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ABSTRACT

Rapid urbanization of the city of Madinah Al-Munawwarah and its suburbs has resulted
in a phenomenal increase in the expioitation of local ground water resources. The increased
abstraction coupled with decreased recharge has led to decline in water levels as well as
chemical quality.

The population of Al-Madinah area in general and study area Wadi Malal (24 0§5'N
and 24 40° N: 39 00 E and 39 25' E) in particular relies heavily on ground water for
drinking purposes and agriculture needs. The possibility of ground water is more because
many tributaries join the Wadi Malal in the region and it is also the main tributary of Wadi
Al-Hamd, which is one of the main source of the ground water in the region.

The landsat -5 thematic mapper (TM) and SPOT satellite often contains information
that ¢an be useful for ground water studies. Therefore, these data have been selected for
analysis in this study. Landsat (TM) data has been used throughout the analysis, while SPOT
data use ondy for field checking and ground truth. The Landsat 5 thematic mapper sensor
(TM) provides excellent geological information. The TM scanner record 6 bands of the
reflected visible and infrared spectrum, with image elements dimensions of 30 x30 m on the
ground, and one thermal infrared band with image element dimension of 20 x 120 m on the
ground, Spectral characteristics of 7 TM bands are discussed.

The geologic seting around Wadi Malal can generally be classified into two groups of
rock units. The hasement including both Al Ays group and overlying Furayh group of
Precambrian age. Almost the entire wadi covered by the recent alluvium deposits. The
thickness of this formation ranges from 40-80m, This is made up of mainly sands, sandy
clays, Clay and cccasional gravel zones. The wadi aquifer is unconfined. The main wadi and
its tributaries remain dry throughout most of the year.

In order to fully understand the subsurface hydrogeologic conditions, eight geophysical
profiles with the help of remote sensing data have been selected.

To delineate the geometry of the aquifers and to determine the subsurface geological

and hydrological conditions, the resistivity method was carried out appiyiﬁg two different
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electrode spacing arrangements, namely Schlumberger and Wenner to create vertical
electrical sounding (VES) and horizontal electrical profiling (HEP) respectvely. In addition
to that, ground magnetic surveying alsc carried out in the some location of VES. The object
of VES is to deduce the variation of resistivity with depth and correlate it with the geological
information in order {o infer the depth and the resistivities of the layers present. The
integration of varicus geophysical data (VES, HEP, and magnetic) that the ground water
potentiality occurs in the down stream of the wadi. On the basis of remote sensing and
geophysical survey 6 boreholes points were selected at downward in the wadi. The 184
borehole samples were physically identified

Duoring the sedimentological study, different methods have been used by different
workers but more common is the graphic plot method (Folk and Ward 1957) used in this
study, and most of the samples in saturation zone are coarse, well rounded and well sorted.
The borehole samples .were also analyzed in the light of hydrological characteristics such as
specific gravity, density, void ratio, and coefficient of permeability, porosity, and the weight
percentage of gravel, sand, silt and clay. The averages for specific gravity and density for all
the samples do not vary, The void ratio and porosity show variation of their values as though
upstream consistent with the changing in gravel sand and fine sediments percentage.

The hydroclimatological study of the Wadi Malal area, which included in this siudy, is
based on observations collected by the Ministry of Agricuiture and Water, Three runoff-
measuring stations are close to the sindy area. They are M401, M402, and M403. These
stations give their mean monthly runoff.

Thirly-three samples were collected from the study area, which comprises 2 upstream
wells, 16 middle stream wells and 15 downsiream wells, The locations of these wells with
their respective depths have been presented. All these wells were shallow and the depths of
the wells vary between 30-80 m., where as average temperatures ranges from 300 - 359C and

were located in the agricultiral area of Wadi Malal,



CHAPTER ONE

INTRODUCTION

The population of Al Madinah areain general and study area Wadi Malal (24 05'N
and 24940° N; 39000' E and 39925' E) in particular relies heavily on groundwater for
drinking purposes and agriculture needs. Area is laying on an arid region that has no
perennial rivers, infiliration during the period of precipitation is the only source of recharge
to these wadi aquifers. The study area, Wadi Malal selected, keeping in mind that this wadi
is the main tributary of Wadi Al-Hamd, which is the only source of natral water in the area
and has great agricultural potentialities,

Earlier studies indicate that agriculture was the main source for the people of the area.
The agriculture of the area has tended to decline steadily in recent years, for Many reasons,
apparently the most important thing will be the reduced amount of water available for
irrigation.

Groundwater resources assessment of any area requires detailed investigation including
the topography, morphology, climate patierns, surface structural geolopical features all of
which provide preliminary basic information concerning availability of water storage, and
natural recharge possibilities. These informations can be collected by the geophysical survey,
which gives the following information:

A- Depth, thickness and lateral extent of aquifers in sedimentary formation,
B- Thickness of weathered and fracired zones and depth of massive basement rocks,

delineation of solution cavities in hard rocks.

L
1

Depth to water table.
D

Structural and stratigraphic conditions controlling groundwater occurrence.

The geophysical methods used in this investigation include resistivity VES, HEP and
magnetic. The vertical electrical sonnding (VES) method is one of the most widely used
surface methods for measuring earth resistivity. In this method, keeping the place of

cbservation constant, sets of apparent-resistivity values are obtained successively for different
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electrode spacing. The value of apparent resistivity is plotted as a function of electroge.

spacing on log-log paper, The curve is refereed as an electrical sounding curve. The vertical
distribution of resistiveties within a given volume of rock is called a geoelectric section. This
method is very useful in locating aquifer by taking advantage of contrast in geophysical
properties between water bearing and non- water bearing formations.

The Wenner arrangement was used in HEP to detect latéral variations in the resistivity
and 10 make the structures with near vertical boundaries, such as faults, dikes and fractures.

We also employed magnetic method survey. In magnetic method of survey, variations
in the magnetic field of the earth in refation to subsurface geology is deiected and measured,
To select the geophysical survey poinis a preliminary map was required, For the preparation
of preliminary lineamen: and drainage map the various remote sensing techniques were
adopted. Geomorphic features and associated sediment having gronndwater potentiality
recognized on the basis of their spectral features present in satellite imagery. The
classification of different geomorphic features was done on the basis of total contrast, texture,
shape, size, and drainape configuration. The prepared preliminary lineament maps which
was based on the remote sensing dats, have been used in the selection of eight (M1, M2, M3,
M4, M5, M6, M7, M8) geophysical pmﬁlé which cover the whole wadi.

The two main groups Al Ays and overlying Furayh of Precambrian age covered the
whole wadi. These are Precambrian layered metasedimentary and metaveicanic rocks.
Almost the entire wadi is covered with recent alluvium deposits that lie between mountain
ranges.  Alluvium, which is covered the wadi consists of gravel, sand, silt and clay derived
from adjacent rocks. The width of the wadi sediments ranges from few meters to several
hundred of meters. The thickness of the sediments, vary from place to place it depends upon
the configuration of the basement rocks, Being close to the source rocks, the sediments are
generally heterogeneous and less porous than those depostied in alinvial plains, However,
because of their course texture, they have high permeability.

Based on remote sensing and geophysical survey data, six drilling sites have been
selected at dn.wn stream of the wadi. Textural and hydrological attribules have been analyzed
from the borehole cutting. Climatological study of the wadi area which, included in this

study is based on observation collected by Ministry of Agricuiture and Water {(MAW), Three
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runoff-measuring stations that are close to the study area were taken into consideration, They

are.M41, M402, and M403. These stations gives mean monthly runoff,

Quality and quantity are relative terms that depend on the purpose for which water is
intenided to be supplied, Samples were collected from upper, middle, and lower stream of the
wadi. All samples were analyzed for temperature, pH, turbidity, conductivity, total dissolved
solids, total hardness, Ca, Mg, total alkalinity, Fe, Na, K, F, CI, NO3 and S04 using standard
methods. Temperature, pH, turbidity, and conductivity were measured in the field.

The main objective of this ibvestigation is to locate aquifers capable of vielding water

of suitable quality for drinking and irrigation purposes,



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

The geologic work in the Al Madinah aréz was started in 1960, by the Directorate
General of Mineral Resources, Several geologic investigators including Brown and Jackson
(1960} who presented a general study of the Arabian Shield. Bhutta (1961a, b} and Brown et
al, (1963) evalnated the reported mineral prospects of the area, A geographic map of the
northeastern area was published by Brown and Fackson {1958). The same map revised and
published in (1968) on the scales 1:50,000,  Geologic detail mapping of the area was
prepared by Hummel (1967). Study of Harrat Rahat basalt Plateau for hydrologic point of
view by Daessle and Durozoy (1972) and Daessle (1973). The detail geologic mapping for
western Saudi Arabia and Al Madinah apes were prepared by Pellaton (1981) and results of
mineral exploration i the same area were published by Brosset (1976). The earlier
significant fieldwork in the area was done by Kahr (1961}, whose report served as the basis
for the later investigation of the uitramafic rock by the Byreau de Recherches Geologique et
Minieres (BRGM). The ocenrrence of ultramafic rock in the northwest of the quadrangle
was  also noted in short repor by Bhutta (1960). Apart from some reconnaissance field work
Johnson and Trent (1966) and Petot (1972) with geologic work in the area is shown on 1 100
000 scale map resulting from field work between 1970 and 1977 by BRGM, Pellaton and
Dhellemmes (1978) and Hadley (1974). Bokhati, 1988 and 1993 has used LANDSAT

images to generate drainage patiem in Al Madinah area,

2.2 Geological setting of Al Madinah area
Al Madinah quadrangle, located in the Arabian Shield between latitude 249 and 25¢ N

and longitude 39° and 40° E, covering an area around 16550 Km?.
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The areg is covered for almost 75 percent by the basalt of Harrat Rahat. Th.la other 25
percent i3 made of Precambrian basernent rock occnpying the west edge and northeast comer
of the area and represented by distinct units. The quadrangle is underlain by Precambrian
metasedunentary, metavolcanic and igneows rocks, sandstone befongs to the Cambro-
Ordovician age, Quatemnary and Tertiary basaltic flows and surficial deposits (Pellaton,
1081), (Fig. 2.1}.

The upper Proterozoic of Precambrian age sub-divided in to three groups: Hulayfah
Group, Al Ays Group and Forayh Group (Table 2.1).

2.2.1 Hulayfah Group

Hulayfah Group, which lies in the northeastern coraer of the quadrangle and consists of
volcanic pyroclastic and sedimentary rocks of Nugrah Formation, is separated by Tertiary
basalt. The rocks look like as it those of Urayfi Formation of the Al Ays Group, but the field
correlation is not possible at any part of the guadrangle. In the Al Madinah area, rocks of
upper Proterozoic age are generally represented by two main groups: Al Ays and Furayh

Groups separated by slight angular unconformity.

2.2.2 Al Ays Group

The Al Ays Growp is well defined by Kemp (1980) and Peliaton (1981) in the Wadi of
Al Ays (Latitude 25° N and Longitude 38° E),

The Al Ays Group, which is predominantly composed of mafic to silicic volcanic,
epiclastic and detrital sedimentary deposits, cover the northern half and sonthwest of the
guadrangle. The varicus igneous intrusions cut the rock and overlain by Furayh Group. The
Al Ays Group constitutes three different formation: Farshah Formation of andesitic lava and
p}'mclastic_ rocks, Urayfi Formation, rhyolitic sedimentary, forming the upper part, Difayrah

Formaticn, volcanic-sedimentary, it is equivalent to the upper part of the Urayfi Formation.



Farghah Formation

Farshah Formation consists of andesitic lava and pyroctastic rocks. The formation is
several thousand meters thick overlain by Urayfi Formation, which transacts the entire width
of its outcrop in the northern part of the quadrangle. -

In the lower part of the Farshah Formation, dark gray or violet andesite and basalt of
pyroclastic lava were rarely amypgdaloidal are present, while af the upper part, the well
defined flow, where the amygdaloidal lava are present, with amygdules of quariz, chlorite
and epidote, The thin intercalation of green and dark-gray dactite occurs. The tuffs are
common, but heterogencous towards the top. Presences of several rhyolite layers are
interbedded, which indicate the significant petrological changes of the silicic rock of the

overlying Urayfi Formation.

Urayfi Formation

The formation is. characterized of silicic volcanic and detrital sedimentary rocks lying
in the north and northeast of Al Madinah where different facies of alternatively present, weil
defined formation of epiclastic volcanic breccia, sandsione and pyroclastic rocks are clearly
fortned with the layers of rhyolite, ignimbrite, rhyolite tuffs and dactite in the northeast of the
quadrangle. A detrital sedimentary member has been also identified in the Wadi Altammah
area in the north west of the quadrangle. At the top of the Farshah Formation, gradational
changes from andesitic taffs to heterogeneous wffs are present.

The epiclastic volcaric rocks and rhyolite tuffs remarkably represlent the upward
changes from mafic to silicic. The composition is variable in the different part of the
quadrangle. In the southwest, it is characterized with flow textured rhyolite, 18 partly
spherulitic and in some places, prismatic columnar jointing. In the north at the base of the
formation interbedded toff, rhyolite, and andesite are overlain by rhyolite, dacite, ignimbrite,
welded 1wiff, and rhyolite tuff and rhyclite breccia tuff in alternating and commonty repeated

layers



Detrital Sedimentary Member.

A thick detrital sedimentary member forms inliers in the Quaternary age cover and
contact with the Urayfi Formation in the northwest (Wadi Altammah). These rocks lenticular
intercalation of all sizes, composition of the rock is greenish-gray, fine pramned, well-bedded
sandstone, with rounded volcanic grains in throughout the formation. It shows several
sedimentary structures, graded bedding, crossbedding and slumping. Graywacke and
silistone are present, conglomerate and breccia, with pebbles and angular fragmems of

volcanic material can be seen.

Difayrah Formation.
It covers asmall area on the western side of the quadrangle. This formation lies at the

top of the Al Ays Group and correlation with upper part of the Urayfi Formation, It consists
of alternating thyolitic velcanic rocks, and intercalated with fine-grained detrital rocks were
deposited under water. The sedimentary rocks comptise, fine grained gray wacke, stlistone
epiclastic sandstone, with thin layers of chert and marble.

The Deposition of the Al Ays Group resulted from submergence at the end of a long

period uplift and erosion (Kemp, 1980),

Intrusions ip the Al Ays Group

It was believed that the intrusions are younger than Al Ays Group in Al Madinah
quadrangle. The Difayrah Formation is cut by gabbro in Musayjid complex, which is
composed of granite, granodiorite and diorite. The deposit spread out among the (uaternary
deposits of Wadi Rahqan in southwest of quadrangle. On its west, the Urayfi Formation is
intruded by metamorphosed volcanic rocks. In the south of quadrangle, homogenous
intrusions were recognized in Urayfi Formation. In the. northern part of Jaba! Wargan,
peralkalic granite is considered the post Furayh age.

Northeast of the guadrangle, mesocratic granodiorite intruded the Nugrah Formation,

which is identified as equivalent of Al Ays Group intrusions and assigned 1o correfate with



&

neighboring northern quadrangle. Regarded that all the intrusions are younger than Al Ays
Group but older than Furayh Group in the northwest and southwest of the quadrangle,

2.2.3 Furayh Group

Furayh Group is covering southemn half of the quadrangle, This group generally forms
low hills sutrounded by Quaternary cover, It unconformably overlies the Al Ays Group, the
contact is only identifiable by the presence of volcanic dikes in the Urayfi Formation. The
group comprises; Murayr Formation of discontinuous conglomeratic, Qidirah Formation of
rafic volcanic rock of various thicknesses. Dawnak Formation; Sandstone

The unconformity between the Furayh Group and Al Ays Group s not clear every

where,
Murayr Formation

It occurs at the base of Furayh Group in the eastern margin of the quadrangle. Where
an anticline exposes several hundred meters of polymictic conglomerate and sandstone
overlain by Qidirah Formation, The conglomerate composed of pebbles and boulders of
rhyelite, andesite, and granite, Interbeds of lithic sandstone with clear bedding occur, The
colour of sandstone is green, purplish brown.

On the western part of quadrangle, the Murayr Formation overlies the Urayfi Formation
which consist of poorly rounded and poorly sorted boulders and composed of rhyolite and
ignimbrite of the same type occur in the undeclying Urayfi Formation. The conglomerate is
overlain by green or purple well bedded sand stone the sedimentary structure are present such
as ripples marks and very clear graded bedding in the sandstone. Overlying the sandstone are

andeasitic and basaltic fiows.

Qidirah Formation

Qidirah Formation is located in the east of Harrat Rahat which consist of mafic
volcanic rock, but most of the oulcrop is in the west of Harrat Rahat where the distinctly
thick layers of detritat sedimentary rocks are interbedded and have been identified as a

Separate member. The composition of the Qidirah Formation is andesite and dark-gray to
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gmeu amygdaloidal basalt containing chlorite and epidote pillow lava also, occur at the top of
the formation and rarely at the base, at the top of the formation layering occur in the

amygdaloidal lava, the structure of the larva is massive,

trital Sedimpen m
The detital sedimentary form three outcrop zone, interstratified in the Qidirah
Formation at the east of Jabal al Hinu and Jabal Asqaf The layers are covered by Quatemary
deposits and Tertiary basalt flow to the west are bounded by faults. The detrital sedimentary
member consists of polymictic conglomerate with rounded boulder, coarse grained and fine
grained sandstone, sedimentary structures are rippie marks, cross bedding, microslumping,
indication of shallow water deposition. The mudflakes, mud cracks and local unconformities

that indicate periodic &mergenée.

Dawnak Formation

It consists of sandstone with conglomerate, toff and marble constitute in the southemn
part of the quadrangle, and more restricted to north and west of Harrat Rahat. In the east of
Al Madinah zirport the sedimentary rocks are bounded to Harrat Rahat and lithologicatly is
similar to Furayh Group. The outcrops show an altemation of amygdaloidal basalt and twiff,
which regarded as Qidirah Formation. It is also believed that the intrusions represented by
batholiths and plutonic calc-alkalic granite are considered yourger than Furayh Group. The
southeast of the area is represented by & thick sequence of several rocks, including

graywacke, siltstone, lithic sandstone, sandstone and conglomerate.

Intrusions ip the Furayh Group

All the Proterozoic Formations with the exception of peralkalic granite cut by the dikes
and occur particularly in the western area of the quadrangle. A dike cutting the Urayfi
Formation between Mahattat Muhit and Wadi Al Agiq (Al Hamd) comprises diorite,

microdiorite, microgabbro and andesite,
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The dikes are various thickness ranging from decimeter 1o several meters, at some
places it occupies almost the 70 percent of total rock volume, the host rocks ook like
fragmented blocks which have undergone no rotation in relation to one another. In the west
of area, the Difayrah Formation mafic and felsic dike, strike N 70°- 80° W.

North of Al Madinah, numerous composite dikes of microgranite, rhyolite, dicrite and
gabbro intrude the granite along two directions one N 450 W and Paraliel to the faults which
affect the granite, and other orthogonal to the first at N 45° E. They do not cut across the
host rock.

