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" ‘CHAPTER ONE : IIYDPROGEOLOGY AND GROUNDWATER
1.1. Geography and Geomorphology of UAE

A general view of goography and gcombrphology of U}\E has been described in 2 number
of works, such as UAE National Atlas, a speéial report on the ecology and environment in
UAE (J.E. Statcticll, 1978), and other of unpublished reposts made by the govemment

departiments. The following paragraphs summarize these materials and their description.

1.1, L Geogl aphy of UAF

The UAE coinprises seven slates mth a total area of about 83,600 km lying between
approximately 22° 50° and 26° N and 51° and 56°E. One state, Fu_laltah, and enclaves of
three others lic on the Gulf of Oman, the north westeri part of the Indian Ocean. The
other six states, Abu Dhabi, Dubai, Sharjar,. Ajman, Umnim Al Qaiwain and Ras Al

' Khaimah, stretch along nearly 650 knr® of the lower Gulf, an arca of shallow sea with
offshore islands, coral reefs and an intricate pz‘xltcfn of sand banks and creeks. Abu Dhaby,
by far largest state, has an area of 67,000 km> and Dubai, by second largest, occupics
3,900 km®. There are two distinct regions: (a) an castern mountain region with a sub-
niountain zone of oulwash plaihs, and {(b) a western desert region divided into a coastal
belt and intand desert. : _
- Eastert Mountain Region, roughly 80 km N-S and 30 km E-W, forms part of the
Hajar rangé in the neighboring state of Oman, It has a Paleozoic core of metamorphic and
basic igneous rocks flanked by latter limestone successions. The highest peak in UAE
territorics rise td 2,400 m and to 3,000 m in Oman. Two outcrépé s.eparated from the
Hajar," Jabel Fayah and Jebel Sumaini, aré Cretaccous and there is an Oligocenc
fonnalion, Jebel Hafit, ncar the important oasis complex of Al Ain. Tﬁe mountainous arga
are cut by wadis, which have formed terraces that may support Palms, Bananas Bamboo,
Oleander and other semi tropical vegetation. Many of the wadis are periodically scourced
by torrent floods and in some there is a smiall perennial flow.
-Western Desert Region, an alluvial belt scparates the mountains from the Aeohan Sands
of the western dune country. 1t is called the Jiri p]am in the north and subsequent sub-
divisions southwards are known as Dhaid, Gharif and Madam. The plains, and an area in
the castemn state of Fujairah, are the most fedtile and agriculturally productive area in the
U.AE. ‘West of the main atluvial belt, a plain of the main alluvial belt, a plain of un-
culli'.-'ablc' sandy desert and shingle flats mesges into the northem sands, extending coast
ward with a serics of low Miocene ridges and intervening gravel and salt flats so called



Sabkha. Sabkhia aré former embajments of the sea cut off at the strand line to form great
cvaporating pa;ls of gypsum, other evaporites and m'hﬂ-bom sand. The dunes are of two
sorts: (i) those found along the coast are composed of white carbonate sands formed from
fragments of marine shells; (i) those found inland are red and coniposed of weathered
quériz tocks. The hdrth:érﬁ dunes are relatively small and to some’ e.i'te_nt: fixed by

' vegetation. To the south they increase in height and vegetation is almost abisent. Very little

sutface Wwater exist in the Iarger hollows between the duriés. There is an ‘eergent coastal

plain of sabkha and lm\-lpng dunes cut by nunicrous inléts and sea’ crecks, the fwost:

- important of which, at Dubai, extends 20 kni inland. The coast is marked by tidal fats,
 sabkha, sands spits and lagoons.In the southcrn part of the country: froni Abu Dhabi to
the Qatar peninsula, a zone of coastal sand lies betiveen the salt flats of the beach and the

dunes of the interior “-'h'ich from the threshold of the Rub Al Khali. The whole area is -

' cxlremely barren and desolale Lma area, to the southwést of UAE isa relatnel)
isolated oasis center near one of the mam inland arcas of oi exirachon Modem roads link
the capital, Abu Dhab: with the northerd states along a route roughly paralicl with the
coast, and castward with the modem center developing around Al Ain area. Elsewhere,

-cross country communication can be hazardous.




