carried out in Schlumberger array, where the potential electrodes are
placed in a fixed position with a short separation and the current electrodes are placed
symmetrically on the outer sides of the potential electrodes.
The basic idea of resolving the vertical resistivity layering is to stepwise
increase the current-injecting electrodes AB spacing, which leads to an increasing
penetration of the current lines and in this way to an increasing influence of the deepseated layers on the apparent resistivity (figure 2.10). (Kirsch, 2006)

Fig. ( 2.10)

:Vertical Electrical Sounding (Schlumberger configuration)

The step-wise measured apparent resistivity's are plotted against the current electrode
spacing in a log/log scale and interpolated to a continuous curve. This plot is called
sounding curve, that is the base of all data inversion to obtain the resistivity/depth
structure of the ground. (Kirsch, 2006)
To interpret the data from such a survey, it is normally assumed that the subsurface
consists of horizontal layers. In this case, the subsurface resistivity changes only with
depth, but does not change in the horizontal direction. A one-dimensional model of
the subsurface is used to interpret the measurements (figure 2.11a).
The greatest limitation of the resistivity sounding method is that it does not take into
account lateral changes in the layer resistivity. Such changes are probably the rule
rather than the exception. The failure to include the effect of such lateral changes can
results in errors in the interpreted layer resistivity and/or thickness. (Loke , 2015).
Vertical electrical soundings (VES) has been the most important tools in resistivity
surveys for a long time, and for deep investigation depths (>100 m) they still are,
Soundings should preferably be used to investigate horizontally layered ground. They
provide information about layer thicknesses and resistivity.

3.1.2.7

Fig. ( 2.11):The

three different models of resistivity measurements. (loke, 2004)
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2.1.4.2 2-D resistivity surveys
The greatest limitation of the resistivity sounding method is that it does not take into
account horizontal changes in the subsurface resistivity. A more accurate model of the
subsurface is a two-dimensional (2-D) model where the resistivity changes in the
vertical direction, as well as in the horizontal direction along the survey line.
However, at the present time, 2-D surveys are the most practical economic
compromise between obtaining very accurate results and keeping the survey costs
down (Dahlin, 1996).
Two-dimensional electrical imaging/tomography surveys are usually carried out using
a large number of electrodes, 24 or more, connected to a multi-core cable (Griffiths
and Barker 1993). A resistivity meter system with an internal microprocessor
controlled circuitry together with an electronic switching unit is commonly used to
automatically select the relevant four electrodes for each measurement.
Figure (2.12) shows the typical setup for a 2-D survey with a number of electrodes
along a straight line attached to a multi-core cable. Normally a constant spacing
between adjacent electrodes is used. The multi-core cable is attached to an integrated
resistivity meter system that includes an electronic switching unit. The sequence of
measurements to take, the type of array used and other survey parameters (such the
current to use) is normally transferred to an internal microprocessor system within the
resistivity meter from a personal computer. After reading the control file, the control
program then automatically selects the appropriate electrodes for each measurement.
In a typical survey, most of the fieldwork is in laying out the cable and electrodes.
After that, the measurements are taken automatically and stored in the resistivity
meter system.
The resistivity of the 2D model is assumed to vary both vertically and laterally along
the survey line but constant in the direction perpendicular to the survey line. The
observed apparent resistivity values are commonly presented in pictorial form using
pseudo section contouring which gives an approximate picture of the subsurface
resistivity distribution. The shape of the contours depends on the type of array used in
the investigation as well as the distribution of the true subsurface resistivity. The
pseudo section plot serves as a useful guide for detail quantitative interpretation. Poor
apparent resistivity measurements can easily be identified from the pseudo section
plot. The pseudo-depth values are based on the sensitivity values (Aizebeokhai, 2010)

Fig. (2.12) :The

arrangement of electrodes for a 2-D electrical survey and the
sequence of measurement used to build up a pseudo section (Barker, 1992)
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2.2

Seawater intrusion

2.2.1 Introduction
In many coastal areas, the growth of human settlements, together with
development of agricultural, industrial and tourist activities, has led to
overexploitation of aquifers. Such overexploitation commonly results in a rise of
freshwater–saltwater interface (seawater intrusion) and thus degradation of
chemical quality of groundwater. (Lambreaux, et al., 2011 )

the
the
the
the

Sea water intrusion SWI (or salt water intrusion) is the encroachment of saline
water into fresh ground water regions in coastal aquifer settings.
SWI has been studied extensively for well over a century, starting from the last part
of 1900 (Badon-Ghyben, 1888; Herzberg, 1901); due to its socioeconomic impact,
this issue has received an ample attention from the international scientific
community during the last 50 years (El-Bihery, et al, (1994); Bonacci et al, (1997);
Petalas et al, (1999); Ashtiani, et al. (1999); Paniconi et al. (2001); Qahman, et al.,
(2004); Atta, et. al, (2005); Mtoni, et. al, (2012); Werner et al. (2012); Baharuddin, et
al. (2013); Vafai, et al. (2014).
The extent of seawater intrusion in the coastal area is influenced by the nature of
geological formation present, hydraulic gradient, rate of withdrawal of ground water
and its recharge (Choudhury, et al, 2001).