Two intrusions of alkalic to peralkalic granite crop out iﬁ the quadrangle. The largest is
the circular pluton at Jabal al Byda, north west of Al Madinah, which has a diameter around
12 km and is composed of pink medium - grained granite containing abundant, and in some
places subhedral quartz crystals. The feldspar is mainly potassic and perthitic, and mafic
minerais are irregularly represented,

The second dike crops out on the southem margin of the quadrangie at Jaba! Wargan.
It cuts both post - Al Ays granite and Furayh Calc-alkalic granite containing perthitic potassic
feldspar and sodic mafic minerals,

Intrusions of tonzonite, diorite, gabbro occur as dikes, sills and stocks in the east and
south east of the quadrangle. A horizontal sheet Was CTOps out over an areq of 20 x15 km,
and it is 50-70m thick and intrydes the Urayfi Formation with a discordance of as much as
40° occur near Bir al Harr arca, north east of the Al Madinah, The dikes are composed of
fine grained quartz diorite containing andesite, amphibole, biotite, quartz and gahbro
containing pyroxene and amphibole, Al Jabal Mudzayba southeast, an intrusion of gabbro is
differentiated 1o monzonite at the center. In the west of the quadrangle at Jzbal as Asfa and
Tabal Malah, dicrite, intrusive in the Qidirah Formation but cut by posts Furayh Calc-afkalic
Branite. It is described by Brosset (1976) as being either a heterogeneous intrugion of fine
grained equigranular diorite and quartz diorite, or a heterogeneons intrusion of heterogranular
diorite, quartz diorite and grarodiorite containing unassimilated inclusions of host rock.

The whole Al Madinah area covered by granite, adsmellite and granodiorite from

several large syntectonic inclusions in the scattered form. The major one are the Jabal al
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Dar'a, Jabal at Arajib and Jabal al Jizl batholiths in the south-west, the As Sahwah batholith
it the North. The batholith is composed of Coarse-grained equigranular  mesocratic
granodiorite containing oligoclase, rare potassic feldspar, quartz, biotite, and green
amphibole. The periphery of the bathotith hag g slightly more alkalic Composition with
coarse grained or microgranular, Batholith near the Jabal al Jizl is composed of cale-glkalic
granite displajring two principal facies; one with more abundant potassic feldspar and
relatively coarse grained, the other containing large quantities of Plagicclase, finer grained
and relatively enriched in mafic minerals.

In the north-west and south-west of Al Madinah several intrusions of microgranite have
been crop out, is composed of salmon-pink or red leucocratic microgranite with either g
porphyritic texture showing ewhedral oligoclase in a micropegmatic matrix of quartz and
feldspar.

Rhyolite, granophyre and microgranite, crop out in a small area in the north south
aligned stocks intrusive in the Qidirah Formation, The stocks composed of well-crystallized
rhyolite. In some places, flow textred which contains small enhedral crystals of quartz and
feldspar in a pale matrix with abundant Opaque minerals, Salmon pink or red jmicrogranite
containing small crystals feldspar and amphiboles,

Salmon pink aphyric granophyre, all stages of transition between the various rock types
can be seen,

2.2.4 Tertiary and Quaternary basalt

Tertiary and Quaternary basalt, consisting of flows that have been extruded from
several craters lying along fractures boarding the fault graben of the Red Sea. These basalt
were originated during extensive volcanic activity that started at the end of Tertiary and
continued during the Quaternary to historical times (ITALCONSULT, 1975).

The western part of the Arabian Shield where the Tertiary and Quaternary basalt in Al
Madirah forms the rorth-south alignment of basalt plateau which [jes between Jatitude 220
and 272 N, Hafrat Rahat Craters and volcanic domes which are extending from north to

northwest axial with an elevation of 1360 meters in south of quadrangle, The bore hole data
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shows that basalt overlies continenial clay, clayey szndstone and marls are intercalated and
gravely is identified lying directly on Precambrian basement, and is considered probably of
Oligocene age. Five basaltic fiows are marked from numerous volcanoes of the central axis,
The younger dominates the topography while the oldest have eroded. In the west of Al
Madinah, on the top of buttes perched basalt extruded prior to the subsidence of trough
within which Harrat Rahat and Harrat Khaybar whete formed,

2.2.5 Quaternary sediments

Unconsolidated deposits ranging from silt to boulders occur through out the area with
in the wadi, These allyvial deposits lie between mountain ranges or between exposures of
hard rocks. Coarse matetials comprising sand, gravels and pebbles from the bulk of the wadli
deposits, which are among the most productive of aquifers. The most extensive such deposits
occupy the floor of the Jizl trough from the north to the north east and east west of the area.
The central part of th::-.. trough, which the main waters, courses pass. Typically, the deposits
are characterized by basal gravel and pebbies, succeeded upwards by fine materials.

The wadi alluvium and broad lateral braideg stream deposits occur in the main wadis,
the latter occupying wadi pediment slope in many places, with feldspathic sand being
particularly well developed. The sedimentation may be cyclic with repatition of the gravel-
sand-clay sequence. The nature of deposits, size, sorting and shape of grains and their
mireralogical composition depends on the Physiographic features and geological history of
the source rocks and maturity of the stream carrying the sediments. ‘The thickness of the
wadi deposit varies widely, depending on the corfiguration of the hasal rocks and land

surface profile,

2.3 Structural geology of Al Madinah ares

The basement complex rocks show sign of very old folding and faulting, ascribable to
various tectogenetic phases - mostly compressive which occurred repeatedly in Precambrian
times (ITALCONSULT, 1975). ‘
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The Shield was displayed left laterally more than 250 km (Brown, 1971), mostly along
the three major north-west trending fanlts zones, each of 5 1o 10 km wide.

This major large fault movement on the Najd fault system is in g region 300 km wide
by 1100 km long, but the effects of the Najd stress can be found throughout the shield. The
folding occur in the Al Ays Group with the axial pianes of the folds generally trending north,
Dips are in places very steep and even over tumed, but Eererally ranging between 30° ang
40° N. In the north, Urayfi Formation is contained in isoclinal Structure with numeroyg
secondary folds, plunging slightly to the east-south east.

Folding occurs during which the Murayr and Qidirah Formations behaved in rigid
manaer, but the less compact Dawnak Formation was affected by multiple small amplitude
folds with vertical axial planes,

A Northwest-rending, left fateral, trans-current fault systern prevailed over the
conjugate north east trending right lateral trans-current fracturing {Brown and Jackson, 1960,
Moore, 1979).

Easi-west fractures belonging to another fault Sysiem, probably later than the Najd,
(Pellaton, 1981) cccur in the Jabal al Argjib granite batholith and in the Jabal Bayda' alkalic
prarite.

In the Qidirah Formation near the Jabal ai Rabd and Jabal Ghurab, dye 1o deformation
intense schistosity are developed, where the rocks are transformed to schist. A layered

gabbro complex has cropped out in 2 shear zone, at Jabal al Musajrjid.

2.4 Applications of geophysical methods in groundwater Investigations

Resistivity surveys are usuzlly restricted to relatively smali-scale applications because
of the labor involved in rhysically planting the electrodes prior to each measurement. For
this reason, resistivity method is not commoniy used in reconnaissance exploration.

The most widely employed use of Tesistivity .survey is in hydrogeolopical
mvestigations, as imporant information can be provided on geological structure, lithologies
and subsurface water resources without the large cost of an exiensive drilling, which might be

unattainable by other geophysical methods {Zohdy et al. 1984), For example, electrical
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methods are unigue in furnishing information concerning the depth of the fresh salt-water
interface. A thick clay layer separating two aguifers can be detected easily on a sounding
curve but the same clay bed may be a low velocity layer in seismic refraction and cauge
erronecus depth estimates.

Deppermann and Homilus (1965) investipated the geoelectric conditions where the
waler table can be detected on an electrical sounding curve. Whenever the water table is
overlain and underlain by several layers of different resistivities, its detection on a soutding
curve may be impossible, Under favorabie conditions the waler table can be detected on a
sounding curve as a conductive layer {(Zohdy et al. 1984),

However, Kearey and Brooks (1991) indicate that the depth of penetration obtained by
this method is Limited by the maximum electrical power that can be introduced into the
ground and by the practical difficulties of laying out long lengths of cable.

Zohdy and Jackson (1969) carried out several deep electrical sounding on the Island of
Hawaii to determine the depth to low resistivity layers that may represent basaltic lava
saturated with water. They concluded thai the minimum depth to such layer is of the order of
900 m. | |

In the San Juan area, California, several buried stream channels were discovered by
Zohdy in 1965 and by Page in 1968, using the combined techniques of horizontal profiling
{HEP) using the Wenner array and electrical sounding using the Schlumberger and Wenner
arrays.

Geological 1echniques, coupled with hydrogeclogical investigations have been used in
evaluating  groundwater rescurces.  Adam (1981) has mentioned that geophysical
investigations have proved the presence of a sub-basaltic drainage System in a study are south
of Al Madinah. Al Muttair et al, (198%) have shown how geophysical techniques can be used
in evaluating the flow in an unconfined aquifer in central Saudi Arabia, Geophysical results
were combined with observations wells data and information cn the aquifer to estimate the
flow across certain locations in the aquifer dewn stream from a recharge dam. Bayami

(1992) studied the groundwater resources of the northern part of Harrat Rahat south of Al
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Madinah area. Major factors affecting both quantity and quality of groundwatet in the study
a:Je;a were investigated.

In main resistivity surveys, a commuted dirsct current or very low frequency current is
introduced into the ground via two current electrodes (C1 & C2).

The potential difference is measured between a second pair- of electrodes (P1 & P2)
(Fig. 2.2).

According to the etecirodes arrangements, the methodology applied will have special
treatment. In this study, Schlumberger and Wenner arrangements will be applied to VES and
HEP respectively. The Wenner uses an equal spacing between adjacent electrodes whereas
the Schlumberger arrangement retain syminetry about 4 center point but it uses much smaller
spacing than Wenner for the potential electrodes. Details of such arrangements will be given
in the next phase. |

For VES, Schlumberger arrangement is recommended for two reasons:

- Schiumberger is less sensitive to undetected lateral variations in resistivity and provides

8 means to recognize such effects and to partially correct for them,

2-  Schlumberger is slightly faster in field Operation since only the current electrodes must

be moved between readings.

If the ground is comptised of horizontal, homogeneous, angd isotopic layers, electrical
sounding data represent only the variation of resistivity with depth. In practice, however,
VES datz are influence by both vertical and horizontal heterogeneties.  Therefore, the
interpretation and presentation of sounding data should be such that horizontal variations in

resistivity can be distinguished easily from vertical ones (Zohdy et al, 1984),

2.5 Application of remote sensing in gronndwater studies

Remote sensing techniques have proved to be an effective method for tracing potential
groundwater occurrence and have become a Standard practice in hydrogeological
reconnaissance surveys. In areas with a little hydrogeclogical information, remote sensing

provides basic information on physiography, vegetation and geology, In aress where basic
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information is alceady available, remote sensing may gather this information on a regional

scale (satellite images) or, 10 enhance details, on a local scale (aerial photographs).

LANDSAT AND SPOT satellite images often contain information that can be useful
for assessment of groundwater resources. Images are often displayed in colour, using
infunnatinn- from three different channels or spectral wavelength bans. Tonal variations in
these so-called multispectral images are reflecting ground characteristics of rock, soil and
vegetation types. The reflectance value of a certain ground featute often varies in the three
images channels, This is utilized by remote sensing technology. We can identify and
delineate different ground features relevant to groundwater occurrence, such as geological
structures and fracture (lingament) and drainage patterns. By using various image-processing
techniques, we can improve the hydrogeological assessment by enhancing small tonal and
texture variations that may presentin the raw data. Image processing can be applied starting
with simpie and quick methods, subsequently introducing can be applied starting with simple
and quick methods, subsequently introducing more complex transforms.

Remote sensing can provide good information for groundwater exploration or
investigation, which can be sopplementsd and verified by others field techniques
(geophysical study, dnlling, etc.). In fact, the integrated satellite images with geophysical
and or drilling has been used for groundwater exploration {Voute 1986; Krol, et al, 1986,
Mohan, et al, 1987, Deutsch and Heydt, 1987, Feder, 1987, Van and Seevers, 1988, Usha, el
al, 1989, Aberra and Wihuri, 1989, Das, 1991, Teme and Oni, 1991, Andersson, et al, 1992,
Krishnammurthy, et al, 1992, Ob"Yedkov, 1992, Rao, et al, 1993, Bokhari, 1993, Minor, et
al, 1994, Shivakumar and Guihane, 1994, Knapp, et al, 1994, Aiwash and Zilger, 1994 ),

2.6 Hydrological, hydrogeological and water gquality

Due 10 the absence of regular ¢limatological stations in the study area, reliable records
of climatological variables are difficult to obtain further processing. Precipitation in the area
is irregular, unpredictable and long and dry periods are common. The annual rainfall in wadi

not exceeds 100 mm. The available records of annual precipitation and evaporation of a
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station located nearby the area collecied from the hydrology department it the Ministry of
Agriculture and water. Thesé gecords show, that the amount of rainfall reached its highest
value in 100 mmy/year, where as in the same year the evaporation losses were 1ess compared
with the previous years (ITTALCONSULT, 1979).

Despite the fact that the area is close 1o the Holy City of the Al Madinah, the
information related to water study in this area was meagre. The study of Bokhari 1988, of
wadi sediment on Al Madinah taking into considerations the wadi aquifer is unconfined and
characterized by typical alluvial valley fill deposits. The main wadi and its tributaries remain
dry throughout most of the year but during seasonal rainfall when some precipitadon
infiltrates down through the alluvial sediment.

The sawrated part of the valley fill acts as a groundwater ariery transmitting, within its
narrow confines, a greater abundance of water than in basement rocks. Being ¢lose to the
source rocks, the sediments are generally heterogeneous and less porous than those deposited
in alluvial plains. However, because of their coarse texture, they have high permeability.

Wedge-shaped aquifers are common in these sediments. The lateral exient of the
aquifer being limited due to truncations against basement rocks, barrier boundary conditions
are encountered.

In many groundwater assessment studies, evaluation of the quality of ground water is as
important as the quality, in as much as the nsability of ground water available is determined
by its chemical, physical and bacteriological propertics. The study of the quality of ground
water envisages field observation regarding the source and environment of ground water
occurrence, sources of pollution and other related aspects having a bearing on the quality of
groundwater.

Informations on wells water quality of the study area are meagre. A paper published by
Bokbari apd Khan (1992) is c¢onsidered the only work that gave some information on the
quality of the water around the Al Madinah area. The paper was not based to give detailed
information regarding the quality of wells water but rather develop easier deterministic
empirical relationships for the use in determining the groundwater composition, quality and

suitapility for domestic purposes. Even though the workers collected samples from 1035 wells
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around the Al Madinah area (24 0025 (0" longitudes and 39 00-39 45 latitudes) which

were analyzed for pH, temperature, Ca, Mg, Na, K, 804-, Cl-, bicarbonates, and electrical

conductivity (EC), however, only the latter values were reported. Results of other parameters

were used to report such as SO4-/Cl- and the relationships of (Na + K) or EC versus other

ions. The workers reached the following conclusions:

{D The value of EC increases with distance from upstream indicating poorer quality.

(I}  The ratio of SO47/Cl" decreases with distance from upstream.

(III} The relationship of EC with hydrautic gradient and the number of joining tributaries are
poor.

{IV) The water quality of Al Madinah area is good mainly composed of chloride and

sulphates of Ca*+ and Mg+,
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- CHAPTER THREE
GEOLOGY OF THE AREA

3.1 Introduction

During the geological field work outcrops of Al Ays and Furayh Groups were studied
along the Wadi Malal, only the few scatlered formations of Al Ays and Furayh Groups were
covered the whole wadi.

The Urayfi Formation of Al Ays Group covered the northeastern part of the study area,
which consists of silicic velcanic rock and derivative epiclastic. The upper part of the Urayfi
Formation consists of heterogeneous tuff with interbedded lava showing upward progression
from mafic to siticic. Furayh Group dominated the southern part of the stucdly area. It forms
low hills surrounded by Quaternary cover, it unconformably over lies the Al Ays Group. The
group comprises discontinuous conglomeratic, mafic volcanic rock of various thickness and
sand stone. The Qidirah Formation forms middle part of the Furayh Group and covers the
southern part of the study area from Jabal al Asfa to Jabal Kashbon towards the upstream of
Wadi Malal. Tt consists of andesite and dark gray to green amygdaloidal basalt containing
chlorite and epidote. - The amygdaloidal lava generally occurs at the top and base of the
formation. The amygdules vary in size from one mm. 10 several mm. Pillow lava generally
occurs at the top of the formation and seen at the various places at the base. At the top of the
formation, layering occurs in the amygdaloidal lava, some places few meter thick flows are

identified (Pellaton, 1981),

Intrusions in Qidirah Formation are mainly represented by batholiths and plutons of
calcalkalic, alkalic and peralkalic granite. These are syn- or late Kinematic, and were
preceded by small intrysions of diorite. Intrusions are generally younger than Furayh Group.

Diorite, intrusive in the Qidirah Formation cut by post - Furayh Calc-alkalic granite,
lies tn the west of the area at Jabal Asfa and Jabal Malah, Itis either a homogeneous

intrusion of fine grained equigranular diorite or quartz diorite.
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Most of the study area is covered by the scattered granite, adametlite and granodiorite
form several large -syntectonic intrusions. The major ore is near Jabal Jizl batholiths in the
west. The batholith is composed of calc-glkalic granite displaying two principal facies; More
abundant potassic feldspar and relatively coarse grained, the other Containing greater
quantities of plagioclase, finer grained and relatively enriched in mafic minerals. All the
formations in the area are cut by the dikes and Crops out in the western part of the study area.
The dikes are varying in thickness several decimeters to several meters. In some places, it
occupiss more than 50 percent of the total rock volume, the host rock appears as fragmented
and direction of dikes is generally B-W (Peltaton, 1981).

3.2 Regional tectonism

The tectonic features of the study area are extremely complex. The basement complex
rocks show sigh of very old folding and faulting, ascribable to various tectogenetic phases-
mostly compressive which occurred repeatedly in Precambrian times.

Qidirah  Formation have been affected by a major phase of folding with north -
northwest trending axial planes, The major phase of folding was followed by a minor phase
during which the Qidirah Formation behaved in a rigid fashion, where as the less compact of
other formation was affected by multiple small amplitude folds with vertical axial planes.