1.2, Geology, Hydrogeology and Groundwater in UAE

1.2.1. General View of Geology in UAE

The territory of the UAE basically forms an inhcrent part of Arabian Plate which is bound
by lhé Red sca rift system to the west and the Arabiah Gulf to the east. The structural
.gcologg of the temtory is oomphcatod by the fact that the northern pm of the UAE
térritory sufféied from the comple\ tectoni¢ events which aﬂected the Oman mountains.
‘The miountains form a part of the unstable mobile belt extending northwards to the Tauras
and ?agros mountain, '
The Oman mountain chain is through to ofi'ginzitc'from the plate subduction process
which was résponsible from the cniplacement of the Semail ‘Ophiolite. The Oman
miountain thrust front fonns a conlinuobs structure which is occasionally interrupted by
tectonic depressions, among which the Dibba fault zone is one of the niost imbortanl. The
mountain chain is through to have attained its structure during the Late Cretaceous.
On the Arabian ﬁcnin'suia’, it consists of a plateau of crystalline baseinent and sedimenfary
cover which is gently iriclined to the north east. The tectonic featurcs which defined the
area ate largely post-Cretaceous. East of the peninsula, the basements have under-thrust
the Zagraos Trough sediments. During the lower Tcrliary, the Zagros Trough was being
forced southeast towards its present position in the Arabian Gulf by tectonic events in
Central Tran and Oman. Thus on the Arabian Peninsula itself, the Lower Tertiary was a
period of refative quiescence with the exception of volcanism in Yemen. The only
structural cvent to affect sedimentation were salt diapirism and the reactivation of certain
basement features creating the Rub Al Khali and Ras Al Khaimah Basins. The two basins
werte separated by a scries of isofated uplift structures which formed a barrier between the
two basins. This ridge disappeared during subsiding (refer to Figure 1.2.1),
A simplé subdivision system allow to identify two main geological province in UAE as
below:
-The plaint province
-The mountain prov irce
These two provinces are physically separated by major fault systems. Morcos er, lhey also
hate dtstmct historics and environmental’ gencses. Therefore, their litho-stratigraphy is
* also'different. The anah sis of the structural and sedimentologicat data show that the plain
province was subject to the combined orogenic action of the Qatar arch and the Oman
: mountains to the cast, and simultancously to the influcnce of the sedimentation basins.
These actions resulted in folding and faulting with consequent individualization of arcas.
Differences in sedimentation are shown b) the iniportant factor in htho-famcs between the
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vatious areas in UAE.

{1) The Plain Province
. Two main fealures had a profound inﬂucnicc on the geologic stnicture of plain province:
 the central Arabian Arch and the Rub ‘Al Khali Basin, These two structures dip gemly
niortheast towards the Arablan Gulf. Gcneral thickening of sedimentation is observed in
- this direction mdncatmg an mcn,asmg rate of subsndcnce
In western' Abu Dhabi, gentle and simple fo!ds are commor features. Fo!ds are ahgned
N--S, probably related to decp seated basement tectonics.
- A Flash Syncline (Souiheast of Abu Dh“tbl) has a fold trend NE~SW subscqucntl) the
- trend becomes NW-SE (Jam Yahour). “This suggests a conformity with the Central
Arabian Arch and may lead to the conclusion that the Abu Dhabi area is lodaied on the
souihem ﬂank of this arch. Diapiric salts are bchc'.ed to underlie many of the structures
‘of Abu Dhabi, . '
'By intensity of folding, this geologtc prouncc is dmd od mto 3 triangles as follows:
- The triangle lying to the west of the line Mcnder—Abu Dhabi is very folded. These folds
contains the main oil fields -
- The triangle lying between Mender—Abu Dhabl—Dubai is less foldcd and generally poor
in geological events.
- The triangle Al Ain-Dubai-Ras Al Khaimah i is folded ancl intensély faulted.