Definition
Salinity: The total fractional amount of dissolved material in seawater defined as the
total amount of solid materials in grams contained in 1 kg of seawater when all the
carbonate has been converted to oxide, the bromine and iodine replaced by chlorine,
and all organic matter completely oxidized. The average salinity of seawater varies
from about 3.5 to 3.7% by weight (Matzner, 2001)
Saltwater intrusion is the movement of seawater into freshwater aquifers and most
often is caused by ground-water pumping from coastal wells. Because saltwater has
high concentrations of total dissolved solids and certain inorganic constituents, it is
unfit for human consumption and many other anthropogenic uses. (Barlow, 2003 )
Since the electrical conductivity of water is strongly related to the salt concentration,
the EU-directive on water quality (1998) sets an upper limit of 2500 µS/cm for the
electrical conductivity of drinking water. (Kirsch, 2006).
Barlow (2003) defined saltwater as "water having a total dissolved-solids
concentration greater than 1,000 milligrams per liter (mg/l)". Seawater has a total
dissolved-solids concentration of about 35,000 mg/l, of which dissolved chloride is
the largest component (about 19,000 mg/l).

2.2.2 Origin of saltwater intrusions
In addition to anthropogenic effects (e.g. fertiliser, waste deposits) the main origins
of saline groundwater are:- (Kirsch, 2006)
• seawater intrusions in coastal areas.
• salt domes.
• enhanced mineral concentration in groundwater under arid conditions.
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Saltwater intrusion reduces fresh ground-water storage and, in extreme cases, leads to
the abandonment of supply wells when concentrations of dissolved ions exceed
drinking-water standards. (Barlow, 2003 )
The theoretical interface actually occurs at a depth below sea level that is 40 times the
height of fresh water above sea level; this relationship is called the Ghyben-Herzberg
relation, after the two European scientists who independently recognised it at the turn
of the century. In practice geological variability makes the relationship more complex.
When groundwater is pumped from a coastal aquifer the fresh-water level is lowered
and the sea intrudes further into the aquifer. With excessive pumping the natural
hydraulic gradient towards the sea may be reversed and the intrusion can then extend
to the pumping borehole which becomes saline.

2.2.3 Saltwater Intrusion Causes and Modes
Seawater intrusion may occur due to human activities and by natural events such as
climate change and sea level rise. According to Bear, et al.(1999) The main causes of
saltwater intrusion present in figure (2.13).

Seawater intrusion couses
main
periodic
short term

long term
Fig. ( 2.13) : The

• Over-abstraction of the aquifers
• Seasonal changes in natural

groundwater flow

• Tidal effects and barometric
pressure

• Climate changes and artificial
influences

main causes of saltwater intrusion (Bear, et al. (1999)

Fresh ground water comes in contact with saline ground water at the seawater margins
of coastal aquifers. The seaward limit of freshwater in a particular aquifer is
controlled by the amount of freshwater flowing through the aquifer, the thickness and
hydraulic properties of the aquifer and adjacent confining units, and the relative
densities of saltwater and freshwater, among other variables. Because of its lower
density, freshwater tends to remain above the saline (saltwater) zones of the aquifer,
although in multilayered aquifer systems, seaward-flowing freshwater can discharge
upward through confining units into overlying saltwater.
Under normal conditions, without any anthropogenic activity, the freshwater flows
into the sea, due to the natural hydraulic gradient existing toward the sea.
Under the sea bottom there is a zone of contact between the lighter freshwater
flowing to the sea and the heavier, underlying, seawater; in this transition zone,
freshwater and saltwater are mixed together (figure 2.14).
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The transition zone is characterized most commonly by measurements of either the
total dissolved-solids concentration or of the chloride concentration of ground water
sampled at observation wells. Although there are no standard practices for defining

Fig. ( 2.14 ) :

Ground-water flow patterns and the freshwater-saltwater transition
zone in an idealized coastal aquifer. (Ranjan, et al., 2007)

The transition zone, concentrations of total dissolved solids ranging from about 1,000
to 35,000 mg/l and of chloride ranging from about 250 to 19,000 mg/l are common
indicators of the zone.
Density varies across the transition zone between the highest values of sea waters to
lower values of freshwater. The width of this zone is, under certain conditions,
relatively smaller than the thickness of the aquifer, so that the boundary can be
considered as a sharp interface separating the two regions occupied by the two fluids,
the freshwater and saltwater one, assumed immiscible. (Barlow,2003 )
When aquifers in coastal areas have hydraulic contact with seawater, seawater
intrusions occur due to higher density of saltwater. In the aquifer, freshwater is
underlain by saltwater leading to a more or less well defined salt/freshwater interface.
If hydrostatic equilibrium and homogeneous aquifers can be assumed, an estimate of
the depth of this interface is given by the classical formulation of Ghijben:
density of fresh water
density of salt water
In the equation, the thickness of the freshwater zone above sea level is represented as
h and that below sea level is represented as z, where g is coefficient of permeability.
When the density of seawater and the depth to the water table are known, the depth of
salt/freshwater interface can be calculated. This is only valid for well-balanced
groundwater conditions, If the equilibrium between freshwater and saltwater is
disturbed by high pumping rates for water supply, then the depth of the salt/freshwater
interface is lowered and an enforced saltwater intrusion can occur (figure 2.15).
(Kirsch, 2006)
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Fig. ( 2.15 )