The faults of the area can be divided into two main groups. The first belongs to the
Najd Fault system and characterizes the southwest of the area, the main fault strike west -
north west. In the north, they imtersect the other formations, preducing left lateral
displacement, The second, much more recent, corresponds to fractures which gave rise to the
volcanic emission centers during the tertiary and Quaterary, these emission centers are

largely grouped along a north-south trending median axis (Pellaton, 1981),

3.3 Geology of downstream area

The present study is largely confined to the down stream of Wadi Malal (249 30 00
and 249 45' 00" N, 390 10° 00" and 39° 25' OO E). The possibility of the groundwater is
more because many Lributaries join the Wadi Malal in the region.
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Near the confluence of Wadi Malal and Wadi Malhah, a pawch of Urayfi Formation of
Al-Ays Group is occupied in the east of the wadi. The rocks are epiclastic sandstone and
breccia, tuff mafic to silicic lava, Many dikes, generally mafic in nature, cut all the
proceeding formation, they were formed a confused structure particutarty east and north east
of the wadi. The general strikes of the dikes are northwest and east west, The dikes are
mainly of porphyrific andesite, microdiorite, and diorite. In the west of wadi (Jabal Jilzl),
many felsic dikes are noted, consist of porphyritic rhyolite and strike easi-west direction, In
this particular area, only one fault occurs near the Jabal al Munaywir. The strike of the fault
is northwest (Fig. 3.1).

The wadi sediment consists of sands, sandy clays and sand with occasional pebhies and
gravel. The wadi is surrounded by volcanic rocks of basalt, rhyclite and tuff. Commonly
they consist of several successive flows of variable thickness and lateral extent, A typical
flow unit consists of dense and massive horizon, passing upward int a vesicular,
amygdaloidal or jointed horizon, The significant geohydrological characteristics of these
rocks are primarily porosity in the form of vesicles, lava tubes and occasional tunnels fermed
due to escape of gases. Secondary perosity is also developed due to fracturing during the
cooling of the lavas, tectonic disturbances and weathering. In the studied area, the vesicular
porosity of basait is considerably reduced by fiiling up minerals like zeolites and silica to
form amygdales. The successive flows nature of the basalt being more susceptible to
weathering, but in this area little weathering is pronounced. |

Igneous rocks occur as intrusive amidst large bedies or plutons. The plutenic rocks
generally in the form of dikes include such ¢coarse textured igneous rocks as granite, diorite
and pyroxenite, ranging in composition from acidic to basic depending on the silica content,
The igneous and metamorphic rocks usvally have porosities less than 1%, the void being

minute, generally isolated and in consequential form a practical viewpoint,

3.4 Geomorphology
Al Madinah area is bound by the Harrat Rahat in the west with deep valleys and in the

east by pengplain of Cambrian age, The drainage patterns of the area are controlled by the

geological feattes in the cutcrop. The drainage pattem of Harrat Rahat which consist of
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basalt have a dendritic drainage pattern, controlled by the slopes of the basalt cover
(ITALCONSULT, 1975). The valleys in the north flow in dendritic drainage sysiem. The
region having number of catchment area which drain to Red Sea. The basement consists of
two main groups of rock units separated by a slight angular uncunforrﬁity. Al Ays Group and
overlying Furayh Group. Bokhari (1993) suggested on the basis of remote sensing data and
by the help of a model, that the rocks of the fwo groups were affecied by N-§ folding and
fracturing teok place in an East-West direction, along the fractures erosion have been taken
place and development of the main valleys like Wadi Al Agiq, Wadi Malal and Wadi
Furaysh, The main tributaries to these valleys run perpendicular or sub-perpendicularly to

this direction. The drainage of the area is also follow the joints and fess eroded fracturing,
The Wadi Malal in the study area (Latitudes 24 (5" N and 24 40' N, Longitudes 390

00" E and 399 25' E) is dbout 65 Km long, flowing from South to Northwest. The Wadi
Malal is generally enclosed betwsen rock wails, having crop out in deep valley in the
mountainous ferrains. It is one of the main tributaries of Wadi Al Aqig (Al Hamd), which is
an important source of natural water in the Al Madinah area, The Wadi Malal is wide at the
upstream end, with part of the wadi covered by basalts; the down stream reaches however are
evolved In the Precambrian basement rocks as passages. In the upper part of the stream,
many tributaries like ad Dabwah, Hulayqah and Furaysh join the main wadi. At the
¢onfluence of these wadis, the width of Wadi Malal varies from 0.5 to 2 km In general, the
width of wadi varies from place to place and on average the width is slightly mote than one
kilometer. The number of tributaries joining from the western side is more than those joining
from eastern flanks of the wadi,

This area is a part of Hijaz range and ¢levations in general are between 1000 and 1500
m. The highest point is1 602-m (Jabal Jamirah) in south West of the wadi and towards the
West, at the middle length of the wadi 683-m (Jabal Jmm). |

The region has an arid climate with hot dry summers and cold winters, and evaporation
rates are very high.
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CHAPTER FOUR

DETECTION OF LINEAMENTS AND DRAINAGE SYSTEM OF WADI MALAL
USING SATELLITE DATA

4.1 Introduction
Geomorphological and geological features, namely landforms, rock units and geological
structures, have a definite relationship with the occurtence and movement of groundwater in
hard-rock crystalline formations.
These indicators can be grouped into two categories;
1- Direct indicators ground parameters that are directly related to groundwater
accurrence (e.g. lakes, canals, rivers, eic.)
2- Indirect indicators ¢hydrogeological parameters which are regionally affect
groundwater (e.g. drainage patterns, fractures system or lineament, 8oil, rock types,

structure, landforms and vegetation)

Satellite remote sensing provides information on geology and geomorphology relevant
to groundwater exploration. Large areas can be evaluated quickly from satellite data and
possihle locations for groundwater zones identified for further detailed siudy (such as
geophysical and hydrological sudies). Therefor, remote sensing investigation only for
supporting the other investigations.

Digital enhancement techniques remotely sensed data help in the extracting specific
features that act as proundwater indicators and ultimately lead to the preparation of maps

indicating groundwater prospective zones.

4.2 Data selection

The LANDSAT-5 thematic Mapper (TM} and SPOT satellite often contains
information tihat can be useful for groundwater studics. Therefore, these data have been
selected for analysis in this project. LANDSAT TM data has been used in all the analysis,
while SPOT data used only for field checking and ground truth. The LANDSAT 5 have
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Thematic Mapper sensors (TM) which provide excellent geological information, The TM

scamner record six bands of the reflected visible and infrared spectrum, with image element
dimensions of 30 by 30 meters on the ground, and one thermal infrared band with image
element dimensions of 20 by 120 meters on the ground. Spectral characteristics of seven TM
bands are discussed in table (4.1). The TM data path 170 row 43 acquired in the winger
period (where low sun elevation angles, enhance the visibility of topographic variation, and
help in lineament detection and interpresation. However, lineaments or topographic feature
running parallel to the sun azimuth on the acquired date, will be hard to detect). All the
image datz were atmospherically corrected.

The digital image analysis was carried out using image processing system at the Sandi
Center for Remote Sensing (SCRS), which is configured around a VAX 4300 computer
gystem along with MERIDIAN_imagc processing software,

4.3 Digital image processing

Digital image processing is extremely broad, and it often involves procedures, which
can be mathematically complex. However, in this study only few technigues were used
(contrast stretch, edge enhancement, principal component analysis, false color composite,
intensity Hue saturation) to detect lineaments and the drainage patterns, The definitions of

these techniques in brief are followed: -

4,3.1 Contrast stretch

In general, it o happens that the number of actually recorded intensity levels in & scene
is rather low and the fully dynamic range of the digital image is not utilized. Reallocation of
gray leveis couid also be done to improve the contrast between some specific types of ground
objects.  Contrast stretching is a typical point operation. Contrast siretch was done
interactively to obtain the best possible image for the current application. The linearly
contrast stretch of TM bands 7m 4 and 2 in red green and blue (R, G, B) can clearly show

some the drainage pattern and the lincaments (Fig, 4.1).



20
4.3.2 Spatial image filtration

Lineament in an image can usually be identified by visual interpretation using tone,
texture, pattern, association etc. However, many lineaments are not clear and require image-
processing enhancement. Spatial filtration techniques have been the mnéi common method of
enhancement lineament.

Image filtration techniques when applied to digital image, are designed to enhance
different scales of tonal or digital value “"roughness” (i.e., different spatial frequencies).
Spatial filtering depends, not only upon the value of pixel being processed, but also on the
pixel values surrounding it. In this regard, spatial filtering is an area operation, Spatial filters
can be, either to emphasize or de-eﬁlphasize the abrupt changes in pixel digital numbers
(DN's), thete by altering an image's textural appearance {Lillesand and Kiefer, 1987).

The image filtration involves two procedures: «

1. A moving window is established which has an array of coefficients or weighting factors
(the array are referred to as the filters or kernels).

2. The kemnel starts from the top left corner of the image. Each coefficient factor is
multiplied by the corresponding pixe! value {DN), and the result stored in an output
image {Lilliesand and Kiefer, 1987).

This technique is applied to the satellite data in order to detect the lineaments or

fractures in the study area (Fig. 4. 2).

4,3.3 Principal component

Principal component (PC) transformation used to dem:ease amount of correlaticn
between bands of data and maximize the differences between bands. This transformation can
be pecformed on any number of bands, and will generate axes in N-space where the N axes
correspond to the number of input bands. Generally speaking, the first principal component
containg brightness information of the image. In this study, PC applied to bands 7.4 and 2

produce 3 component. Only first compmient used for visual interpretation (Figure 4.3)
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4,3.4. Intensity Hue Saturation (IHS)

The intensity, Hue and Saturation transformation takes an image from the familiar red-
green-blue color space to a new system of Intensity, Hue and saturation, Intensity is a
function of brightness; Hue represents the color of the object and saturation is the imrity of
the color. An image is first transformed in IHS space, where the intensity, Hue and saturation
components are individually stretched. They then transformed back to the original R, G, and
B color space. In this study this transformation were applied to TM bands 7.4, and 2 (Figures
4.4 - 4.5). These images (IHS saturation image) used in this study only to show the drainage
patterns specially the channeis.

4.4 Interpretation of digitally enhanced outputs for groundwater study.

Visual interpretation of various outpuis generated through digital data enhancement
technique was carried out using standard interpretation keys, such as tone, texture of both. In
such dry area the interpretation must find out the indirect indicators for groundwaler
{hydrogeological parameters which regionally affect groundwater) (e.g., drainage patiemns,
fraciare systeras or lingament, soil, rock types, structure, landforms and vegetation).
Therefﬂie, lineament and drainage patterns according 1o the lineament map and the field visit

it has been found most of the producing water wells lie within the major favlts in the area.

4.4.1 Lingament detection

Lineaments are generally straight alignments that run over @ variety of local geological
features and the majority of them extend neasly veriical with depth, It is generally believed
that lineament represents the surface expressions of deep-seated crust fractures propagated
wpward through uvérlaying consolidated and unconsolidated materials or downward to great
depths lineaments may be continucus or discontimuous. Continuous lineaments are the
continuous siraight lines. In discontinuous lineaments the separate features are aligned in a
consistent direction and are relatively closely spaced.

According 10 the literature review, lineaments may be distinguished on LANDSAT
sateliite images by one or more of the following indicators: -

a) Alignment of topographic forms often emphasized by shadowing.
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b} Alignment of drainage patterns,

c) Band of variable widths, which contrast in tone to the immediately adjacent areas.

d} Lines of variable length, straightens and continuity as set apart by tonal contrasts in
the image.

e) Co-alignment of cultural features, e_g. farms, roud patterns, eic. with undertying

structural and/or surrounding topographic control,

Complementary survey in selected areas for verification of the interpretation, to study
the surface geology to obtain additional information and 1o conduct geophysical studies, In
study area, the major trending of lineaments are running northwest and the miror is northeast.
All the agriculture activities are located within Wadi Malal itself, Figures 4.6 and 4.7 shows
the major lineaments in the study area.

The lineament mapped for this investigation can be used with independently collected
geologic and hydrologic data to interpret the groundwater flows system in Wadi Malal or in

regional extensive aquifers.

4.4.2 Drainage pattern

Bokhari (1988, 1991, and 1993} studied the drainage system around Al Madinah using
LANDSAT TM date. He found the drainage system can generally be divided into two groups
as follows:

(1) The drainage in the basement rocks is mainly tectonicaily controlied by N-S faulting
and hence fracturing in E-W and others directions. Wadi Mala! is an example and
most of the drainage follows the lineaments diraction,

(2)  The Harrat Rahat basalt plateau drainage system.

In order w detect the drainage patiern wo different image processing techniques were
applied to the satellite images. The ﬁrsf.‘, [HS transformation, second is the principal
component (Figures 4.3 10 4.5). In those images, il is very easy to locate the major and minor
channels. Those images used in this study for the hydrological study and for locating the best

area for further geophysical investigations,

Teé LAAILAET PauGLIL
Bokhari (1988, 1991, and 1993} studied the drainage system around Al Madinah using

LANDSAT TM date. He found the drainage system can generally be divided into two groups

as follows:

(1) The drainage in the basement rocks is mainly tectonicaily controlied by N-S faulting

and hence fracturing in E-W and others directions. Wadi Mala! is an example and
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4.5 Recommendation

The most prospective area selected on the basis of lineaments and drainage pattern maps
(Figs 4.1-4.7) and confirmed by field visit bas been recommended for geophysical

investigation,
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Fig. 4.1 Linearly stretch false colour composite of TM bands, 7.4 and 2 in
blue cover, wadi Malal,



Fig. 4.2 High pass filtered of T™ ban image for wadi Malal.
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Fig. 4.3 Filtered image (3x3) for third Ccomponent [ of principal component (band 7,
4, 2).Showing the drainage pattern of wadi Malal,
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Fig. 4.4 Intensity Hue Saturation (IHS) processed image for wadi Malal (northern part),
Showing the drainage channels.
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Showing the drainage channels,



orthern part of wadi Mala],

Fig. 4.6 Preliminary linearnents map for n




southern part of wadi Malal,

Fig. 47 Preliminary lineaments map for




able 4.1 Thematic My

LENGTH
( my)

0.45 - 0.52

T rS al Bands (From Lillesand and Keifer, 1987).
WAVE | NOMINAL

BAND

SPECTRAL
LOCATION

Blue

PRINCIPAL APPLICATION

Designed for water body penetration,
making it useful for coastal water
mapping,

Also useful  for  soilfvegetation
discriraination, forest type mapping, and
cultural feature identification,

(.52 - (.60

Green

Designed to measure green reflectance
peak  of vegetation for vegetation
discrimination and vigor assesstment.

Also  useful  for cultural feamre
identification.

(.63 - 0.69

Red

Designed tosens a chlorophyil absorption
région  aiding in  plant species
differentiation.
Also  useful  for
identification.

cnitural  feature

.76 - 0.90

Near-infrared

Useful for determing vegelation types,
vigor and biomass content,

For delineating water bodies, ang for soii
moisture discrimination,

I.55-1.75

Mid-infrared

Indicative of vegetation moisiure content
and soil moisture.

Also useful for differentiation of snow
from clouds.

10.4- 125

Thermal -
infrared

Useful in vepetation stress arafysis, soil
moistures  discrimination  and thermzl
mapping application.

2,08 - 2.35

Mid-infrared

Usefui for discrimination of minera] and
reck types,

Also  sensilive to vegetation moisture
content.
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CHAPTER FIVE

GEOPHYSICAL SURVEYING OF WADI MALAL

5.1 Introduction

The hydrogeophysical investigation plays a very important role in the assessment of
groundwater in Wadi Malal since there is a considerable lack of hydrogeological and

In order to understand the subsurface hydrogeology conditions, the main objective of
this study is to investigate the subsyrface structural features obtained from rhe resistivity
(VES & HEP) and magnetic data to delineate any potential water-bearings fractures in the
bedrock.

This study presents the applications of Zohdy and Bissorf ( 1989} n-layers model ang
layering model (Paragins 1979) to VES sounding o produces the correspondence subsorface
resistivitjr sections. In addition, the subsurface cross section was imptied to reveal more
informadion about the subsurface Jateral variations,

The resuits obtained from horizontal electricat profiling (HEP) in the area betweep M3
and M4 were aisp Presented i this repert to indicate any horizontal variations or subsurface

hidden faylts,

To determine the depth to the basement, for magnetic profiles were also carried out the
sites of VES, namely M3, M5, Mé and M7,

5.2 Field work and data treatment

In order to delineate the geometry of the aquifer and 1o determine the subsyrface
geological and hydroiogical conditions, the resistivity method was carried ont applying two
different electrode spacing arrangements, namely Schlumberger and Wenner o create

vertical electrical soundings (VES) and horizontal eiectrical profiling (HEF) respectively. In
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addition, ground magnetic surveying was also carried out in some locations of VES (M3, M35,

Mé and M7).

5.2.1 Resistivity surveying procedure

The object of VES is to deduce the variation of the resistivity with depth and correlate
it with the geclogical information in order to infer the depth and the resistivities of the layers
present.

The ground geophysical field work carried out in the wadi alluvinm plain, consisted of
8 VES lines perpendicular to the trend of Wadi Malal, namely M1, M2, M3, M4, M5, M6,
M7 and M8, (Figs 5.1 and 5.2). Each line consists of several soundings as indicated in the
figures 5.3, 5.4, and 5.5 and in appendix 5A.

An ELREC-T was used to obtained the measurement of VES and HEP. The maximum
current electrode spacing (AB/2). In the Schlumberger arrangements reached 300 meters,
while the intensity of the measurement was about 7 reading per decade at AB/2 values of 1.5,
2,3,4,6,8, 10, 15, 20, 30, 40, 60, 80,100, 150, 200 and 300 m.

Most field curves were composed of only two or three segments. The first segment
obtained by expanding AB/2 from 3-10 m with MN /2 held fixed at0.5m. The second
segment expands from AB/2 at 10-40m and MN/2 at 3m. The third segment expands from
AB/2 at 40-300m and MN/2 varies between 10-30m,

Some sounding curves indicated noise interference, particularly at larper AB/2. The
main causes of the such noises could be due to the low power of the instrument used in this
survey at AB/2 > 200 m, which can not provide sufficient signal strength to exceed the
required signal tc noise ratios. The noise also increases when the current passes through
good conductor (e.g. clays).

The following procedures were applying to introduce the possible correction to the

resistivity curves,
1. Correction of VES measurements to satisfy /Schlumberger configuration. The

recovery of such measurement was achieved by testing the appropriate geometrical
factor for AB and MN,
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2. Rejection of distinct major noise measurements associated with extrernely smalt MN/2 -

and large AB/2.

3. Careful interpolation between widely spaced points on the log -log plots, especially at
small AB/2 values in each decade.

4, Rejection of improper ovetlapping measurements curves at the same AB/2 values

when increasing MN/2,

The apparent resistivity vaiues computed in the field were reduced using automated
inversion computer programs (Zohdy and Bisdorf 1989: and Parasing 1979) to atlow either
automatic correction or user-defined corrections. The final corrected resistivity curves were
redigitized for subsequent data analysis and interpretation,

The first technigues adopted by Zohdy and Bisdorf 1989, used to abtained the so called
n-layers models equivalent to each of the corrected apparent resistivity sounding curves. It
does not require in-put model to start the automatic iteration for calculating the final model.
Instead the number of AB/2 in a sounding is considered as the number of the layers while the
apparent resistivity values are considered as the equivalent input resistivity for each layer.
The resistivity values and sampling intervals on the curves were used automatically to create
the first approximation of the corresponding multi laver model. Hence, this mode! has been
modified in layers thicknesses and resistivities throngh a number iterations vntil the best fit
between the calculsted curve and the apparent resistivity curves reached (Appendix SA).