:Balanced (top) and disturbed (below ) salt / freshwater
interface in a coastal area ( after Keller 1988)
Seawater into aquifer depends on the characteristics of the local formation. The
salinity distribution is also dependent on the flow of fresh water, the tidal range and
propagation, and on freshwater and fluctuations. During the transient stages of
seawater encroachment or retreat from an aquifer- often lasting several to many years.
The salinity problems in a well may be the result of preferential flows through thin
sometimes poorly defined layers and fissures, salinity problems can also be the result
of upcoming of saline water below a well or drain. (Rome,1997)
The variability of hydro geologic settings, sources of saline water, and history of
ground-water withdrawals and freshwater drainage along the coast has resulted in a
variety of modes of saltwater intrusion across the region.
Saltwater can contaminate a freshwater aquifer through several pathways, including
lateral intrusion from the sea; by upward intrusion from deeper, more saline zones of
a ground-water system; and by downward intrusion from coastal waters. A few of
these pathways are illustrated on figure (2.16) . Some authors have used the term
saltwater encroachment to refer to lateral movement of saltwater within an aquifer and
the term saltwater intrusion to refer to vertical movement of saltwater. This distinction
is not made in this study because there are often both lateral and vertical components
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to a particular saltwater-intrusion problem, and because the net result -contamination
of a freshwater aquifer- is the same for either type of saltwater movement. Another
term that has been used to describe a specific type of vertical saltwater intrusion is
saltwater upconing, which refers to the movement of saltwater from a deeper
saltwater zone upward into the freshwater zone in response to pumping at a well or
well field .

Fig. ( 2.16 )

: Schematic drawing of saltwater intrusion. Sea level rise and
water use all control the severity of the intrusion. Sources (floridaswater.com)

2.2.4 Factors influencing seawater intrusion
The shape and degree of the seawater intrusion in a coastal aquifer depend on several
factors (Ivkovic, et. al, 2013), these factor illustrated in figure (2.17)
Water withdrawal
or Recharge

Groundwater
extraction

Sea-level rise

Factors influencing
seawater intrusion
Costal aquifer
(confined, phreatic,
leaky,

Rainfall intensities
& evaporation rate

Tidal effects

Fig. ( 2.17 )

: Factors influencing seawater intrusion
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2.2.5 Chemical Characteristics and Sources of Saltwater
All water contains dissolved chemical materials called “salts.” When the
concentration of these dissolved materials becomes great, the water is referred to as
“saltwater” or as “salty”, “brackish”, or “saline.” These terms commonly are used
interchangeably, which can be confusing because they can mean different things to
different people.
The classification method used to define freshwater as having a total dissolved-solids
concentration of less than 1,000 mg/l; waters with a total dissolved-solids
concentration greater than 1,000 mg/l are considered to be saltwater. (Barlow, 2003 ).
This somewhat arbitrary upper limit of freshwater is based on the suitability of the
water for human consumption. Although waters with total dissolved solids
concentrations of greater than 1,000 mg/l have been used for domestic supply in some
areas of the world where water of lower dissolved solids concentration is not
available.
Water containing more than 2,000 to 3,000 mg/l total dissolved solids is generally too
salty to drink (Freeze and Cherry, 1979). Brackish waters can be defined as those
having a total dissolved-solids concentration of 1,000 to 35,000 mg/l. The upper
concentration limit for brackish water is set at the approximate concentration of
seawater (35,000 mg/l). The average concentrations of the major dissolved
constituents of seawater (those with concentrations exceeding 1.0 mg/l) are given in
table 2.4; chloride, sodium, sulfate, and magnesium have the largest concentrations.
(Barlow, 2003 ).
The U.S. Environmental Protection Agency (USEPA) has established secondary
maximum contaminant levels (SMCLs) for total dissolved solids, chloride, and sulfate
in drinking water. Unlike maximum contaminant levels (MCLs) that have been
established to protect the public against drinking-water contaminants that present a
risk to human health, the secondary contaminant levels have been established as
guidelines to assist operators of public-water systems in managing the aesthetic
qualities of the water such as taste, color, and odor. The SMCL set by the USEPA for
total dissolved solids is 500 mg/l and 1000 mg/l by Palestinian standards.
Before starting with the analysis process, it is important to define what is meant by
saline water and describe the degree of salinity as a first step to discriminate between
water salinity. The United States Geological Survey (USGS) suggested such terms,
which related to the degree of salinity as presented in table (2.4)
Table 2.4 describe of salinity as used by USGS ( after Hem, 1970)
Description

TDS (mg/l)