The second technique is based on the mathematical solutions suggested by Parasins

(1979) to describe the apparent resistivity curves according to the equation.

Pa(r) = r* o T(A) J1(Ar) AdA
Where:
J1 : The Bessel's function of order 1;
I : Half electrode spacing (AB/2)
T(?L) : The resistivity transform

Pa : The apparent resistivity



A4
The application of this equitation is to fit the same layer thicknesses and for resistivities

with the apparent resistivity curves through a number of layers, which described the lithology
variation beneath the sounding site. The nuraber of layers is refated mainly to the geclogical
layers that might -occur bencath the sounding and not to the number of resistivity
measurements in the sounding as considered in the Zohdy method. The advantage of this
method is that if can be expressed directly using the lithological layering model in a straight
forward manner and its interpretation dose not require a high skill as does the Zohdy method.

VES curves were subjected to both techniques of sounding analysis. A multi layer and
model and absolue layering model corresponding te each sounding were then obtained using
advanced software (Figs. 5.3, 5.4, 5.5, and appendix 5A)

In addition, 10 HEP were also carried out using Wenner configuration in the area
between M3 and M4 perpendicular  and parallel to the trend of the wadi with 30m station
interval along each profile, The distance between the adjacent parallel HEP was 50m. The
Wenner arrangement was used in HEP to detect lateral variations in the resistivity and to

mark the structures with near-vertical boundarics, such gs faults, dikes and fractures,

3.2.2 Magnetic surveying procedure ;

The magnetic method involves measurement of the directions, gradient or intensity of
the earth's magnetic field and interpretation of variations in these quantities over the area of
investigation.

There are very specific criteria that need 10 be considered when carrying out a magnetic
survey for hydrological or environmental applications,

a. The estimated depth at which the targets are and their nature.
b. The precision and accuracy required of the surveys

¢. The orientation of the target

Envi-Mag instrument was used o carry out magnetic surveying profiles perpendicular
to the Wadi Malal and superimposed over VES sites, namely (M3, M3, M6, and M7) with a

distance interval of 5m between the two adjacent stations (Appendix 5B).
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5.3 Data analysis and interpretation

5.3.1 Vertical Electrical Sounding (VES)

The general features of the interpreted resistivities in figures, 5.6 - 5.17 ranged from
low (< 20 chin.m), to high (> 150 ohm.m) Specifically, on the basis of typical resistivities of
materials in similar geclogical environments, the interpreted resistivity ranges in Wadi Malal
can be classified into three geoelectric layers (GEL) as follows:

GEL 1 with high resistivities of 150 to 300 chm.m

GEL 2 with Jow resistivities of 10 to 30 ohm,m

GEL 3 with moderate 1o high resistivities of 50 to 150 obm.m

Boundaries between geoelectric layers (GEL) were determined by the midpoint
method. The boundary separating the shallow, high resistivity zotes from the shallow, low
resistivity zones were determined by finding the mid point between the maximum valuve of
the first peak and the minimum value of the trough, Except for the lower limit of the deep
layer, all other boundaries were determined similarly.

This procedure was used to prepare six lithological cross sections namely, M3, M4,
M3, M6, M7 and M8 (Figs. 5.6, 5.8, 5,10, 5.12, 5.14, and 5.16) respectively.

Sections M3 of figures 5.6 and 5.7 consist of the results of VES M3,1-M3.8. The dry
alluvium near the surface of the top of 5-20 is characterized by high resistivity values (150 to
350 obm .m) The cross section also reveals the extent of the water bearing layers along the
profile below the dry alluvium. This layer is associated with the low resistivity values (10-
30 obm.m} at depth ranging from 20 10 60 m, The clay content decreases beneath VES 4 and
5. This section also demonstrated lateral lithological variations, such as clay lenses beneath
VES 1,2, and 3 at a depth ranging from 15 to 25m having an average thickness of zbout 10m.
This clay layer is associated with the lowest resisitivty values in the section (< 20 ohm,m),
The intermediate to high resistivity values (50 to 150 ohm.m) at depths greater than 50m are
associated with the weathered bedrock which is believe to contain substantial amount of
water in some fractures and joints. The results cbtained from four boreholes aleng the profile

of M3 indicate the average depth of the bedrock lies between 55 to 65m and fresh basement
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of rhyolite lies beneath bedrock at 65 to 75 m depth which is in good agreement with VES

results.

Sections Md of figures 5.8 and 5.9 consist of the results of VES M4.1-4.3, These
sactions indicate that the upper sorface layer is dry aliuvium because it is associated with
hiph resistivity values beneath M4.1 {100-250 ohm.m) and has a thickness of about gm. The
waler bearing layer is distinct is obvious beneath sounding M4.2 with moderate resistivity
values (20 - 50 ohm.m) reflect lower clays content and lower salinity, The sharp increase of
the resigtivity values beneath the entire section is probably due to the existence of the bedrock
at depth grater than 50m. Cutting from borehole indicates the depth to the weathered
bedrock between 60 to 62 m.

Sections M5 of figures 5.10 and 5.11 consist of the result of VES M5.1-5.7. The dry
alluvium near the surface at the top of 5 m is characterized by high resistivity values (100-
200 ohm.m). The cross section of figure 5.10 also reveals the extent of a water-bearing layer
along the profile below the dry alluvium. This layer is associated with the lows resistivity
values (10-20 ohm.m) at depths ranging from 30-40 m. The clay content decreases beneath
M5.1 and M5.7. Depth to the bedrock ranges itom 70-72 m. The section M6 of figures 5.12
and 5.13 consists of the results of VES M6.1 - 6,5, The dry allovium near the surface at the
top of 5 m is characterized by its high resistivity values (150-350 ohm.m). The cross section
also reveals the extent of a water-bearing layer along the profile below the dry alluvium,
This layer is associated with the lows resistivity values (10 - 30 ohm.m) at depth ranging
from 10 - 40 m. This section also demenstrated lateral lithological variations, such as clays
content decreases towards M6. This clays layer is associated with the lowest resistivity
values in the section (10 ochm.m) The intermediate to high resisitivty values (50- 150 ohm.nm)
at depths greater than 65 m are associated with the weathered bedrock which is believed to
content substantal amount of water in some fracture and joints,

The- cross section M7 of figures 5.14 and 5.15 consists of the results of VES 7.1-7.4.
This section indicates that the upper surface of the sediment is dry alluviom because it has
high resistivity values along the profile (150-300 ohm.m) and a thickness of about 20-m.
The probable water bearing layers is unsaturated and the amount of water is not promising.

This sharp increase in the resistivity values beneath the entire section is probably due to the
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existence of the bedrock at depths greater than 60-m. The cross section M8 of figures 5,16

and 5.17 consists of the results of VES 8.1 -§.4, The dry alluvium near the surface at the top
of 10 m is characterized by high resistivity values (150-300 ohm.m). This section aiso
reveals that the amount of water is localized and the water bearing layers along the profile
below the dry alluvium is unsaturated. The depth of the bedrock ranges between 50-60 m,

Generally, the three-gecelectric sections show three subsurface geologic layers. The
upper most layers consist of gravel and unconsolidated dry sediments, which associated with
high resistivities, The middle layer composed of clayey and sitt- fine materials intermixed
with gravel and water. This layer probably constitutes the water bearing rock in the wadi,
especially Mé& with resistivities range from 10-30 ohm.m. Evidence from these
measurements indicates that the water table varies in depths between 50 - 60 m. The
unconformable layer between the weathered bedrock and saturated deposit is clearly
identified from the sharp contrast in rsistivities values above and below it. The lower most
layers may represent the weathered bedrock. Depths 10 the bedrock range from 55-65 m,
which underlie by fresh basement layer at depths greater than 80 m.

5.3.2 Horizontal Electrical Profiling (HEP)

In addition to the eight VES curves and contour sections, HEP were completed across
the study area perpendicular and parallel to the trend of Wadi Malal, The tocation of HEP in
the area lies between M3 and M4, These profiles were plotted with distance Vs apparent
resistivities (Fig. 5.18), The apparent resistivity values are also Plotted at their respective

stations locations and a contour map with a 5 ohm.m contouring constructed (Fig. 5.19),

The HEP contour map is characterized by a more or less homogeneous resisitivity of
moderate to high values (40 -300 ohm.m}. It is well known in the semi arid areas that the
uppermost part of the wadis is characl;eri.l'r:ed by asequence of dry alluvial deposits (high
resisitivity) overlying the moist alluvium which associated - with a remarkable drop in the

resisitivities values. Profiles 3.4,6,7. and 8 of figure 5.18 may indicate a hidden fault
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between 15-30 m below the surface. ‘There iz no other information can be obtained from

HEP.

3.3.3 Magnetizing surveying

The two major applications of the magnetic surveys 1o groundwater Studies have been
the study of magnetic aquifers, mainly basalt and determination and the configuration of the
basement rock underline the water bearing sediments. The study of the basement rock
involves determining relief and depth to the surface of the basement at several points.

Interpretations of the magnetic data in terms of geologic features involve in both

structure and the lithostratigraphy. The quantitative interpretation tnvolves defining the
shape, position, depth and intensity of the magnetization of the body-causing anomaly.

Theoretically, magnetic anomalies are produced by variations of intensity in the
magnetization of the rocks. Thig magnetization (J) is the sum of induced and remnants
magnetization.

J=R+KT

Where;

R : remnant magnetization

K : magnetic Busceptibility

T : total magnitizating force of the earth's magnetic field,

MAGNETIC PROFTLE M3:

The results obtained from otzl magnetic intensity profile in M3 (Fig. 5.200 indicate
that the shallow fault line is passing along the strike of Wadj Malal near by station 100m.,
The total iength of this profile is 2100 m with a distance interval of 5 m between the rwo
adjacent stations. A deep fault line located a1 1600 m.

In order to determine the precise depth to the haseﬁlent, the M3 is divided into four
segments {Appendix 5C) and subjected to the frequency analysis techniques. Based on
magnetic susceptibility values obtained from rock type in the arez, we obtained the best-fit

correlation coefficient above 85 % between the observed and theoretical curves {Fig. 5.21},
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At distance range from 0 - 1600 m shows low magnetic susceptibility values (< 0,002 e.m.u).

Which are indicative of acidic composition (probably granetic rocks). Whereas high
magnetic susceptibility valyes (0.011 em.u) between 1600-2100 m indicate basic to
uitrabasic rocks which is believed to be gabbro. The depth to the fresh basement (not
weathered) reached a maximum depth of 115 m below the ground surface. The shallowest
depths to the basement 37-55 m were located near the flanks of the wadi. This may be the
extension of the basement of the outcrop. These depth values confirmed with the previous

resistivity contour sections.

MAGNETTC FROFI.E M5

The total intensity magnetic profile MS of a total length of 500 m (Fig. 5.22) reveals
that a fault is passing near the end of the profile covering the area at distance between 370
and 450 m, The entire profile was first subjected 1o the speciral analysis technique (Appendix
5¢). The line was divided into two segments and depth values were 73 and 71 m. at the
center of each segmen,

The obtained geolopic model (Fig. 5.23) indicates that the average depth to the

basement is 60 m,

MAGNETIC PROFILE M¢,

The total length of magnetic intensity profile M6 is 1200 m (Fig 5.24), It indicates g
very distinct fault at the middle of the profile. The fault zone extends from 550680 m. Two
other faults may also occur at the hills around the wadi between 0-50m and at 1200 m.

The energy specirum of the toizal intensity profile {Appendix 5C) supgesis that the
profiie can be divided into three Segments and the energy spectrum of the each magnetic
Segments was calculaied, the calcuiated depth of each segments indicates that the maximum
depth is attained in the fauit ling in the middle of the profile.

The obtained geologic mode! reveals 3 depth of the magnetic basement of about 83 m.
The high intensity of magnelic response doe to faulting may be attributed to the ultrabasic

host rock. The poor fitting between the observe ang calculated curves at the middle of the
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profile (Fig. 5.25) is probably due to some remnants Inagnetization stil] existed in the host

rogks,

MAGNETIC PROFILE M7

The total length of the magnetic intensity profile M7 is 600 m {Fig. 5.26). It reveals a
fault line extending between 100 and 300 m,

The energy spectram decay cutve of M7 {Appendix 5C) divide the profile into three
segments,  The obtained indicates 3 depth of about 59 m to the magnetic basement. Most of
the wadi deposits along the profile are underlain by fresh basement of medjyum magnetic

susceptibility values, which are equivalent granetic rocks,

PROFILE | INCLINATIO | DECLINATION MAGNETIC | AZIMUTH | STRIKE
N FIELD
M3 350 10 | 41000 4T 750 -50
M5 350 10 41000 nT 850 -50
M6 300 10 41000 nT 600 -300
M7 350 10 41000 nT 6(C -300

5.4 Recommendation

On the basis of interpretation of the resistivity and magnetic survey, resuit the profiles

M3, M4 and MS$ were selected for the drilling of the welis,
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Figure 5.1 Location map of VES points

In dawn-soream of Wadi Madal
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Figure 5.2 Location map of YES points in middle-stream of Wadi Malal
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prafila: &

Fig. 5.18a Apparent resistivity Vs, station no

. of the area between M3 and M4,
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profile: 1

Fig. 5.18b Apparent tesistivity Vs. station no

. of the area berween M3 and M4,
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Fig. 5.18c Apparent resistivity Vs,

station no. of the area between M3 and M4.
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HEP RESISTIVITY CONTOUR MAP
Between M3 and M4

Fig. 5.19 HEP resistivity contour map of the area berween M3 and M4,
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Fig. 5.22 The total intensity magnetic profile ( Readings in gamma Vs, station )
measured at the line of M5 with station spacing of 5m.
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Fig. 5.24 The total intensity magnetic profie ( Readings in gamma Vs, station )
measured at the line of M6 with station spacing of 5m,

Fig. 525 Geological mode] of magnetic data with the observed and calculated
curves for M4
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Fig. 35.27 Geolwozical model of magnetic data with the observed and calculgred
curves for M7
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CHAPTER SIx

DRILLING AND SEDIMENTOLOGY OF WADI MALAL

6.1 Introduction

Geophysical, hydrogeologic and geological aspects taking into consideration. The localized
features such as fault ang gravel lenses have been pinpointt during the welt selection {Fig. 6.1),

Geologic logs are made to correlate the strata to indicate the thickness and extent of
aquifers and confining layers, and the configuration of the bed-rock topography. In this
study, the soft material in the form of silt and clay tends to form sludge with water and makes
the study more complicated. However, driller has been instructed to take samples at 2m
regular intervals and whenever a change in formation js noticed. The sampies are laid out on
a plank for drying and the depth intervals of each are immediately and clearly marked, Al
the samples has been collected on the site and noted their preliminary description together
with the other information received from the driller. Finally, the samples cotlected from the
sites were brought to laboratory for further analysis to determine their sedimentological and
hydrologic properties.

6.2 Stratigraphy of the wells
L 0 A

0-20 m. Alluvium, the dominated prains size of the uniis are ranges from fine to
pebbles. The most of the grains are subangular to rounded, The grains are
black, light green, pink and white, The tower part of the ynit comprises high
percentage of sticky and soft clays. The pebbles are varies in size and colour
as well as roundness (Fig 6.2),

20-32 m, The majority of the grains are ranges from fine to granules sizes. The grainsg
are subangular to rounded in shape. The graing comprise by varies colonr
such as black, pink, gray, light green and white. The soft ¢lays occur in

smail amount. The granules are different size, shape and colouyr.



32-44 m.

44-48 m.

48-58 m.

58-62 m.

62-68 m.
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Fite to very COarse sand/granules size occurs in this unit. The grains are

Subangular to subrounded. The grains are black, pink, light green and white.
The soft clays oceur in smal] ratio in relation to sand,

Fine to pabbles size the grains are angular to subrounded. Most of the graing
are black, pink, and Blassy white, The percentages of clays are low i
comparison to sand. The high percentages of granutles and pebbles are
domirated the unit,

The most of the grains ranges from fine to granules size and angular to
rounded shape. The colour of the grains is black, pink, and light green and
glassy white. The granules are dominated most of the wnits. The percentage
of soft and sticky clays is low in <omparison to sand,

Fine to granulér size and subangular to subrounded shape, The grains are
black, pink, light green and white, However, black colors are dominated,
The clay percentage is low in thig uni.

Bed rocks (weathered and massive rhyolite).

WELL NUMBER TWQ (M3.2)

(-8 m,

8-16 m.

16-38 m.

38-44 m,

Alluvium, the grains are fine to pebbles size. Most of the grains are
subangular 10 rounded. The grains are black pink, brown and white. The
soft cluy percentage is less. Some of the pebbles size is more than centimeter
(Fig 6.3).

Fine to pebbles size and subrounded to rounded shaped grains. The grains
are black, pink and white in colowr, The 50% of the unit dominated by soft
clays.

Most of the grains are fine to granuies size and subangular to subrounded in
shape. The grains are gray, pink, brown, black and white. The ratic hetween
clay and sand are ahout 40:60,

Fine to granules size and most of the grains are subangnlar. The sediments
are dominated by pink coier grains foliowed by black and white. The clays

are less in percentage in compare to above unit.



44-50 m.

50-76 m.

76-80 m,
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The grains are fine 19 pebbles size and subargular 10 subrounded in shape.

The sediments are dominated by black colour followed by pink and light
green (especially in fine Brains and clays). The rato between clays and sand
is 25:75.

Fine to pebbles size grains, subangular to rounded, The unit is dominated by
pebbles of various gize shape and colour. The most of the grains are black
follewed by pink and white, The soft and sticky clays are present in legser

Percentage.

Bedrocks, the unit is domirated by pink coloyr chips (unweathered rhyolite).

WELL NUMBER FOUR (M3.3)

{-20 m.

20-50 m.

3-52 m.

52-54 m.

54-56 m.

Alluvial, majotity of the graits is ranges from fine 10 VEIy coarse grained,
Subangular to rounded and brown, pink, black and white colour. The unit is
dominated by soft clays (Fig 6.4).

This unit is dominated by sticky and soft clays. A small percentape of fine
10 coarse grained occcurs Most of the grains are subangnlar to subrounded.
The common colors of the Braing are varies at different depth.

Fine to granular size grains. The grains are subanguiar to wel] rounnded,
Pink, brown, Bray and white colour are common, The clays percentage are
less than above unit,

Weathered and fractured rocks,

Bedrocks.

WELL NUMBER THREE (M3.4}

0-20 m.

Alluvium, majority of the prains are fine o very coarse prained and
subangular to rounded. The colory of the grains are pink, black, gray and
white. The percentage of the clays is less than sand, The granules and

pebbles are present and form aboyt 5% of the total grain size (Fig 6.5),



20-22m,

22-38 m,

38-41 m,

41-43m
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The average £rain size is fine to granule size with some pebbles. Grains are

angular to subrounded. The coloyr of the geains is pink, brown and white.

The soft ¢lays are present in small amount..

Most of the grains are fine to pebbled size and pebbles are well mun'ded but
rest of the prains are subangular to subrounded. The 8rains are black, brown,

light green pink and white i 1a colour. The percentage of clays is higher than
sanc,

Weathered and fractured thyolite bed
Massive rhyolite {Bedrock)

WELL NUMBER FIVE (v4)

(0-16 m,

16-30 m,

30-50 m.

30-60 m,

60-62 m,

Fine 10 very coarse grained, subrounded to rounded shaped. The grains are
brown, black, white ang light green, The percentage of clays is higher as
compared to sand, especially in the lower part of the unit (Fig 6.6).

Majority of the grains is ranges from fine (o pebbie size and subangutar to
subrounded. The color of the grains is pink, gray, white, black and brown.
The ratic between clays and sand are 30:70.

The average gruin size ranges from fine to pebble size and angular to
Subrounded.  The colour of the grains is black, white, pink and brown. - The
ratio between clays and sand are 30:70.

The average grain size ranges from fine to granyle size and subangular to
rounded shaped. The grains are pink, black, gray, white and brown ¢olour.
The ratio between clays and sand are 70:30,

Weﬁmered bedrocks,

WELL NUMBER $IX (M5)

0-20 m.

Alluviom, majotity of the graing are ranges from fine ig pebbles size and
anguiar to subrounded. The grains are black and dark brown colour. Few
graing are cherty in natyre, The ratio between clays and sand are 20:80 (Fig
6.7).
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20-40 m. Most of the grains are ranges from fine 1o granule size and angular to

sabrounded, The grains are black, light green, brown and white colour, The
much variation in grain size. The ratio between clays and sands are 2575,

40-52 m. Fine to pebbles size grains. The grains are subangular 10 subrounded. The
colour of the graing is black, brown, Light green pink, The percentage of clay
i3 very high as compared Lo sand to upper unit

32-65m The size of grains ranges from fine 1o granules size and anguiar 1o
subangular grain shaped. The grains are black, brown pink and gray colour,
The ratio between clays and sand are 20:80,

65-70 m. Fine to pebbles size and subangular to subrounded, some pebbles are well
rounded, Tke colour of the graing is black, brown, and pink. The ratio
between clays and sand are 30:70,

72 m. Bedrocks.

The results of drilled wells are in agreement with the resufts of geophysical survey, The
thickness of the satneation Zones varies from 20 to 60m. The samples from the drilled wells

needed further sedimentological studies because it plays a very important role in the

evaluation of aguifer characteristics.

6.3 Sedimentological studies of Wadi Mala)

Grain size parameters ang their relationship with depositional processes in general
reviewed hy Folk {1966), Visher ( 1969) and Friedman (1979). These reviews are highly
informative as they are based ona large volume of literature on grain size contributed bya
large number of workers, Different methods have been used by different workers but more
common is the graphic plot method (Folk and Ward, 1957), all these methods focus attention
On mean grain size, standard deviation, skew!less and kurtosis of the distribution. The degree
of sorting and sizes of graing of sediment are of considerable importance in ground water
Studies.  These are determined by mechanical analysis, which consist of separation of grains

of various size groups by passing through a set of standard sieves,
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The data cbtained can be plotted as a histogram simple frequency curve, or cumulative

frequency curve. For most purposes in ground water studies, however, cumulative curves are

more useful.

6.3.1 Method:
The 183 boreholes samples have been collected from six wells among 71 representative

samples selected for the study and grain size analysis were carried out with a Ro-tap sieve
shaker. A 0.5 ¢ interval employed to provide maximum accuracy. The weight of the various
fractions is deterrnined and the percentage weight of each fraction with respect to the total is
calculated, |

Grain size parameters (Graphic mean, inclusive standard deviation, in¢lusive graphic
skewness and kurtosis), as defined by Folk & Ward, (1957) were abtained from values
intercepted at specific percentiles.

The data of grain-size analysis was plotted as cumulative curves on probability paper
by plotting cumulative percentage versus grain size in phi (¢) intervals 1o ensure maximum

accuracy in determines grain-size pacameters by graphic methads.

6.3.2 Grain size parameters:

Graphic Mean Size (Mz)

It is the best measure for determining the average grain size, and given by the formnta:
Mz=(0 16+ 50+ (0 84)}/3

Inclusive graphic gtandard geviation

The inclusive graphic standard deviation is 2 measure of the soriing of the grain size
distribution and includes 90 percent of the size frequency distribution. Sorting also shows
the constancy in the energy level of the depositing agent and thus reflects the presence or

absence of coarse and fine grained fractions, and is given by the formula;

Ol= (¢ 84-  16) / 4 + ($ 95- 0 5}/ 6.6
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Inclusive praphic skewness (SK1)

Skewness is a measure of the symmetry of the grain-size distribution. If there is more
material in the coarse tail (coarse skewed), the skewness is refereed to as being negative and
if there is more material in fing tail (fine skewed) it is positive,

Inclusive graphic skewness is given by the formunla

SK]I = ( 16 + ¢ 84-2 ) 50) / 2({ 84- ¢ 16) + (§ 5 + ¢ 95-2 ¢ 50) /2(¢p 95- O 5)

Graphi i

Kurtosis measures the ratio between the sorting in the tails of the distribution and
sorting in the central portion of the distribution. If the central portion is better sorted then the
tail 10 be excessively peaked or leptokmrtic. If the tails are better sorted than the central
porticn, the curve is to be peaked or platykurtic,

Kurtosis may be measured by the following formula

KG = (¢ 95- § 5)/ (2.44(0 75- ¢ 25))
The computed grain size parameters of the Wadi Malal sand included graphic mean
size, inclusive graphic standard deviation, inclusive graphic skewness, and graphic kurtosis,

arc summarized in tables 6.1 to 6.6.

Well number one (M3.1)
The graphic mean size values ranges between 1.13 ¢ 10 -0.95 ¢ (Medium to very

coarse sand) on the average, the sands consist of very coarse sand (46.0 percent), coarse sand
(38.0 percent) and medium sand (16.0 percent).

Inclusive graphic standard deviation values ranges between 1.83 ¢ to 2.29 ¢ (poorly
sortied to very poorly sorted) most sands are very pootly sorted (69.0 percent) and poorly

sorted {31.0 percent),
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Inclusive praphic skewness values range from 0,330 to -0.191 (strongly fine skewed to

coapse skewed). Majority of the samples shows strongly fine skewed (46.0} percent), fine
skewed (39.0 percent) and coarse skewed (13.0 percent).

Graphic kurtosis values of the sand range from 0.659 to 1.165 (very platykurtic to
Leptokurtic). Platykurtic samples are dominant (84.0 percent) followed by very platykurtic
(8.0 percent) and Leptokurtic (8.0 percent).

The weight percentage of gravel ranges from 18.0 to 7.0 percent, on the average 44%.
The percentage of sand range from 29.0 to 79.0 percent and an average 52% and the

percentage of clay range from 1-9% percent, on the averape 4%,

Well number fwo (M3.2)
The graphic mean size values ranges hetween 1.36 0 to -1.260 ¢ (Mediem to Granule)

on the average, the sands consist of very coarse sand (54.0 percent), coarse sand (20.0
percent), medium sand (13.0 percent) and Granule (13,0 percent).

Inclusive graphic standard deviation values ranges between 1.14 $ t0 2.38 ¢ (poorly
sorted to very poorly sorted}, most sands are pooely sorted (60.0 percent), followed by (27.0
percent) and moderately sorted (13.0 percent),

Inclusive graphic skewness range from 0.484 to -0.327 (strongly fine skewed to
strongly coarse skewed), Majority of the samples shows fine skewed (54.0 percent) strongly
fine skewed (13.0 percent), nearsymmetrical (13.0 percent), strongly coarse skewed (13.0
percent} and coarse skewed (7.0 percent).

Graphic kurtosis valves of the sand ranges from 0.538 to 2.062 (very platykurtic to very
leptokurtic), platykurtic samples are dominant (47.0 percent), Leptokurtic (20.0 percent),
Mesokurtic (13.0 percent), very Leptokurtic (13.0 percent) and very platykurtic (7.0 percent),

The weight percentage of gravel ranges from 12 10 78 percent on averages 45%. The
percentage of sand range from 24 10 76 percent, on average 53% and clay percentages range

from () to 6 percent, an average 2.0 peccent,

peIcent) ana mederately sorted (13.0 percent),

Inclusive graphic skewness range from 0.484 to -0.327 (strongly fine skewed to
strongly coarse skewed), Majority of the samples shows fine skewed (54.0 percent) strongly
fine skewed (13.0 percent), nearsymmetrical (13.0 percent), strongly coarse skewed (13.0
percent} and coarse skewed (7.0 percent).

Graphic kurtosis valves of the sand ranpes from 0.538 to 2 067 (very nlaivknrtin re car
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Well number three (M3,3)

The graphic mean size values ranges between -0.22 ¢ to 1.99 ¢ (very coarse to medium
sand} on the average, the sands consist of very coarse sand (11.0 percent) coarse sand (33.0
percent and medium sand (56.0 percent), )

Inclusive graphic standard deviation values ranges between 1.88 ¢ 10 2.38 ¢ (pooriy to
very poorly sorted) most sand are very poorly sorted (67.0 percent) and poorly sorted (33.0
percent).

Inclusive graphic skewness values range from -0.40 to 0.27 (strongly coarse to fine
skewed), Majority of the samples shows nearsymmetrical (46.0 percent) fine skewed {22.0
percent and strongly coarse skewed (22,0 percent).

Graphic kurtosis values of sand range from 0.609 to 0.751 (very platykurtic to
Leptokurtic), platykurtic samples are dominant (67.0 percent) and Lepiokurtic (33.0 percent).

The weight percentage of pravel ranges from 13.0 to 47.0 percent, on the average 26%,
The percentage of sand ranges from 57.0to 80.0 percent, and on the average 66.0 and the

percentage of clay range from 1-12 percent, on the average 8.0 percent,

Well number four (M3.4)

The graphic mean size values ranges betwesn -0.298 ¢ to 2.26 ¢ (very coarse to
medium sand) on the average, the sands consist of very coarse sand (10.0 percent) coarse
sand (30.0 percent and medium sand (50.0 percent} and fine sand {10.0 percent).

Inclusive graphic standard deviation values ranges between 1.91 ¢ to 2.40 ¢ (poorly to
very poorly sorted) most sand are very poorly sotted (50,0 percent) and poorly sorted (50.0
percent).

Inclusive graphic skewness values range from -0.269 to (.538 (strongly coarse to fine
skewed). On the average; the sands consists of strongly coarse skewed {10.0 percent), coarse
skewed (20.0 percent), nearsymmetrical (30.0 percent) and Fine skewed (40,0 percent),

The Graphic kurtosis values of sand range from 0,897 to 0.560 {very platykurtic to
Leptokurtic), platykurtic samples are dominant (60.0 percent) followed by very platykurtic
{(40.0 percent).
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The weight percentage of gravel ranges from 11.0 fo 50.0 percent, on the average 25%.

The percentage of sand ranges from 47.0 to 80.0 percent, and on the average 68.0 and the

percentage of clay range from 2-10 percent, and on the average 7.0 percent.

Well nympber five (M4)
The graphic mean size values ranges from 0.50 ¢ to -0.616 ¢ (coarse to granule) on the

average, the sands consist of granule (8.0 percent), very coarse sand (84.0 percent} and coarse
sand {8.0 percent),

Inclusive graphic standard deviation values ranges between 1.62 § to 2.14 ¢ (poorly to
very poorly sorted), The majority of the samples are pootly sorted {83.0 percent), followed
by very poorly sorted 17.0 percent).

The inclusive graphic skewness values ranges from 0.126 te (.812 (Fine skewed o
strongly fine skewed). Majority of the samples show strongly fine skewed 967.0 percent)
followed by fine skewed (33.0 percent).

The graphic kurtosis values of the sand ranges from 0.635 to 1.091] {very platykurtic o
mesokurtic).  Majorities of the samples are platykurtic (58.0 percent), very platykurtic (25.0
percent) and Mesokuriic (17.0).

The Weight percentage of gravel ranges from 30 o 68.0 percent, on average (52.0
percent). The percentage of sand ranges form 31-69.0 percent on the average (47.0 percent).

and the percentage of clay range from 1-2.0 percent, an average (1.0 percent).

Well number six (M5)

The graphic mean size values ranpes between 0.048 ¢ to -1,202 § (coarse to granule
sand), on the average the sand consists of granule (8.0 percent)m very coarse sand (75.0
percent) and coarse sand (17.0 percent).

Inciusive graphic standard deviation values ranges between 1,10 ¢ 10 2,14 & (poorly to
very poorly sorted), most sands are poorly sorted 83.0 percent) followed by poorly sorted
{17.0 percent).
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The Inclusive graphic skewness values ranges from 0.055 to 0.500 (Near symmetrical

to strongly fine skewed). Majority of the samples shows strengly fine skewed (67,0 percent),
fine skewed (25.0 percent and nearsymmetrical (8.0 percent).

The Graphic kurtosis values of the sand range from 1.030 to 0.660 (Mesokurtic 10 very
platykurtic). Majorities of the samples are platykurtic (67.0 percent} very platykurtic (17.0
percent), Mesokurtic (8.0 percent) and Leptokurtic (8.0 percent).

The weight percentage of gravel 1anges from 43 1o 69.0 percent, on average (53.0
percent). The percentage of sand ranges from 30 to 61.0 percent, on the average (46.0

percent, and the percentage of clay ranges from 1-2.0 percent, on average (1.0 percent).

6.4 Conclusion
The sedimentological studies indicate that prains in the saturation zones are coarse, well

rounded and well sorted. The percentage of clays generally ranges between 1-10 percent.

The percentage of sand and grovels ranges from 24-80 % and 11-78% respectively,
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Fig. 6.1 Location map of well points in down-stream of wadi Malal,



Fig. 6.2 Geological section of well numbsr one (M3a.1)

Age | Scale Lithulng\l Description
(m)
Sand - fine to ctoarese
Clay - soft and sticky
Pebbles - well rounded
-
" Sand - fine to coarse
clay - soft
® Granule - different sizes
=
o Sand - fine to very coarse
- clay - soft
=
- Pebbly fine to coargse sand
o Sand - fine to very coarse,

granules

Sand - fine to very coarse,
soft clay, granular

Bedrocks(basemaent),
weathered Rhyolite
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Fig. 6.3 Geological section of well number two (M3.2)

Age Description
giip:Sand - fine to very coarse
-f.'::Ef: Pebbles
Sand - fine to very coarse
.{Clay - soft 50%
s
> A
- ; ﬁggiﬁ 1 sand - Fine to coarsr
@ waeid Clay 40%
e i  Granule
i
EEHI
bl EIEI
o | 35T il
- and - fine to coarse
o lay 15%
- :::{Sand - fine to coarse
o i{Clay 25%

[ Clay 10%

.]Sand - fine to coarse

e

) |
Bedrocks-unwaathered Rhuliq

89



Fig. 6.4 Geological section of well number three (M3.3)

Age 5“{::;’ Lithology Description
RO
e J RIS
10 :::::g}:::::l:::f:' Sand - Fine to coarse
:::::::::::?:_:_ Clay - 50%
15 :::E::.’::fé{::::.
. 20l
= i 25
- +]
c 30
- as Clay - more than 70%
@ sand - fine to coarge
- 40
o
= 45
: Sand - fine to coarse,
@ | so Clay - 25%
A R —_ B
55 ,n,,u,u,,-.,-,;.ﬁ,n Bedrocks - weathered an
AAAANAAANN

fractured




Fig. 6.5 Geological section of well number four { M3.4)

Age Sn{:‘l}e Lithology Description

----------

.....

Sand - fine to very coarse
Clay - 30%

Sand - fine to coarse
Clay - 10 %
Granule

Sand - fine to wvery coarse
Pebbly
Clay - 60%

Q uaternary

r """'-—'—'—-F"'N_..—-—n.._,_._‘_‘-_ —t -

Bedrocks - weathered,
fractured




Fig. 6.6 Geological section of weli number five (M4)

Age | Scale thhﬂlﬂg)' Description
(m)

Sand - Fine to very coarss
Clay - more than 50% in lowsr

part

> Sand - fine to coarse, pebbly
- Clay - 30%
L.
=
@ Sand - fine to very coarse,
- pebbly
m Clay - 15%
=
o
Sand - fine to very coarse.
_ granule
=izt Clay - 70% '
| LT At e e e e

Bedrocks - weahered




Fig. 6.7 Geological section of well number six {M5)

Age S?'JE Lithology Dascription
m

Sand - fine to coarse, 50%
i1l Pebbles - 30%
: j;'g Clay - 20%

25]*2-:-‘;%-:@:-:-: Sand - fine to very coarse,
Sl 50%

Granule - 25%

Clay - 25%

Sand - fine to coarse, 40%
Pebhles - 40%
Clay - 20%

Quaternary

Sand - fine to very coarse,

: 40%
60 wn® ooy Granule - 30%
1_... Clay - 30%
6 5 it
L e - s,

§§§ Bedrocks, weathered

23
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CHAPTER SEVEN

EVALUATION OF WATER RESOURCES

The evaiuation of surface and proundwater potential are of the main objectives of this
stedy.
The data available on metecrological and hydrological variables were collected from the

Ministry of Agriculture and Water. The collected information includes the following;

A-  Data from the two major meteorological stations in Al Madinah area. These are M0O1
and MOO4, The data includes all major meteorological variables such as air
emperature, pan evaporation, wind data and precipitation.

B~ Data conceming other precipitation recordets station of J223, M214 and M215, This
data includes enly monthly precipiiation for these stations for few yeats,

C-  Summary of data from the runoff station around Al Madingh area. These include
monthly and annual discharge in million cubic meters for ranoff stations J408, M401,
M402, M403, M404, MA(7, M408 and M409.

D-  Observation Wells Data; Data from five observasion wells around Al Madinah area
were also made available. These include MU-T2 (Al-Musayjid), ME-T4 and ME-T5
{Harrat Rahat}, KHA-T3 (Harrat Khayber) and SA-T3 (Wadi Al Safra).

On the basis of data obtain from the MAW, the following information was observed:

1- All the records from the meteorological and runoff data are given only up to 1986 or
1987 at best. This well be checked with the MAW 10 see if, for some locations at least,
there is more data to be collected.