Fresh

> 1000

Slightly saline

1000 – 3000

Moderately saline

3000 – 10000

Very saline

10000 – 35000

Brine

< 35000
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Chapter three
Study Area

3.1 Description of Area study
3.1.1 Location
Khan Younis and Rafah is a geographical part of the Gaza Strip. The Gaza Strip
is a narrow coastal strip along the Mediterranean Sea plain between Egypt and occupied
territories, in the south-eastern coast of the Mediterranean Sea, between
longitudes 34° 2” and 34° 25” east, and latitudes 31° 16” and 31° 45” north
Figure (3.1) shows the location of Gaza Strip

Fig (3.1 ) : Study area Location ( Khan younis and Rafah Governorate and its
Location in the Gaza Strip) Source : Ministry of Planning Unpublished Data

The total area of Gaza Strip is about 365 km2. and its length is approximately 45 km
along the coast line and its width ranges from 6 to 13 km2. It has land boundaries
total 62 kilometers , with 51 kilometers border with The occupied territories, and an
11 km border with Egypt. The Gaza Strip includes five Governorates: Northern,
Gaza, Middle, Khan Younis, and Rafah.
The total population in 2015 is estimated to about 1,819,982 inhabitants, The
population is growing by density of about 4822 capita/km2 annually, making it one of
the most overcrowded areas in the world as shown in figure (3.2). A difficult political
situation has a vast impact on the population and the environment.(PCBS, 2015).
Palestinian Central Bureau of Statistics expected The population to be around 2
million inhabitants in the year 2016 and about 2.27 Million inhabitants by the year
2020).
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Rafah and Khan Younis, located in the southern part of the Gaza Strip and a surface
area of 170.5 km2 , representing 45% of the total area of the Gaza Strip, with a
population in 2015 about 566,931 inhabitants (31.15% of the total population in the
Gaza Strip).(PCBS, 2015).

Fig (3.2 )

:

Population change in Gaza Strip between 1948- 2040

( PCBS, 1998; CMWU, 2009)

3.1.2 Topography
Gaza Strip topographical area is characterized by, elongated ridges and depressions,
dry streambeds and shifting sand dunes. The ridges and depression generally extend
in a NNE-SSW direction, parallel to the coastline. They are narrow and consist
primarily of sandstone (Kurkar). In the south, these features are tending to be covered
by sand dunes. Land surface elevation varying between 0 m to 110 m above sea level
as shown in figure (3.3).
There are three surface water features in Gaza Strip: Wadi Gaza, Wadi Silka, and
Wadi Halib (Qahman, 2004).
Land surface elevation in study area (western Khan Younis and Rafah) ranges from
zero to about 20 m above mean sea level (AMSL).

3.1.3 Geological Setting
Geology of Gaza Strip is a part of geology of Palestine. Several authors have
described geology of Palestine (Picard, (1943), Gvirtzman, et. Al, (1972); Ubeid,
(2011); Bartov et al., (1981); Frechen et al.( 2004); Al-Agha, El-Nakhal, (2004) ;
Galili et al., 2007; Ubeid, 2010).
Abed and Wishahi (1999) summarized the geology of Palestine in his titled
book (Geology of Palestine).
The Gaza Strip is a shore plain gradually sloping to the west as shown in figure (3.4).
It is underlain by a sequence of geological formations ranging from upper Cretaceous
to Holocene. The main formations known were composed in the last two system
periods, Tertiary formation called “Saqiya formation” of about 1200-meter thickness,
and the Quaternary deposits in the Gaza Strip are of about 160 meters thickness and
cover Saqiya formation. (Mortaja, 1998)
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Fig (3.3 ) :Topographic

survey map of Gaza Strip and Topographic countering map for Rafah and
Khan Younis Governorate ( UNDP/PAPP 2009)

Geology of the Gaza Strip was obtained from: a) oil and gas exploitation logs up to
depth of about 2000 m drilled by Israelis,
b) from wells drilled during the Coastal Aquifer Management Project (CAMP).
c) from water wells drilled by Palestinian Water Authority (PWA).
d) from some geophysical survey conducted at the area (Metcalf & Eddy).
Geology of the study area consists of a sequence of geological formations ranging
from upper Cretaceous to Holocene. This sequence is gradually sloping westwards as
shown in (figure 3.4).
Table (3.1) summarizes the geological history of the Gaza Strip. The formation of this
sequence are:

1. Tertiary Formations
The Tertiary formations consist of Saqiya group (upper Eocene to Pliocene)
underlined by Eocene Chalks and limestone as shown in figure (3.5). The Saqiya
group composed of shallow marine impervious sediments of Shale, Clay, and Marl.
The thickness of this group ranges from 400 m to 1000 m. This group wedged out
rapidly to the east.