2- Unfortunately there is no runoff station or observation well located within the study
area itself. The two meteorological station areas located in Al Madinah itself (MOO1)
and at Hanakiyah (M004). However, the meteorological data will be useful for the
whoie réginn of Al Madinah including the study area. With regard 10 the renoff

Station, data from similar caichment in Al Madinah argg were vsed.  The closest
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abservation well to the study area is the one located at Al-Musayjid. Data from welis

~ within the study area was not available,

7.1 Surface water
7.1.1 Precipitation in the study area

Rainfall is the original source of all water tesources. Therefore, the analysis of
precipitation data within the study area is very important for the evaluation of its water
resources,

Precipitation in Al Madinah area is generally low to very low. ITALCONSULT (1979)
has estimated rainfall for the whole Madinah area to be between 50 and 100 mm/year. They
also suggested that & large part of it occurs in a few rainfall events and that it can be of great
intengity, Data from all the stations having precipitation records close to the study area were
collected from the Hydrology department in the Ministry of Agriculture and Water. Table
7.1 shows basic information that was either collected or calculated for these stations, Fig. 7.1
shows the locations of four of the metecrological stations that are close to the study area.
The mean annval precipitation for Wadi Malal area was estimated by the average of the four
stations shown in Fig, 7.1. This resuited in 61.6 mm as an average annuai rainfall distributed
througheut the year in similar manner as the four stations. The rainfall starts from October to
May with the greatest amounts occurring in March and April. The summer menths June
through September are all much drier than the rest of the year. This is a typical distribution

of rainfall in the whole interior regions of Saudi Arabia.

7.1.2 Data on surface ranoff

There are eight runoffs measurinp stations in the whole region of Al Madinah. The
data from these stations were collected from the Hydrology department in the MAW. Three
of them are close to the study area. They are M401, M402 and M403. Table 7.2 gives basic
information on these three stations while Table 7.3 Bives their mean menthly runoff in m3/s

(Al-Ahmadi, 1994).
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The runoff values given in Table 7.3 show the following;

l. Surface runoff can be expected from the months of Nov. through May for any medium
or large size catchment areas like those for the stations MA401 and M402. Wadi Malal is
almost the size of the catchment for M402,

2, During the months June through October, runoff is not expected in these aregs.
Rainfall may occur in October but since the condition of the soil will be too dry after a
long and dry summer it is expected that ronoff is not generated. Most of the water will

simply infiltrate.

7.1.3 Wadi Malal soil physical characteristics

Soil samples were collected from Wadi Malal at different sections M3, M4, M3, M6,
M7 and M3. These sections are located across Wadi Malal flood plane as we move from the
downstream 1o the upstream part of the wadi.

Two sets of samples were taken close to the surface (0 -50 ¢cm depths) and at different
locations along the sections M3 10 MS. The resulis of the analyses of the first set of samples
were presented and discussed in details in chapter three. They represent  the statistical
evaluation of grain size distribution (texture) of the soil in the study area. The second set of
samples is presented and discussed in this chapter, They are directed toward evalvation of
basic soil physical characteristics.

Table 7.4 shows the sampling stations, wadi flood plain width and the main channel
width at the different locations across the wadi, From the values presented in this table, the
average width of the floodplain and the average main channel width were catculated, They

are 975 m and 216.7 m, respectively

Table 7.5 shows the summary of the test resulis of the second group of soil samples. In
this table specific gravity (Gs) Dry density (yd) in cm/sec, void ratio (e}, coefficient of
permeability or saturated hydraulic conductivity (K} in grisec., porosity (n} and prain size
analysis for the 24 samples is given. There were six samples at station M3 with the first M3-
$8-1 taken in the main channel while the rest were taken along the section at different

locations,  Similarly, at the other stations one sample is within the main channel while the
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rest are along the section, For the stations M4 to M8, the samples located in the main

channel are M4-88-5, M5-88-3, M6-8S-1, M7-55-3 and MB&-88-3, respectively.

The average specific gravity, dry density, void ratio and porosity for the locations were
calculated frotn the test results, They are presented in Table 7.6. The averages for épecific
gravity and dry density for all the locations do not vary too much as expected. The void rato
and porosities show variations of their values 45 we move upstream that are generally

consistent with the change in soil grain size distribution.

The wvalues of the coefficient of permeability in cm/sec. given in table 7.5 show clearly
low values of this important parameter outside the main channel due to impermeability of the
soil, However, the values of K in m/sec. are ali high within the main channel, which is
expected. Since the value of the satorated hydraulic conductivity is very important in the
estimation of flow within the wadi bed, the values of K were calculated at different stations

in m/day and they are presented as given in table 7.7

1.1.4 Flood frequency for Wadi Malal

There are no rainfall or runoff stations within the catchment of Wadi Malal. The
estimation of the flood frequency can be estimated by nsing regression equations that were
developed by Al-Turbak and Quraishi (1987) for different regions of Saudi Arabia. The
basic equation used is the following:

Qt = a (DA (AP) (CL)d (CS)e

Where Qt is the peak discharge (m3/s) for the recurrence mterval, ¢ years.

DA = Drainage Area, Km?2

AP = Mean annual precipitation, mm

CL = Main channel length, Km

CS = Muin channel average slopes m/m

a, b, ¢, d and e are regression coefficients given by Ai-Turbak and Quraishi (1987) for

=3, 10, 25, 50 and 100 years recurrence intervals,
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For Wadi Malal, the following were used in the application of the flood frequency

equation;
DA = 3200 Km?
AP = 6.6 mm _ i
CL = 65 Km l
CS = 0.0062 m/m

The average siope of the main channel CS was calculated from difference of elevation
between the two ends of the main wadi channel divided by channel fength (CL), The values
of the coefficients a, b, c,d and e for t = 5 years is shown below as an example. These are

taken from Al)-Turbak and Quraishi (1987):

a=944X 107
b = 0.0389

c = 25285

d = 0.2693

e = -0.9335

Using the values of wadi parameters and the regression coefficients, the peak
discharge for t = 5 years was calculated and found to be Q5 = 15.3 m%s. !
In a similar fashion, the peak discharge for the retum periods t=10.25, 50 and 100 |

years was calculated and the resnits are given as:

4, years Qt, (m3/s)
5 15.3
10 | 22.8
25 30.5
50 37.2
100 432
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The small valves for Qt even for 100 years flood is normal for the very dry conditions

of the study area,

7.1.5 Volume of rainfall and its contribution to groundwater recharge

The volume of the mean annual rainfafl {m3) was estimated for Wadi Malal 2rea. The
total volurae is estimated to be:

VR = 3200 (1000)2 (61.6 mm)

Or 197,120,000 m*.  Only 2-4% of this volume, however, recharges the local aquifer.
This was estimated by previous studies. Based on this, the volume of surface water
contributing directly to groundwater recharge is between 3, 942,400 and 7,884,800 m3 with
an average annudl valve of 5,913,600 m3. This means that on the average 5,913,600 m3 of
water will recharge the local aquifer in Wadi Malal. The source of this recharge is surface

water, flowing in wadi channels and infilirating to the water table.

7.2 Groundwater
7.2.1 Previous studies

ITALCONSULT (1979) presented general reports on ali aspects of development of
the Al Madinah area including peneral sutrvey of groundwater. The maim conclusions of

ITALCONSULT study with regard to groundwater in Al Madinah area are:

1- Total saturated volume of the aquifer complex was estimated to be 15200X 106 m3.

- This will give maximum groundwater storage of about 750x106 m3 in the whole Al
Madinah area, assuming an average specific vield of 5%.

2-  Atotal of 1302 wells {(dug and drilled) were inventotied in the whole Al Madinah area,
10 - 15 % drilled wells and almost all of them completed in the sub-basaitic alluvial
aquifer.

3-  Total annual volume of water extracted for irrigation was about 30 x 106 m3

4-  Total annuat volume of water extracted for domestic use was about 10 x 108 m?3

5-  The transmissivity of the whole Al Madinah area can be estimated o be 3 - 3 x 10-2
m?/s and the specific vield is 5 - § x 10-2.

6-  The percentage of rainfall which reaches 1o the aquifer is 2 - 4 %.
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The ITALCONSULT study was good in the sense it has surveyed all aspects of water.

in Al Madinah area. However, none of the details were carricd out in Wadi Malai,

7.2.2 Estimation of groundwater storage.

The ground water in storage in the aquifer in Wadi Matal was estimazed by finding
the volume of the saturated zone and multiplying it by the average specific yield of the
aquifer.

The volume of the saturated zone in the study area was calculated using the results of
the geophysical part of the study. To estimate the proundwater in storage in Wadi Malal
area, it is necessary to first estimate the cross sectional areas of the saturated alluvinm at the
different stations. The part of the saturated volume of the aguifer between M3 and M4, for
example, can be estimated by multiplying the average of the cross sectional areas at the two
stations by the distance between them.

The cross sectional area of the saturated sand at M3 profile, for example was
calculated using the following procedure:

1- The area is divided into parts each part represents an incremental cross-sectional area of
the saturated medium between vertical lines,

2- The depth of the saturated sand at each verical location is estimated from the profile
using the scale of the profile,

3-  The incremental cross-sectional area is then calculated by multiplying the average of
the depths of the saturated sand by the distance between the vertical locations,

4-  The incremental cross-sectional aress are added to obtain the total cross-sectionat area
of the saturated sand at the profile location,

3-  This procedure was used in all the calculations of the cross-sectional areas for all the

profiles.

Using the profiles No. 3 and 4, the cross secticnal areas for saturated sand are
estimated as follows;

at M3, A = 64100 m2

It

at M4, A = 33479 2
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~ The distance between M3 and M4 is estimated to be 2,25 km. The volume of

saturated sand between M3 and M4 was then estimated as:

(64190 + 33479)
b T [ N — (2256)

2
V34 =109, §77, 625 m3

The volume of water in storage between M3 and M4 can be found by multiplying V3.4
by the average specific yield (Sy). For Al Madinah area, Sy is within the range (5-8)x10-2,
If the value Sy = 5 x 1072 is used, the volume of groundwater in storage between the two
stations M3 and M4 in Wadi Malal is calculated as;

Vi1
Vi

109, 877, 625 (5x10-2)

5,493, 881 m?

In a similar manner, the volume of water in storage between M4 and M5 in Wadi
Malal was estimated as follows:
First, the cross sectional areas of the saturated zones are found (from geophysical
profiles)
at M4, A = 33479 m?
aMs, A = 18346 m2
The distance between the two stations M4 and MS is about 7.5 km.

The volume of saturated zone between M4 and M5 is calculated as

(33479+18340)
VY4.5= —— = (7500
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Va.5= 194,343,750 m?

Similarly, the volume of groundwater in storage between the two stations M4 and M5
in Wadi Malal is calculated as foliows:

Y
v

194, 343, 750 (5x10-2)
9,717 188 m3

Table 7.8 shows the resuits of groundwater in storage in Wadi Malal. The total
groundwater storage given in the table is 62,335,000 m?. This represents the proundwater in
storage in the local aquifer extending under the main channef only. It does not include the
last part of the catchment (upstream of profile No. 8) and it dose not include the parts of the
aquifer away from the flood plain of the main wadi channel. Based on the areas not covered,
it is estimated that about 30% should be added to the found volume to make it representing
the whole arsa,

k is therefore, estimated that the total groundwater in storage in Wadi Matal is about 81

million ¢ubic meter.

7.2.3 Results of drilling samples

Tables 7.9-7.14 shows the results of the analysis carried out on samples taking during
the drilling of the six wells explained in chapter three. These results include specific gravity,
dry density, void ratio, porosity and the hydraulic conductivity (coefficient of permeability)
for the samples taken at the shown depths.

The values of the specific gravity and dry density vary slightly and are ali within the
expected ranges. Void ratio and porosity value variations depend mainly on soil type of the
samples. The lithology of the wells is given in chapter three and the description given for
each layer explains the wariation in the void ratio and porosity. The hydraulic conductivity
also varies with soil type, It is noted for example that at well no. M3.1 the hydraniic
conductivity is low to medium except after the 42 m depth, which is consistent with the

description given in chapier three.
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7.2.4 Discussion

ITALOCUNSULT has estimated that the total groundwater in storape in Al Madinah
area was about 750 million cubic meters. The result of this study has shn';vn than
groundwater in storage in Wadi Malal was about 81 million cobic meters. The catchment
area of Wadi Malal is 3200 km? while the caichment for the Al Madinah area in
ITALOCUNSULT study about 10 times as much. Therefore, the estimate of groundwater in
storage in the study area is reasonable.

It was also estimated by this study that the mean annual recharge to the aguifer in Wadi
Malal catchment is about 5.9 million cubic meters. To be able to see if the groundwater in
the study area is being depleted, it is necessary to estimate the annual pumpage and compare
it to the annual recharge. It the water being pumped annually is more than the estimated
mean annual recharge, then the aquifer is being depleted.

It is suspected that the annual pumping in the study area is higher than the mean annual
recharge. This means that the aquifer in Wadi Malal catchment, like almost all aquifer in the
ares, 18 being depleted. Water is being replaced which will result in declining water levels.
The evidence of this is clear since so many farms have recently been started in the

downstream area of the much Wadi Mzlal and in some of its tributaries.

7.3 Quality of gronndwater
7.3.1 Samples collection
A total of 33 wells were sampled covering the study area as follows (Figs. 7.2, 7.3, 7.4
2 upstream wells
16 middle stream welis
15 down stream wells

Table 7.15 lists the wells numbers, locations and depths.

7.3.2 Sampies analysis
All collected samples were analyzed in duplicate for the following constituents:

temperature, pH, EC, turbidity, total dissolved solids (TDS), total hardness, alkalinity, Ca,
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Mg, Na, K, Fe, Mn, CI, SO, NO5, and F. The first four parameters were measured in the

field during samples collection time whereas the reraining parameters were measured in the
laboratory by following the Standard Methods for Water and Wastewater Examination.
Table 7.16 gives details about the methods of analysis and the equiptnent used.

7.3.3 Results and discussion

Thirty-three samples were collected from the study arem, which included 2 upstream
wells, 16 middle stream wells and 15 down stream wefls. The locations of these wells with
their respective depths have been presented in Table 7.15. Welis were shallow and the
depths of the wells varied between 30 and 80 meters. All of the wells were located in the
agricultural areas of Wadi Malal in Al Madinah area, Samples were analyzed for
temperature, pH, turbidity, conductivity, dissolved solids, total hardness, Ca, Mg, total
alkalinity, Fe, Na, K, F, Cl, NO3 and S04 using Standard Methods. Temperature, pH,

turbidity and énnductivity were measured in the field.

Considering the physico-chemical characteristics of all well waters (Tables 7.17,7.18,
and 7.19) average temperature varied between 30 and 359C for upstream, middle strearn and
down stream. The average pH for upstream, middle stream and down stream well samples

was 7.1, 6.9 and 6.98 respectively, whereas average turbidity for upstream, middle stream,

and down stream wells was (.79, 1.0 and 01.82 NTU respectively. The average dissolved -

solids (TDS} were 1283, 1148 and 1323 mpg/L respectively for upstream, middle stream and
downstream wells, Average calcium {as CaCOs3) and magnesium (a3 MgC0s3) for upstream,
middle stream and down atream wells were 370.8, 470.1, 470.1 mg/L and 135.1, 133.4,
133.8 mg/L respectively, whereas average sodium and potassium were 211, 163.5, 181.0
mg/L and 2.2, 3.6 and 3.5 mg/L respectively. Fluoride concentrations were found in low
concentrations and varied. between 0.63 and 00,95 mg/L. Average chloride concentrations
woere 343, 328.4 and 277.5 mg/L respectively, for upstream, middle stream and down stream
wells.  Niirate was present in considerably high mﬁcentratiuns in all wells, Average nitrate

levels of 6115, 131.7 and 198.8 mg/L were found for upstream, middle stream and down
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stream wells respectively. Average SO4 values for upstream, middle strearn znd down

stream  wells were 252.5, 202 and 251.8 mg/L respectively. The average alkalinity was 209,

192.7 and 174 mg/L for upstream, middle stream and down stream wells respectively.

The results showed that there was very little variation for average pH from upstream
wells 1o the down siream wells. It was true for the average turbidity values. Average
dissolved solids increased in the down stream wells, Average calcium was also found to
increase in the down stream samples as compared 1o the upstream wells. Small variation was
observed for average magnesium and potassium from upstream wells to downstream welis.
Average sodium decreased in the middle stream wells but increased in the downstream wells.
The same trend was observed for svlphate also. Average fluoride decreased from upstream
wells to down stream wells. The most dramatic change was observed for nitrates. Nitrate
jumped from its average value of 60.5 mg/L in the upstream wells to 198.% mg/L in the
downstream wells. The high levels of nitrate i ail samples may be atiributed to the fact the
area in which the sampling was carried out is a predominantly agriculivre area and the use of
nitrogen based fertilizers in the fields may have increased nitrates in the shallow aguifers
from which the wells are connected. Also, an increase from upsiteam to down stream wells

shown a movement of nitrates from upstream to the down stream.

Upstream Wells:

Only two wells were sampled in this group of wells. Conductivity dissolved solids and
several ions like Ca, Mg, Na, K, F, Cl and 804 were higher in well 31 than well 32 {Table
7.17). Itmay be mentioned that well 31 is down stream to well 32 and is deeper {58 M) than

well 32 (51 M) and therefore, ionic movement from well 32 (o well 31 may not be ruled out,

Middle Stream Wells:

16 wells were sampled in this group of wells. The well depths varied between 30 and 65
meters. Maximum conductivity, dissclved solids and various cations and anions were found
in well 30 which is a shallow well with 35 meter depth, whereas minimum levels of different

parameters were found in well 18 which has a depth of 65 meter (Table 7.18),
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Down Stream Wells:

15 wells were sampled in this group of wells, The well depths varied between 55 and
80 meters. In fact, these wells were much decper than the upstream and middle stream wells,

The maximum ionic concentrations were found in well two and the minimum in well 13

{Tabie 7.19).

7.3.4 Suitability of Wadi Malal well waters for irrigation:
The suitability of water for irrigation is judged mainly from the following

characteristics:

a.  To1al concentration of soluble salts (TDS)

b.  Relative proportion of sodium to other cations.

¢.  Chlorides and sulphates.

d.  Bicarbonates,

e.  Concentrations of potentially toxic elements present in water.

f.  Bacterial contamipation.

However, the suitability of irrigation water is very much influenced by the constituents
of the soil, which is to be irrigated. A particular water may be harmful for irrigation on a
particular soil but the same water may be 1olerable or even useful for irrigation on some
other soil. Values for different grades of imrigation water are shown in Table 7.20,

The evalvation of Wadi Malal well waters showed that considerable concentration of
Ca, Mg, Na and K were present in most of the wel] waters. 1t is known that salts of Ca, Mg,
Na and K present in irrigation water may prove injurious to plants. When present in
excessive quantities, they reduce the osmotic activities of plants and may prevent adeguate
aeration.

The sodicity of the irrigation water is the extent to which it can possibly influence the
exchangeable .sudium content of the soil and cause infiltration and permeability problems
affecting the plant growth. The criteria used 1o evaluate irsigation waters from sodicity point

of view are percentage of Sodium and Sodium Absorption Ratio, The percentage of Sodium
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for both the upstream well waters was above 40% making these waters Grade B itrigation

water. However, 62% well waters in the middle stream were of Grade A quality, with
Tespect to percentage of Sodium whereas the rest belonged to Grade B, In down stream
wells 47% well waters belonged to Grade A of irrigation water whereas the rest helonged to
Grade B.

The evaluation of Wadi Malal well waters with respect 1o chloride showed that in
upsteeam weils, one well belonged to Grade B (W 32) and the other (W 31} belonged to
Grade C of irrigation water. In middle stream wells, 62% met the Grade B quality of water
whereas the rest were of Grade C quality. In downstream wells, 80% welis were of Grade B
quality whereas the rest were of Grade C quality. Considering Sulphates, all well waters

from upstream to downstream wells were of Grade B quality of irrigation water.
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Fig. 7.2 Wells locations in down-strearm, wadi Malal
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Fig. 7.3 Wells locations in nl(lig_ble—srream; wadi Malal
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Table 7.1 Precipitaticn stations

NAME AND YEARS OF MEAN ANNUAL

COORDINATES RECORDS PRECIPITATION (mm}
Madinah Farm {M001)

Lat. 24°31'N. : 25 59
Long. 39°35'E.
Hanakiyah (MO04)
Lat. 249 50'N. : 25 62.1

Long, 40°31'E.
Bir Mashi (M103)

Lat. 24 11'N, ; 20 423

Long, 39° 32'E,
Meleiieh (M108)

Lat, 24° 40'N. 20 33.1

Long, 39° 13'E.
Mosyjid {1223)

Lat. 24905 N, ; 15 921
Long, 39V 05'E.

Table 7.2 Basic parameters of three runoff stations
STATION NAME, | CATCHMENT | COORDINATES | ELEVATION

NO. AND YEARS OF | AREA (KM?) {m)
RECORDS
Wadi Aqu! at the Dam 33,000 240 3 N 625
(M4D1), 18 vears | Lat 03{} :
Long. 39~ 44' E.
Wadi Aqig at Arwa 3100 0 A 620
Dam (M402)}, 17 years Lat 24 ‘]2 TN
Long. 39Y 35" E,
Wadi Awali at Bathan 16 Lat. 240 27 N. 630

DAM (Mdd3), 17 years

Long. 399 36" E.

Table 7.3 Mean menthly runoff (m’/s) for three mnoff stations

MONTH Mdd1 Mdi2 MA403
JANUARY 5.2 3,5 0.7
FEBRUARY 1.0 1.0 0.0
MARCH 6.5 7.4 .0
APRIL 6.2 14.0 2.1
MAY 6.8 1,1 0.1
JUNE 0.0 0.0 0.0
JULY 0.0 0.0 0.0
AUGUST 0.0 0.0 0.0
SEPTEMBER .0 0.0 0.0
OCTOBER 0.0 0.0 0.0
NOVEMRBER 34.5 1.1 0.1
DECEMBER 6.7 1.8 0.1
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Table 7.4 Approximate flood plain and main channel widths, Wadi Malal

Station Flood plain width (m) Main channe! width (m)
M3 2100 425
M4 820 180
M5 460 19
M#b 1300 200
M7 620 155
M3 350 150
Table 7.5 Soil samnples test results
Sample | Sp.gr. | Density | Void |Coff. Porosity
No. Gy wd ratio of "n" Gravel | Sand Silt Clay
guiem? | "¢" | Perme % % % %
M3.88-1| 2.71 1.73 0.56 | 145.7 (.36 5 90.3 4.7 -
M3-88-2| 2.71 1,86 0.43 | B.142 0.30 8.3 81.1 8.9 1.7
M3-88-3| 2.71 1,89 043 1 0132 | 030 225 | 535 | 135 | 105
M3-55-4| 2,72 1.74 {155 8.17 0.35 3.8 78.5 | 117 4.5
M3.88-5] 2.719 1.67 0.62 | 11,54 | 0,38 7.5 77.5 { 11.0 | 4.0
M3-85-6 | 2.71 1.82 [ 049 | 1393 | 032 | 102 [ 792 | 80 [ 26
M4-85-1] 2.70 i.88 .43 20.0 .30 167 | 742 | 9.1 -
M4.88-2| 2,71 1.70 (.59 17.7 0.37 0.8 90.1 9.1 -
M488-3]| 2.716 1.81 0.49 16.3 (.33 10.0 | 783 8.1 3.6
M4-554 | 2,71 1.67 .61 22,3 {.38 18.1 | 697 8.9 1.3
M4-88.5 | 2.72 1.74 1,56 42.1 (.36 1.0 89.3 9.7 -
M5-88-1| 2.71 1,78 0.52 | 5994 | (.33 11.3 | £1.8 6.9 -
M5-88-2] 2.7 1,79 0.51 | 4177 | 0.33 15.8 1 765 | 7.7 -
M5-88-3 1 2.68 1.84 045 | 3310 ! 0312 26.7 | 70.5 2.8
M6-88-1 | 2,70 1.9 042 | 2066 | 0.29 237 | 729 3.4 -
M6-55-21 2,71 1.85 (.45 7.98 .313 201 | 68.8 8.9 2,2
M6-85-.3| 2.71 1.92 0.41 | 12.91 (.29 17.3 | 74.0 8.7 -
M6-5S-4| 2,72 1.89 ().44 3.33 .30 7.9 714 | 164 | 43
M7-88-11 2.71 1.83 0.48 | 13.12 | .32 4,5 82.5 0.7 3.3
M7-85-2| 2,72 1.78 (.52 | 11.91 0.34 3.5 80.6 | 13.0 2.9
M7.88-3 | 2.71 1.67 0.62 | 174.3 ().38 1.0 93.8 5.2 -
M8-58-1| 2.71 1.9 (.33 {1.61 (.26 223 | 605 | 14.3 2.9
M8§-55-2| 2.70 2.07 0,31 6.95 0.23 25.0 | 66.2 8.8 -
ME-88.3| 2.69 1.92 0.40 | 19840 | 0.28 28.0 | 69.3 2.7 -




Table 7.6 Average values of basic soil characteristic
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STATION s d € I
M3 2.716 1.795 0.512 0.339
M4 2,715 1.764 (1.542 {.350
M35 2,702 1.809 0.497 0.328
M6 2.708 1.892 {(.432 0.301
M7 2.719 1,762 0.545 0.352
M8 2,701 1.905 0.355 {0.261
Table 7.7 Main channel K
STATION cm/sec. x10-4 m/d
M3 145.7 12,56
M4 42,1 3.64
M5 331.0 28.60
M6 206.7 17.86
M7 174.3 15.06
M8 198 17.11
with the average value of K for the whole main channel being 15.81 m/day.
Table 7.8 Calculation of groundwater in storage, wadi Malal.
DISTANCE YOLUME OF VOLUME OF
PROFILE | SATURATED BETWEEN SATURATED STORED
NO, AREA, m? PROFILES(Km} ZONE, X106 WATER
(m3) X106 (M3
3 64190
2.25 109.9 5.495
4 33479
1.50 194.3 2715
L3 18346 X
14.17 534.2 26.71
6 56921
2.26 79.9 3.995
7 13891
14,52 328.4 16.42
8 31346
TOTAL 62,335




Table 7.9 Results for drilling samples well number one {M3.1)

Depth | Specific | Dry Density{ Vold Ratis Porosity Coefficient of PaMbIIityr
{m) | Gravity,Gs | {(gicm*3} {a) {n), % k20,(cminec.}
2 2.753 1.0%1 0.8675 40.03 18461044
8 2,752 1.72¢ 0.5835 7.25 211044 1
14 2.739 1.807 0.4358 20.35 7.404*104.5
18 2.738 1.745 0.5881 38.27 2.083°904
22 2718 1.884 0.4427 20.58 2.341*10* 2
28 2.703 1.74 0.5534 35.63 1.834"10*4
32 738 1.878 0.5317 8.7 5.30510%.8
] 271 1.836 0.6632 39.88 2.84510~.5
42 2.74 1.56 0.7564 43.07 19811044
48 2.7 1.743 0.5481 35.44 1.032710~3
52 2,826 1.645 0.7168 41.85 1.813"10*3
56 2.71 1.588 0.7085 41.40 2.5827710%4

80 2. 1.711 0.5839 38.85 TA1"10~4




Table 7.10 Results for drilling samples well number two (M3.2)

Dapth | SpecHic | Dry Dansity | Vold Ratlo Porosity | Coefflcient of Parmeabllity
m) | Gravity,Gs (g/em*3) {a) {n}), % k2t {cminec.)
2 2773 1.678 D.6555 36,60 1,358 10 -6
6 2.761 1.744 0.5831 36.83 9.913* 1015
14 2.1 1.871 0.4543 31.24 5,508*10%4
22 | 27 1653 | 06334 | 38.78 1.903*10%-3
28 2.69 1.675 0.6060 37.73 0.0478
26 2719 1.623 05753 40.3 2,558 10~4
40 2.7 4.659 0.6335 38.78 1.722* 1044
43 2.708 1.677 0.6148 38.07 1.033* 10*4
52 2703 1.881 0.4234 30.04 1.48* 1 nnq
28 2.085 0.3819 26,57 3.227 1005
2.808 1.8593 D.6536 39. 1 0.0857
70 2.81 1,756 0.6011 37.54 0.0637
74 2.8 1.848 0.5206 34.23 0.0254
76 2.81 *1.823 ﬂ.?31l4 42.24 0.0243
7880 281 1.707 D.6462 39.26 0.102
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Table 7.11 Results for drilling samples well number three (M3.3)

Dapth | Specific | Dry Denaity | Void Ratic | Porosity { Coefflclent of Parmeability
{rm) | Gravity,Gs {gicm*3) {a) {n), % k20,{emigec.)
2 2.727 1.554 0.7548 43.01 3.163* 1005
s | 2715 | 1873 | o72e0 | 4208 1.966" 10°-6
10 2.737 1.307 0.8162 44.94 4.93" 1045
12 27 1.853 0.4571 31.37 1.008" 10%.3
16 2.735 1.765 0.5518 35.66 4.04%" 10~-5
22 2.73 1,568 0.7411 4258 3.293" 1075
28 273 1474 0.8321 46.01 5.838* 10~.8
32 2.73 1.426 0.9144 47.77 3383 1075
C 2,682 1.473 .8208 48.08 2,639 10n8
36 275 1.363 1.0220 50,54 1.0858* 10*6
4041 1 2.711 1,734 0.5634 3604 5.806" 10*-3




Table 7.12 Results for drilling samples well number four (M3.4)

Depth | Specific | Dry Dansity | Vold Ratlo Poroslty | Coefflclant of Permantility

[m} | Gravlty,Gs (g/em*3) i) {n), % k20,{emizac.)
2 2.69 1818 | 04796 | 3242 1.8668* 1044
B 27 1.802 (.6854 40.67 3154 1015
12 2.72 1,558 0.7458 | 4272 1.780" 10°-4
14 2.73 1,646 0.6586 38,7 4.271* 10~.5
2.7 1.615 0.6718 40.19 1.254* 1074

2.77 1.4 0.9786 | 49.48 7.35* 10~6

265 2.7115 1.354 1.0082 50.42 1.672* 104
32 2,723 1.51 0.8033 { 4455 1.447" 1075
34 21 1.456 0.9613 45.27 2372 10%5
38 2716 1,382 1.0089 50.22 2.715" 10%-5
44 2.78 1.281 1.1702 53,92 7.624*10%§
48 272 1.448 0.9788 46.76 1.256* 1075
52 2.7 1.667 0.6497 39.26 1,990" 10*-3
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Table 7.13 Results for drilling samples well number five (M4)

Cepth | Spaclfic | Dry Density | Void Ratlo Porosity | Coefflciant of Permealillity

{m} | Gravity,Ga _{g/emAd) {a} in}. % k20,{cmisec.)
2 2.7 1.418 0.9287 | 4815 8.72° 10~-8
6 2.71 1.765 05354 | 3497 2.531*10*4
) 2.72 1.75 0.5543 35.66 2.233" 1004
12 2718 1.843 04992 | 233,30 2.001* 104
18 2.72 1.881 0.461€ | 31.58 1.884* 1024
18 2.7 1.818 0.4851 32.67 1.931* 10%4
24 2.659 1.827 04773 | 323 2.143* 10*3
2.7 1.823 0.43866 3273 4.132* 1044

2.1 1.82 0.4880 | 3284 4.891* 10~ 4

40 2,79 1.81 0.4572 33.24 3.912* 104
42 27 1.981 D.3629 | 26.63 §.121* 10~3
44 2.702 2.003 0.3490 | 25.87 5.600" 1043
48 2.715 1.8 0.5083 33.70 4.912" 104
52 2.723 1.781 05289 | 34.65 $.213 1004
54 2,73 1.769 0.8432 35,20 5.589* 104
60 2.73 1.778 0.85354 | 3487 §5.081* 104
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Tabie 7.14 Resulis for drilling samples well number six (M5}

Depth| Speclfic | Dry Dansity {Void Ratio Porosity | Coefflcient of Permeability
{m) | Gravity,Gs _{gicm*3) (] {n} % k20.{cm/sec.)
2 2.713 1.819 D.4136 | 29.27 2.350" 1044
8 2.712 1.826 04852 ; 3267 2.106* 1044
12 27114 1.574 0.7224 | 4194 6.432" 1074
18 2.7 1.819 0.6739 | 40.26 7.623* 1044
20 2.7 1.83% 04714 | 32.04 2.322* 10*~-3
26 2,702 1.705 0.3848 | 36.90 1.852* 1013
ap 2.7 1.679 06081 | 37.84 2.911* 1003
2.1 1.426 0.9004 | 47.38 4.284* 1004
2.7 1.78 0.5420 | 35.4% 1.9912* 103
44 2.7 1.7683 0325 | 3470 1.851* 1043
48 2.71 1.539 07615 | 43.23 5.131* 104
52 2M 1.376 0.9695 | 49.23 6.078" 1044
54 2.713 1.812 0.7943 | 44.27 5.22* 10*4
2.7 1.826 04786 | 3237 4.368" 103
80 2.702 1.785 0.2083 | 33.57 BAST 1004
66 2,708 1.676 0.6158 | 3B8.11 947104




Tahle 7.15 Samgle well, their locations and deEth. :

WELL NO. SAMPLE NO. LOCATION DEPTH (m)

Wi 1 Lat. 242 36" 52'N 73
Lopg. 39° 15 03"E

w2 2 Lat. 24© 36' 45'N EQ
Long, 390 14' 53"E

w3 3 Lat. 249 36" 38" N 70
Long, 390 14' 51"E

W4 4 Lat. 249 36' 26" N 80
Long. 390 15' 27" E

W5 S Lat. 249 36' I2"N 05
Long, 39¢ 15' 00" E |

W6 ] Lat. 240 36' 8" N 65
Long. 39¢ 15 03"E

W7 7 Lat. 249 35" 40" N &)
Long. 39° 15' 04" E |

W3 8 Lat, 240 35 28" N 70
Long. 39° 15' 08"E

w9 9 Lat. 240 35 20"N 60
Long, 390 15 15"E

W10 10 Lat. 249 35'20"N 35
Long. 390 15' 15"E

Wil il Eat, 249 35'03"N 57
Long. 390 14' 58"E

Wiz 12 Lat. 240 33'45"N 50
Long, 390 {4 52"E

W13 13 Lat. 249 33'39"N 60
Long, 399 14' 44"E

WwWi4 14 Lat. 240 36'53"N 20
Long, 390 15' 10"E

W15 15 Lat. 240 30" 50" N 55
Long, 390 12 35"E

W16 16 Lat. 249 20" 33" N 50

| Long, 39° 13 (03" E




{Comt. Table 7.15
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W17 17 Lat, 240 29" 28" N 65
Long. 390 13' ;2" E

Wi3 18 Lat. 249 29 00" N 65
Long. 399 12' 55" E

w19 19 Lat. 249 29" 10"N 55
Long, 390 13’ O8"E

W20 20 Lat. 249 28' 47"N 60
Long, 390 13 19" E

W21 21 Lat, 249 28 31"N 60
Long, 390 13' 43" E

W22 22 Lat, 249 28 31"N 35
Long. 390 13’ 25"E

W23 23 Lat. 240 28 32" N 45
Long. 399 13' 57" E

W24 24 Lat. 240 28'31"N 50
Long. 390 14' 12"E

W23 25 Lat. 249 28'31"N &0
Long. 390 14" i7"E

W26 26 Lat. 24¢ 24' 02" N a7
Long. 390 7' 03" E

W27 27 Lat. 249 17" 53"N 30
Long. 39 19" 40" E

W28 28 Lat. 240 {6' 52" N 32
Long. 399 19" 37" E

W29 29 Lat. 242 1§' 13" N 47
Long. 390 19 30" E

Wil 30 Lat, 240 12' DI"N 33
Long. 390 2(¢ 19"E

w3l 31 Bat. 249 10" 33" N 58
Lonp. 399 21' 28"E

W32 32 Lat. 240 27" 28" N 51
Long, 300 15 16" E

W33 3 Lal. 240 27'25"N 57
' Long. 399 15' 16"E




Table 7.16 Used methods Mmems_ for sample_analysis

PARAMETER METHOD / EQUIPMENT

Temperature HACH Temperature Tester
(Cat. No. 44450)

pH Fisher Scientific Equipment
Model 50 pH meter,

Electrical conductivity HACH Model 8391-5
Turbidity test kit

TDS Gravimelric

Atkalinity Titration

Ca lon-Chromatograph

Mg Ion-Chromatograph

Total hardness By calculation

Fe HACH Spectrophototneter
DR300

Mn HACH Spectrophotometer
DR/3000

K Ion-Chromatograph

Na Ion-Chromatopraph

C) Ion-Chromatograph

504 Ion-Chromatograph

NO, Ion-Chromatograph

F lon-Chrematograph
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Table 7.20: Irrigation Water Grades
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[ Irrigation quality Grading (in decreasing guality order) )
parameters A B C
pH 6.6-7.5 5.6-65 &7.6-9.0} Lessthan 5.6 & more than 9.
% Sodium Less than 40 4] - 65 + More than 65
Chloride, mg/L Less than 100 100 - 350 More than 350
| Sulphate, mg/L Less than 100 100 - 1000 More than 1000 |
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CHAPTER EIGHT

CONCLUSION AND RECOMMENDATION

To conclude the results of the project reports, the major conclusions can be summarized

as follows:

1-

For the preparation of preliminary lineaments maps following remote sensing
techniques were used:

{a) It has been observed that the FCC generated using bands 7.4 and 2 in red, green
and blue (Fig. 4.1} with lirear contrast stretching is more useful in extracting
geological and structural details than ail FCC's examined in this work.

(b)  Linearly stretched filtered band 5 (black and white) imagery; showed all the rock
boundary and lineament (Fig. 4.2},

(¢ The intensity component of intensity Hue saturation transformation (IHS) (Figs.
4:4~4.5),

The preliminary lineament maps (Figs. 4.5 &4.6) have been used before and during the
field trip in order to choose the best area for geophysical investigations and the drilling
gites.

The integration of VES, HEP and spectral analysis of magnetic data indicates that the
ground water potentiality occurs mostly in the down stream area of the Wadi Malal.
Because of its low clay content and highly fractured rock underline u}e wadi alluvium,
particularly M3 and M6, the ground water aguifers occupied the saturated part of the
alluvinm and weathered part of the bedrock.