2. Quaternary Formations
The Quaternary deposits throughout the Gaza Strip are overlain the Saqiya group,
while at the east they overlain the Eocene Chalks and limestone. The thickness of the
Eocene deposits reach to about 200 m. Quaternary formations are represented by the
coastal plain aquifer of Palestine. These formations extend from the foothills of
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Mount Carmel (north of Haifa) southwards to the Gaza Strip and northern Sinai. The
coastal aquifer composed of loose sand dunes (Holocene age) and Kurkar group
(Pleistocene). The Kurkar group composed of marine and aeolian calcareous
sandstone (locally known as "kurkar") reddish silty sandstone ("hamra"), silts,
interlayers of clay deposited during the Last Glacial stage and during the Holocene,
unconsolidated sand and conglomerates. The surface morphological features of the
Kurkar group are three elongated hills known as "kurkar ridges," located in clusters
extends parallel to the shoreline. These belts extend about 15-20 km inland. They
unconformable over lied Eocene lime stones and chalks deposits to the east and upper
Eocene-Pliocene age of the Saqiya group to the west throughout the Gaza Strip. The
transition from Kurkar group to the Saqiya group is sometimes obscured by the
presence of a thin basal conglomerate. The calcareous sandstones are interbeded with
irregular layers and pockets of uncemented sand and thin red brown sands and silty
sands (Hamra) and especially at greater depths, marine silts and clays.

Fig (3.4) : hydrogeological

cross-section of the coastal aquifer

(Blackhawk Geometrics, Ink).

During the Quaternary period, four transgressions and regressions of the
Mediterranean Sea occurred in the Coastal Plain. According to (Zilberbrand et al.,
2001), deposition occurred partly in marine settings, partly in terrestrial environments,
in lagoons, in stable and unstable marshes, and in some cases, in coastal
environments. Each younger transgression penetrated inland less than the preceding
one and the latest transgression seems to be represented by the Coastal Ridge. Close
to the present shoreline, the sequence of the Kurkar Group attains an average
thickness of 200 m in the south and around 120 m in the north, wedging gradually out
towards the foothills of the Judea and Samaria Mountains in the east. (Zilberbrand et
al., 2001). The Holocene deposits are found at the top of the Pleistocene formation
with a thickness up to 25m. These deposits can be divided into four different types:
Sand Dunes, Alluvial Deposits, Beach Formation, Sand, Loess and Gravel beds.
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Table (3.1 ) : A

summary for the geological history of the area (PWA, 2000).

3.1.4 Climate
The Gaza Strip is located in the transitional zone between the arid desert
climate of the Sinai Peninsula in Egypt the semi humid Mediterranean climate
along the coast.The arid desert climate of Egypt and the Sinai Peninsula along with
the Mediterranean Sea, have an imposing influence in the patterns of Gaza weather.
(Alhallaq, et al., 2008).
The Gaza Strip has a characteristically semi-arid climate. Two seasons can be
distinguished, the dry season from April till October, dry warm to hot summers, and
the wet season from November till March with temperature mild rainy winter.

3.1.4.1 Temperature:
Temperature in Gaza Strip gradually changes throughout the year and the
average daily mean temperature in the Gaza Strip ranges between 31.10 C in summer
to 12.60C in winter. The hottest month is August with an average temperature of 25 to
28 0C and the coldest month is January with average temperature of 12 to 14 0C. The
relative humidity fluctuates between 60% and 85%. (PCBS, 2013)
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3.1.4.2 Wind
In summer, sea breeze blow all day and land breeze blows at night, Wind speed
reaches its maximum value at noon period and decrease during night. During the
winter, most of the wind blow from the Southwest and the average wind speed is 4.2
m/s. In summer, strong winds blow regularly at certain hours, and the daily average
wind speed is 3.9 m/s and come from the Northwest direction. Storms have been
observed in winter with maximum hourly wind speed of 18 m/s. (EMCC, 2014 ).

3.1.4.3 Rainfall
Rainfall is the main source of recharge for groundwater. The rainfall in the Gaza Strip
gradually decreases from the north to the south.
The rate of rainfall is varying in the Gaza Strip and ranges between 160 mm/year in
the south to about 400 mm/year in the north. the average annual rainfall of Gaza Strip
ranged between 147.7 mm/year to 805.9 mm/year, while the accumulated annual
rainfall is about 425.5 m/year as shown in figure (3.5).(PCBS ( 2013); PCBS ( 2014)