The results obtained from magnetic data indicate that the depth to the basernent varies
across the study area. The extents of the gradients on the magnetic high indicate an
eglevation of the top of the magnetic mass consistent with the elevation of the basement
surface inferred from VES and dn'llling at M3 profile. The contrasting character of
magnetic anomalies may suggest a difference in magnetic properties of the rock

producing the anomalies. Although all the anomaties are produced by intrusive rocks.



10-

11-
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The magnetic low near the center of profile is produced by the steeply dipping

interface, probably a fayl;.
Based on the recommendation of remote sensing and geophysical survey, six sites were
selected for drilling in the down stream of the wadi.
The drilled wells at location are in the downstream (M3, M4 and M3), and their
depth vary between 43-80m, Whereas the upper part of the drilled wells are dry, the
drying of zone depths vary upto level of 20m. Based on the lithologies of the wells,
the saturation zone varies from 20 to 60m.
The resistivity (VES) methods indicates relatively good agresment in predic:jﬁg
depth 10 bed rock, with one to three meters difference when compared with
lithologic data.
Coarse materials comprising sand, gravel and pebbles from the bulk of wadi
deposits, which are among the most productive aquifers.
It is difficult to extend the application of stratigraphic correlation between profiles
M3, M4 and M5, but a positive stratigraphic correlation has been observed between
M3.1, M3.2, M3.5 and M3.8.
The mean annual precipitation for the study was estimated to be about 61.6 mm,
Runoff occurs in the area but it is infrequent but some storms may come serious
flooding,
Recharge to the aquifer in the area was estimated 1o be 3.9 million cubic meters per
year (0n the average),
The amount of groundwater in storage was calculated to be 81 million cubic meters,
Due to the many wells drilled for agricultural purposes in recent years, it is expected
that present water being pumped in the study area is grater than natural recharge. This
will cause water levels to decline.
Most of the upstream, middie and down stream well waters are rich in minerals and
some of them (like W 30, W 2, W 3 and W 14) have considerably high jonic
concentrations. These wells are mainly used for irtigational purposes.

Al the time of this study, water quality in Wadi Malal is acceptable for irrigation use,
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Finally, here are some recommendations for implementation:
Carry out a detailed study on Wadi Malal and another wadis in Al Madinah area to
evaluate their conditions using the results of this project.
Apply isotopes techniques to estimate the recharge to Wadi Malal,
In the wake of the knowledge that the study area has a history of water potential, it is
purposed that the check dams may be constructed in the wadi in order to trap the
runoff. This provides infiltration over prolonged period of time, which will result in
the increase in recharge of the aquifers.
To provide a database of the current status of water potential, hydrometerological
station may commissioned in order to promote and ensure further hydrogeological
studies.
A continued and prolonged use of the present water for irrigation purpose may
increa_se substantially the salt concentration in soil. This is likely to be a potential

threat to the plani growth in future.
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APPENDIX 5A

Resistivity field data and interpretation ( apparent
resistivity vs. depth or AB/2 ) obtained using Zohdy (1989)
N-layer model
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APPENDIX 5B

Magnetic field data (M3 - M7 ) collected in Wadi Malal
using Envi-Mag instrument. Data were corrected for
solar diurnal variafions
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41281.7
41281.8
41284.0
41287.0
41287.2
41287.7
41285.1
41288.7
4128%.8
41290.2
41294 .4
41298.4
41297.0
41301.0
41301.6
41298.7
41306.4
41309.4
41309,7
41311.4
41311.0
41313.6
41313.9
41317.4
41319.6&
41321.6

W

ﬂ.ﬂ'ﬁ
0.17
0.23
D.El
0.19
0.17
0.21
.18
0.19
D.20
0.18
D.ZZ
0.20
0.20
.21
.21
.21
ﬂ'alg
0.21
0.23
D.21
0.22
0.18
0.19
0.19
0.18
0.26
0.17
0.25
0.20
0.22
D.24
0.20
0.24
0.18
0.19
0.21
0.21
0.20
0.20
0.21
0.18
D.23
D.22
0.19
0.23
0.20
0.23
0.19
0.18
0.43
.28
0.18
0.23
0.21
0,23
0.19
0.23
0.24
0.21
0.24
0.18
0.20
0.22

12.194444
12.199167
12.204167
12.208611
12.214722
12.220000
12.225000
12.230833
12.235556
12.240833
12.246389
12.251667
12.256944
12.264167
12.270556
12.275833
12.280278
12.285833
12.29055¢6
12.295278
12.300278
12.305556
12.311111
12.316111
12.322222
12.329444
12.334444
12.339722
12,344167
12.349722
12.354167
12,359167
12.364722
12.370558
12.376389
12.380833
12.385000
12.3%0556
12.396667
12.401667
12.406667
12.411667
12.416944
12.421111
12.425833
12.431111
12.436380
l2.442222
12.447500
12.453058
12.458056
12.462778
12.470556
12.476389
12.481667
12.4B6667
12.491667
12.496389
12.501111
12.506111
12.51138%
12.516944
12.521111
12.526389
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2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200

41322.7
41323.2
41325.0
41328.0
41331.6
41332.3
41333.2
41337.4
41339.6
41339.0
41337.2
41336.8
41338.9
41338.5
41341.0
41341,7
41343.9
41341.7
41339.5
41341.2
41341.4
41341.7
41341,7
41340.8
41342.1
41340.1
41340.1
41339.2
41342.0
41339.2
41338.6
41339.8
41337.3
41337.5
41343.8
41345.4
41349.1
41348.9
41350.2
41347.6
41349.9
41348.5
4134%9.7
41353.5
41352.2
41353.2
41353.1
41356.7
41358.2
41359.9
41361.2
41362.8
41364.4
41368.0
41368.7
41376.9
41371.3
41371.2
41372.,0
41377.8
41379.6
41377.6
41380.3
41380.4

0.17
0.22
0.21
0,22
0.21
0.25
D-lg
0.21
D.22
¢.18
0.22
ﬂ.zz
0.20
0.23
0.26
0.25
0.22
0.24
0.21
0.20
0-21
0.20
0.23
0.18
0.18
0.19
.19
0.22
0.18
0.18
0.19
U.zl
0121
0.19
0.20
0.20
0.18
0.18
.28
c.18
0.18
0.19
0.20
D.1B
D.21
D.22
0.19
0.20
0.20
0.24
Dslg
0.25
ﬂsla
0.19
0.18
0.18
0.19
0.20
D.20
0.20
0.1¢9
0.2}
0.20
0.17

12.531389
12.537778
12.543056
12.547500
12.552500
12.558611
12.564444
12.569722
12.576389
12.581667
12.586667
12,.591389
12.595556
12.600278
12.605000
12.610278
12.615278
12 .620278
12, 625556
12.631111
12,636944
12.642778
12.64B8333
12.654444
12.660000
12.665833
12.671111
12.676111
12.698056
12.709444
12.714722
12.720278
12.725556
12,731111
12.736111
12.742500
12.749167
12.755833
12.760833
12.765833
12.770556
12,776111
12.781111
12.786667
12.,792500
12,798333
12.811111
12.819444
12,828611
12,833889
12.839722
12.845278
12.850833
12.856389
12.861667
12.B75833
12.884444
12.892778
12.897500
12.901944
12.906944
12.913056
12.918056
12.923333
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2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
22G0
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
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2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200

41382.8
41380.9
41381.4
41377.1
41380.4
41378.8
41379.0
41380.0
41380.5
41382.5
41382.9
413B2.4
41380.8
41380.6
41382.1
41381.8
41381.3
41382,9
413B3.9
41383.9
41383.4
41382.5
41383.9
41384.1
41382.4
413B80.9
41383.4
41386.0
41388.0
413859.0
41384.4
41383.4
41381.7
41386.6
41381.4
41381.¢6
413B0.9
41383.1
41381.7
41383.0
41381.2
41381.2
41382.5
41385.8
41384.1
41380,3
41381,.1
41380.1
41381.2
41381.9
413795.8
41377.7
41377.8
41380.2
41i380.0
41381.7
41378.9
41378.1
41378.3
41377.6
41374 .5
41371.4
41371.5
41370.3

0.19
0.25
0.21
0.23
0.19
0,21
0.17
0.20
0.19
0.21
0.19
0.19
0.18
0.20
0.20
0.19
0.20
0.17
G421
0.18
0.22
0.22
0.22
ﬂ.lB
0.1%
0,17
0.20
.18
0.17
0.19
0.1&
0.19
0.17
0.19
0.20
0.21
G-lg
G.18
¢.19
0.19
0.19
0.22
0.22
0,18
D.17
0,17
0.17
0.19
0.18
0.20
.19
c.18
0.18
0.21
0.18
0.18
0.18
0.17
0.17
0,20
0.19
0.20
0.19
0.19%

12.928333
12,933056
12.938889
12.944722
12.950278
12.95%222
12.968333
12.973611
12.979722
12.987222
12.993056
12.998056
13.002778
13.008056
13.012778
13.017778
13.022500
13.027222
13.032500
13.042778
13.04888%9
13.053611
13.058611
13.064444
13.065722
13.074167
13.079444
13.0B5556
13.090833
13.096944
13.125278
13.137778

12,1435611"

13.149444
13.156380
13.161111
13.165833
13.171667
13.,1737778
13.184444
13.194722
13.200000
13.208333
13.213056
13.220556
13.2258B31]
13.231111
13.235833
13.240833
13.245833
13.250833
13,255556
13.261111
13.265833
13.2%70833
13.275556
13.280000
13.285000
13.289444
13.294444
13.300278
13.306278
13,310278
13.315278
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2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200

41370.0
41368.6
41366.8
41364.7
41365,0
41369,5
41368.4
41372.1
41371.3
41370.0
41372.0
41374.3
41375.4
41378.7
41377.1
41375.8
41383.8
41382,4
41380,3
41381.3
41387.8
41377.5
41381.4
41381.1
41385.9
41380,0
41377.3
41378.8
41374.5
41369.7
41369.2
41370.2
41368.1
41364.6
41364,7
41351.9
41362.5
41361.7
41359.6
41360.2
41358.8
41356.3
41354.9
41354.¢6
41352.3
41352.1
41354.2
41350.8
41348.0
41347.1
41345.0
41345.1
41345.4
41346.6
4£1347,7
41344.6
41342.8
41345.0
41345.5
41346.1
41347.0
41349.1
41349.0
41352.9

0.1%
0.18
0.1
0.19
0.17
0.18
0,19
.18
0.18
0.20
0.19
0.16
.18
0.18
0.17
0.16
0.17
0.17
ﬂslﬁ
0.18
0,17
0.18
0.20
0.18
0.17
0.19
0.17
0.17
0.17
0.1%
G.19
0.18
0.17
0.19
0.17
0.18
0.17
0.17
0.16
0.19
G.17
G.17
0.17
0.17
0.18
0.17
0.17
0.1%7
0.17
0.1%9
0.17
0.18
0.18
0.16
0,20
0.18
¢.18
¢.19
.16
0.1s6
G.17
0.16
¢.17
¢.18

13.320556
13.325278
13,330000
13.335278
13.348056
13.354444
13.361389
13,366111
13,.370833
13.375278
13,.380833
13.385000
13.389722
13.324167
13.398889
13.403333
13.408056
131.415000
13.420000
13.425278
13.430000
13.447778
13.453611
13.458056
13.463056
13.467500
13.471667
13.476944
13.481667
13.487778
13.493611
13.498611
13,504722
13.500722
13.5150060
13.519722
13.525000
13.529722
13.535000
13.540278
13,545000
13.550833
13.555278
13.560278
13.565000
13.569722
13.573889
13.578B333
13.582778
13.586944
13.591667
13.623889
13.629444
13.634167
13.630167
13.643B889
13.648889
13.6533313
13.657500
13.662222
13.666389%9
13.670833
13.676944
13.681389
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2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2260
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
22090
2200
2200
2200
2200
2200
2200
2200
2200
2200

41358.4
41361.7
41363.92
41358.5
41350.0
41348.0
41344.2
41342.8
41343.5
41347.3
41342.5
41341.1
41343.6
41343.8
41346.8
41343.9
41245.0
413248.3
41347.5
41349.1
41348.2
41348.5
41351.0
41348.%
41347,9
41350.6
41351.8
41350.1
41354.3
41354.5
41352.5
41353.9
41351.6
41354.86
41353.8
41352.%
41356.9
41358.4
41355,.4
41357,2
41356.0
41355.5
41360.1
41359,9
41358.8
41358.9
41358.2
41357.6
41357.5
41358.9
41359.8
41362.9
41362.7
41362.6
41361.3
41361.3
41364 .4
41364.2
41365.2
41362.9
41363.6
41370.6
41370.2
41368.3

0.20
0.21
0.1%7
0.21
0.20
0.18
0.17
ﬂalB
0.20
0.18
0.1%
0.20
0.18
0118
0.1
D-IB
0.20
0.17
D.16
0.17
.18
.18
naan
0.18
0.17
D'I-IB
0.19
0.19
0.18
0.17
0.17
0,17
0.17
¢.17
0.18
0.1%9
0.19
0.1%9
0.17
0.17
0.17
0.17
Q.18
0.16
0.18
0.19
0.17
0.20
0.21
0.19
0.23
.18
0.18
.18
Dalg
0.18
0.1%
0.17
0.17
0.15
0.18
0.18B
0.17
0.17

13.685833
13.690278
13.698889
13.703611
13.70888B9
13.713056
13.717778
13.721944
13.726667
13.731389
13.7358233
13.740556
13.745278
13.750278
13.754722
13.760000
13.764722
13.768889
13.774167
13.779167
13.784167
13.78888¢9
13.793611
13.798056
13.802056
13.B07778
13.812500
13.817222
13.B821667
13.826111
13.B30556
13.835278
13.840000
13.844722
13.849444
13.853611
13.858056
13.862500
13.867778
13.872500
13.878056
13.887500
13.8%6111
13.902500
13.9208056
13.913333
13.217778
13.922500
13.927500
13.931667
13.236667
13.941667
13.,945833
13,.350833
13.555832
13.9605545
13.965000
13.969722
13.973889
13.978889
13.983889
13.98916&7
13.993889
13.998611
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2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
2200
22060
2200
2200
2200
2200
2200

FRRPREE

41309.3
41322.6
413159.5
41319.4
41315.6
41319.0

41367.3
41258.2
41367.8
41368.3
41366.8
41368.7
41369.1
41365.%9
41366.8
41371.8
41369.3
41366.9
41364.8
41365.3
41366.2
41365.4
41366.1
41376, 4
41370,.9
41366.6
41370.7
41370.8
41377.3
41377.0
41379.3
41382.8
41380.4
41377.2
41378.4
41378.7
41377.9
41374.8
41375,1
41376.4
41374.5
41373.1
41369.8
41370.4
41369.4
41366.5
41365.0
41361.6
41357.6
41357,3
41353,3
41351.9
41350.0
41349,8
41346,.4
41340.5
41334.4
41332.4
41335.5%
41352.6
41349.5
41342.0
41341.0
41349,1

0.14
0.14
0.15
0.15
0.16
0.16

0.19
0.18
0.19
0.1l6
0.18
0.1%9
0.1%
0.20
0.19
0.18
0,18
0.17
n‘ 13
0.1B
.18
0.19
0.17
0.19
0.17
0.18
0.17
0.17
0.18
0.21
0.17
D.18
0.17
0.19
0.18
0.17
0.17
0.17
0.18
0.17
0.17
D‘ 19
0.159
0.22
0.18
0.18
0.24
0.19
0.22
0.20
0.21
0.20
0.1%9
0.19
0.19
D.19
.18
0.17
0.20
0.21
0.1%5
0.19
0.18
0.20

6.779722
6.80BB8BY
6.82B8333
6.844167
6.860278
6.878056

14.003056
14.007500
14.011389
14.016111
14.020278
14.025000
14.030000
14.034444
14.040833
14.045000
14.049444
14.053611
14.058056
14.062500
14.067778
13.072222
14.077500
14.085556
14,092222
14,102333
14.108056
14,112778
14.117222
14.121944
14.128332
14.134167
14.138889
14.143611
14.14B056
14.152222
14.157500
14.1633312
14.168611
14.173056
14.177778
14,182778
14.188056
14.193333
14,198055
14.203333
14.207778
14.212500
14.216667
14.221667
14.226667
14.231667
14.236389
14.246944
14.251944
14.256944
14.267222
14.275833
14.284722
14.2916467
14.250444
14.305278
14.309722
14.316667
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41320.2
41318.9
41322.1
41321.,2
41318.4
41322.0
41321.5
41317.2
41315.7
41315.9
41316.3
41313.9
41310.8
41308.5
41306.9
41299.0
41294.6
4#1296,7
41292.0
412%0.9
41293.0
412%30.2
41285.6
41285,.4
41285.4
41282.8
41277.2
41273.6
41273.7
41274.0
41270.2
41270.4
41268.8
41267.8
41267.8
41265.4
41264,7
41263.9
41262,3
41262.3
41259.4
41259.4
41256.5
41255.1
41253.8
41248.1
41238.4
41242.5
41237.1
41229.7
41228.6
41226.0
41223.9
41218.3
41213.0
41210.7
41205.7
41196.2
41190.8
41184.7
41176.4
41170.6
41166.3
41161.8

6.899722
6.915833
6.937222
6.956944
6.975000
7.008611
7.022500
7.035000
7.056944
7.071944
7.086111
T7.100278
F.112778
T.1277786
7.140833
7.164444
7.181944
7.203889
7.219444
7.243611
7.260556
7.276111
7.288333
7.297778
7.310278
7.328611
7.343331
7.360556
7.375556
7.3%388%
7.404722
7.418056
7.433889
7.446111
T.457222
7.471380
7.485821
7.501111
7.516111
7.528B61)
7.539167
7.569722
7.583611
7.611111
7.623333
7.633889
7.643611
T.660833
7.677500
¥.691111
7.705000
T.720000
7.730833
T.744167
7.758056
7.768056
7.785000
7.806667
7.821111
T.834722
7.846111
7.857778
7.873889
7.808333
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APPENDIX § C

The energy spectrum decay curve ( In energy Vs,
frequency ) of total intensity magnetic profiles
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The energy spectrom decay curve (in energy Vs, frequency ) of 4 segments of

the totsl inmnsitf_magnmic profile M3. 'The depth to the basement (D) at the center of each

segment is calculated and fixed at the linear part of the curve.
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The energy spectrum decay curve ( in energy Vs. frequency ) of the total

intensity magnetic profile M5, The depth to the basement (D) at the center of each segment

is calculated and fixed at the linear part of the curve.
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The energy spectrum decay curve ( in energy Vs. frequency ) of 2 segments of

the total intensity magnetic profile M3.
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The energy spectrum decay curve { in energy Vs. frequency ) of the total

intensity magnetic profile M6. The depth o the basement (D) at the center of each se
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The energy spectrum decay curve { in energy Vs. frequency ) of 1 segments of

the total intensity magnetic profile M7. The depth 1o the basernent (D) a: the center of each

segment is calculated and fixed at the linear part of the curve.,
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The energy spectrum decay curve ( in energy Vs. frequency ) of 3 segments of

the total intensity magnetic profile M7.
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