Fig (3.5) :Annual

Average Rainfall in Gaza Strip). Source: PCBS, 2013; PCBS, 2014

3.1.5 Hydrology
Gaza’s water resources are essentially limited to that part of the coastal aquifer that
underlies its 360km area. The coastal aquifer is the only aquifer in the Gaza Strip and
a major component of the water resources in the area and composed of Pleistocene
marine sand and sandstone, intercalated with clayey layers.
The aquifer comprises tertiary and quaternary formations. The bottom of the aquifer
consists of shallow marine clays, shales and marls called Saqiya Formation. The
aquifer itself consists of consolidated quartz sands with calcareous material called
Kurkar Formation. The aquifer has high permeability and porosity values. (Mushtaha,
et.al, 2014).
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Gaza Strip is located on the extreme western edge of a shallow coastal aquifer, The
maximum thickness of the different bearing horizons occurs in the north west along
the coast (150m) and decreasing gradually toward the east and southeast along the
eastern border of Gaza Strip to less than 10m.
It is naturally recharged by precipitation and additional recharge occurs by
irrigation return flow. The consumption has increased substantially over the past
years; the total groundwater use in year 2013 is about 193 Mm3 /year, the agricultural
use about 83 Mm3/year, domestic and industrial consumption about 106
Mm3/year with daily allocation per capita 89.5 liter/capita/day (PCBS, 2013).
Historic hydrological data (Mercado, 1968; Fink, 1992; Guttman, 2002) indicate that
the natural flow regime was from SE to NW toward the Mediterranean Sea. This
means that part of the recharge of the Gaza groundwater occurs in the East, on The
occupied territories. Over the years the amount of pumping in Gaza Strip has steeply
increased (currently 200 × 106 m3/y) and is not balanced by natural or anthropogenic
replenishments. The natural groundwater recharge from different components are
around an average of 100 – 110 MCM yearly (recharge from rainfall, agricultural
return flow, water and waste water network losses, and recharge basins in different
places all over the Gaza Strip. (Al-Yaqubi, (2007); Vengosh, et al., 2005).
Groundwater coastal aquifer (GCA) is considered the only natural source of fresh
water supply for all activities (domestic, irrigation and industrial supply).
The groundwater is being pumped through more than 8300 wells (licensed and
unlicensed) where agricultural purposes wells (agricultural and free settlements and
commercial) accounted for 73% of the total number of wells followed by household
wells by 20% .(PWA, 2013a).
The latest published values for groundwater abstraction was around 164 MCM for
year 2007 (CMWU report, 2007), 162.25 MCM for year 2008 (PWA, 2008) and
166.7 MCM for year 2009 (CMWU, 2009). and 172.2 MCM for year 2010 (PCBS,
2011) and 184.2 MCM for year 2011 (PCBS, 2012). and 189 MCM for year 2012.
(PCBS, 2013). and 200 MCM for year 2014 (PWA, 2015a)

3.1.6 Water Quantity and Quality in the Gaza Strip
Safe drinking water, good hygiene and sanitation are fundamental to survival, health,
development and growth. However, these basic necessities are still not available for
many poor people in the world (World Health Organization (WHO and The United
Nations Children's Fund (UNICEF, 2013).
For decades the Gaza Strip has been plagued by extremely poor water quality. The
sole source of fresh water for the Gaza Strip is the Coastal Aquifer, This water source
is contaminated and deteriorating. With more water being pumped from the aquifer
annually than it recharges naturally, seawater and surrounding saline aquifers intrude
into this fresh water source, causing salinization (increase in levels of salt/chloride),
and has a water crisis and faces serious challenges for future sustainability of water
resources. (Abu Naiem, et al., (2008); Al Banna, et al., (2007)
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The majority of fresh water supplies in Gaza Strip come from scarce groundwater
resources (Al-Khatib, et al. 2003). Future population growth and its associated water
demands are expected to place severe pressure on these limited groundwater reserves
There are many factors that contribute to water contamination in the Gaza Strip,
Palestine. These primarily include seawater intrusion, wastewater, overuse of
agricultural pesticides and fertilizers, and solid waste that might produce toxic
substance, e.g. nitrate (UNICEF (2013); Yassin (2006); AL-Agha, et al. (2005); Abu
Mayla, et al., (2009); Al-Absi (2008); Abu El-Naeem, et al., (2009); Shomar (2010);
Ashour (1985).
The aquifer is presently being overexploited, with total pumping exceeding total
recharge. In addition, anthropogenic sources of pollution threaten the water
supplies in major urban centers. Many water quality parameters presently
exceed World Health Organization (WHO) drinking water standards. The major
documented water quality problems are elevated chloride (salinity) and nitrate
concentrations in the aquifer. (Abu El-Naeem, et al., 2008).
There is a clear deterioration in groundwater produced quality in Rafah and Khan
Younis, where the total groundwater production reached in Rafah in 2014 to
9,712,729 m3 and thus the average water consumption of water production total is
120 / liter / capita / day, taking into account the efficiency of network distribution not
more than 63%, so the average per capita is 75/liter/capita/day, that is not
recommended internationally. (PWA, 2015b)
Either the total amount of water supplied to Khan Younis citizens reached during
2014 to about 14.7 million cubic meters (12.54 million cubic meters from wells,
addition to 2.15 million cubic meters of private Eastern Region Mekorot water). Thus
the average water consumption of water production total is 120/liter/capita/day, taking
into account the efficiency of network distribution not more than 61%, so the average
per capita is 73 / liter / capita / day, that is not recommended internationally. (PWA,
2015c)
Further contaminates groundwater (increase in nitrate level) comes from
underdeveloped wastewater storage and treatment facilities and unchecked sewage
flow in the Gaza Strip and nitrates from uncontrolled sewage, and fertilizers from
irrigation of farmlands. Amount of untreated or partially treated waste water that is
dumped 90,000 CM per day or 33 MCM per year (UNCT, 2012).
Depletion awarded in the coastal aquifer has also led to the following negative effects:
1. invasion of seawater for large parts of the inner coastal aquifer
2. upward leakage of saline bottom water.
As a result, the salinity levels in groundwater have increased in the coastal basin
significantly and reached a limit to un acceptable, while continuing to depending on
groundwater as the only source it expected that the groundwater system breaks down
completely in the basin by 2020 unless take urgent measures relating to the need to
provide more additional water sources and activating the principles of integrated
management of water resources in the basin did not take (PWA, 2014)
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3.1.6.1 Chloride Concentration in the Gaza Strip Aquifer
As groundwater levels subsequently decline, seawater infiltrates from the nearby
Mediterranean Sea. (UNCT, 2012).
Salinity in the Gaza coastal aquifer is most often described by
of chloride in groundwater. The expected sources of chloride
following: Intrusion of seawater, lateral inflow of brackish water
boundary in the middle and southern areas of Gaza Strip and the
brines at the base of GCA. (Qahman, 2004)

the concentration
in GCA are the
from the eastern
presence of deep

Seawater intrusion and intensive exploitation of groundwater have resulted in
increased salinity in the most areas in Gaza Strip. Salinity levels (Chloride
concentrations) have thus risen well beyond guidelines by the World Health
Organization (WHO) for safe drinking water, the highest along the Gaza border in the
middle and south areas with concentrations exceeding 1000 mg/l. The best water
quality is found in the sand dune areas in the north, mainly in the range of 50
– 250mg/l. (Al Banna, et al., 2007 )
A three chloride contour maps were showing the change of the chloride
concentration for three years intervals (2013, 2014 and 2020) for the purpose of
showing the degradation trend as shown in figure (3.6). It is clear that area of fresh
water is demolished and /or reduced significantly with time as a result of intensive
pumping as well as the deficit in the water balance. Where, the magnitude of fresh
groundwater body decreased in the North and southern parts of Gaza Strip which
is originally characterized by fresh groundwater (CL < 250 mg/l).

Fig (3.6) : Chloride

concentration 2013,2014 and 2020 (PWA, 2013 b); (PWA, 2015)
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The major parts of the aquifer have a Cl concentration of 500 -1500 mg/l, while some
part of the coastal line exceeds 2000 mg/l of Cl concentration because of seawater
intrusion influence. Based on the water quality graphs magnitude as well as the
attitude, taking in consideration the current abstraction status, the abstracted
groundwater quality has been predicted for the year of 2020. It is obvious that the
groundwater salinity will increase dramatically with time and with continuous
pumping the salinity of the groundwater will be increase and water quality of all wells
will be out of the international drinking limit. ( PWA, 2013b).
Chloride concentration of the groundwater that supplied for Gaza people from the
municipal wells in 2014 was ranging from 250 to more than 5000 mg/l. 19.8 % of that
has chloride concentration of less than 250 (WHO allowable limit), while the
remaining (80.2%) exceeds the WHO chloride level as shown in figure (3.7).

Fig (3.7 : Cl

in the Supplied Water 2014 (PWA, 2015)

The chloride level in the groundwater in Khan Younis and Rafah governorate varies
from less than 250 mg per liter in some western areas to more than 2000 mg/l in the
eastern area, as shown by figure (3.8). Chloride concentration increase at the north
and south of study area along coastal line.
chloride contour map was showing that the extended area from the governorate
center to the east, chloride concentration ranges from 600-1000 mg/l and in some
parts to more than 1500 mg/l.

Fig (3.8) : Chloride

concentration 2014 in Rafah and Khan Younis
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3.1.6.2 Nitrate Concentration in the Gaza Strip Aquifer
Nitrate levels in the Gaza Strip have continued to rise and currently present a health
risk throughout the territory. High quantities of nitrates in drinking water can have
significant health repercussions, particularly for infants (PWA (2013b); Abu ElNaeem, et al.,(2009)
The main sources of groundwater nitrate are domestic sewage effluent and agriculture
activity like fertilizers and pesticides in agriculture area.
Figure 3.9 shows a map of the nitrate ion concentrations for years 2013 and 2014,
and one may notice that for most of the Gaza Strip have exceeded the safe drinking
threshold value of 50 mg/l, recommended by the WHO, and even more so the 70
mg/l, recommended by Palestinian Standards. As a matter of fact, due to aquifer
percolation of wastewater from non-sewered areas and irrigation practices, more than
90 % of the pumped groundwater has nitrate concentrations exceeding 50 mg/l, which
is equivalent to 11 mg/l as nitrate-nitrogen. (Shomar, et al. (2008); Abu Maila (2004)
It is clear that the NO3 concentration in the pumped domestic water is ranging
between 50 mg/l and > 300 mg/l. Where the high NO3 concentration mainly occurred
in the different residential areas of Gaza Strip reflecting the percolation of the
wastewater to the underneath aquifer through the networks or cesspits and septic
tanks. Khan Younis has the highest concentration since most of the residential area is
not served by sewerage system and many areas are still served by cesspits facilities.
On the other hand, the low NO3 concentration occurred in the area that is not occupied
by residents (southeast part of Rafah) or characterized by low transitivity of thick
unsaturated characterized (Al Nusairat area). (PWA, 2015a)

Fig (3.9 ) : Nitrate

concentration in Gaza Strip ( 2013, 2014)
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According to fig (3.10) , nitrate (NO3) concentration of the supplied groundwater in
the municipal wells ranges from 50 to more than 300 mg/l.
14.1 % of that had nitrate concentration of less than 50 mg/l (WHO allowable limit)
while the remaining (85.9 %) exceeds the WHO nitrate level .

Fig (3.10) : No3

in the Supplied Water 2014 (PWA, 2105)

Based on the results of chemical analyzes for nitrate compounds in 2014 by the
Palestinian Water Authority (figure 3.11 ), it was drawn contour maps to assess the
current status of water quality in the Rafah and Khan Younis .We find that the center
of Southern Governorate area (Rafah and Khan Younis), where the nitrate
concentration up to 200-300 mg / L that is focus and spread of the population areas,
being urban areas are affected by the leaking of wastewater from sewage systems. In
some parts it concentration up to 300 mg /l. In al-Mawasi area, we find that the
concentration of nitrates between 100-200 because it is agricultural areas and affected
by agricultural activities and fertilizers. Nitrate concentration less than 50 at the
southern and northern part along coastal line because of the presence of impermeable
layers of clay ,and that is sparsely populated areas and agriculture. (PWA, 2015a).

Fig (3.11 ) : Nitrate

concentration 2014 in Rafah and

Khan Younis. (PWA, 2015)
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3.1.6.3 Groundwater flow and water level
The undisturbed regional groundwater flow is mainly perpendicular to coastline (Moe
et al., 2001), with a general direction east towards west, where fresh groundwater
discharges to the Mediterranean Sea. Locally flow patterns are strongly disturbed by
over pumping. Large cone of depression have formed in the north and south where
water levels are below mean sea level, including inflow of seawater towards the major
pumping centers.
Groundwater level is considered as an important indicator to identify the groundwater
unbalance. Any changes in the groundwater level in the wells reflect the disturbance
in the aquifer production and its recharge. Water level change leads to change in
ground water flow direction and hence, seawater could intrude to prevent unbalance
phenomenon of groundwater pressure. Water level map (figure 3.12a) has been
drawn by using the collected water level data for 2014 from the Piezometers,
agricultural wells and some of drinking wells that used for monitoring
purposes.(PWA, 2015a).

Fig.(3.12a)
Fig (3.12 ) : Water

Fig.(3.12b)
-9 - -6

level map 2014 , 2022 (PWA, 2015)

The decline and variation in water level in the coastal aquifer varies from
11.7m above mean sea level (MSL) in the south eastern side of Gaza Strip to -18
m below MSL in Rafah area which is considered as the maximum water level
decline. As a result of that, two cone of depressions had occurred in northern and
southern parts of Gaza Strip with water level depths of -5 m and -19 m below sea
level respectively as shown in the water level contour map (figure 3.12 a). The reason
behind the difference in water level decline is mainly the potential of the water
bearing layer in terms of recharge and its thickness, which is generally higher in the
north compared to the south.
With increasing continuously population in Gaza Strip, this drives to over
abstraction of groundwater to cover population needs of water and with absence of
alternative of water resources in the short-term that will affect and increase of
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groundwater depletion in the Gaza coastal aquifer. So The aquifer could become
unusable as early as 2016, with the damage irreversible by 2020, meanwhile the
Palestinian Water Authority (PWA) expects demand for fresh water to grow to 260
MCM per year by 2020, (UNCT, 2012).
Water level will reach to about -24 below mean sea level by 2022 and the cone of
depression will expand covering more areas with its negative implication on the
aquifer groundwater quality as a result of seawater intrusion and up conning of the
underneath saline water bearing formation.
Figure (3.13) shows the contouring maps of the groundwater level in Rafah and Khan
Younis in 2014. It seems that there is a clear deterioration in the Rafah and Khan
Younis concentrated in the center of the provinces dramatically.

fig (3.13 ) : Water

level map in Rafah , Khan Younis (PWA, 2015)

As the cone drop in the water level covers the provinces from north to south, the
highest groundwater level decrease more than 19 meters below sea level in Rafah,
While the Low groundwater level more than 4 meters above sea level to rates ranging
up to 12 meters under the sea in Khan Younis, and this goes back to the massive
deployment of the wells with rates of large pumping up to 180 cubic meters per hour
(contrary to the recommendations of the Water Authority), These rates exceed the
compensatory ability of the aquifer, which is characterized by a lack of regeneration
in origin, which resulted in a greater reduction of the level of ground water in the
Gaza Strip.
Finally, Lacking secure access to water, the population has drilled a very large
number of unlicensed wells. This has contributed to the long standing degradation of
the aquifer through depletion leading to salinization. In addition, lack of wastewater
treatment facilities has led to widespread discharge of sewage into the wadis, and to
local pollution through inadequate cesspits. As a result, water quality is very poor,
with consequent problems for the environment and health. (WB, 2009).
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