' (2) The Mountain Province,

This province constitutes a morphological and geological part of the Oman mountain

chain. It is mainly covered with éllochlho‘nou_s and paré-autochth_orious metamorphic and

~ ophiolite rock series and is divided by a major fault system, the Dibba ling trends NNE-
SSw. _ o

- The autochthonous rocks constitute an integral part of the Arabian platform to the cast
and north. They range in age from Cambrian to Cretaceous. These autochthonous
formations were already folded and partly uplified when they were oversidden by the
successive thrust sheets of the allochthonous rocks. The emplacement of “the
allochthonous rocks aclwated the pre- existing major faults and produccd ninor fau!ls
Overthrusting took place onto the irregular topograph) of the prc—e\ustmg autochthonous
formation by a subduction process. The Oman mountains are separated from the Arab
_Basin by the Qatar-South Fars Arc. This structural high has influcnced sedfmenlatiou
from the eatly Mesozoic onwards,
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‘This province can be subdivided into zoncs covered by scdinknlary fo_r:ﬁation and zones
covered by ophistities and metamorphics. '

In addition to' the aquifer, it might include the mountaint province that provides the
catchmeril area for the aquifers of the plain province.

“(3) Tectonics and the Evolution of Oman Mountains
As described above, the Oman Mountains brigihatc«d from plate subduction. They had .
attained their structure in lwo both phase taking place during the Late Cretaceous.
The initial displaceméni‘ phase is cha’racterized by the subduction of an occanic plate
bericath the Mesozoic continental shelf of the Arabian :Plate. The resulted in unstable
sedimentary environmient 'off the Afabian shelf with turbidites (Haiva'sina) and
olistostromes. - .
The upper part of the ceeanic plate was ripped off the substratum and thén thrust onto the
base of the overiding plate as an allochthonous element via a concave upward thrust
plane development in symmetry with the downgoing slab. A later emplacement phase was
- dominated by an uplifting of the elements along various levels of a planie towards the west.
This resulted in a pite of completely imprecated na.ppes, of which the westernmost
represent autochthonous or para-autochthorious units, and the easterrimost represent
completely allochthonous units.
Folding, faulting and overlhnisling produced two- or even more-fold tectonic repetitions
of thrust sheets; such repetition can be observed at Al Fay, where lower peridotites with
- metamorphic melanges occur structurally two kilometers beneath the main ophiolités. The
thrust sheets consist in the main of ophiolites. Thrust sheets in the center of the
mOll_n!ain.OllS zone tend to havc:_an almost sub-vertical to vertical dip, this reflects on t}ie";
tectonic thickness of the green schists. o : | '
Folding of thrust shects has resulted in a serigs of refatively simple farge scale anticlings
and synclings trending generally N-8 to NE-SW and plunging southward. In the upper
thrust sheet, Mesozoic sediments and volcanics developed along a transform controlled
section of the northeast Arabian contincntal margin. After their displacement and as lheS' :
- $tarted to reach the continental cdge, Ophiolite thrust sheets were affected by the shape of
mﬁrgin: The Ophiolite sheet was fractured into two plates separated by NW-SE fault.
The NE block: collided with the Musandam block to the north resulting in an intensive
imbrication of the thrust sheets in the Dibba zone:
“The Mid-Late Tertiary folding -and uplift of (he Oman Mountains resulted in the _
formation of high anglc'nonﬁal' fauits with tﬁro_“"s of less than 1500 ft. and trending
- mainly NE to SW. It is assuned thiat the Semail Ophiolite complex traveled a distance

1.3



excoeding 120 km southeast over the Arabiah contiriental margin, -

The island-arc volcanism related to the Haybi volcanic rocks began in the Middle -

“Cretaceons. The Semail ophiolite was completcly emplaced by the end of the
Maastrichian, as is attested by the fossiliferous shallow maririe lamcatone deposned

: unconformably on top of the aftochihonous units. The Ophiolite belt was uplifted with the_

- Jatest emergence of the Oman Mountains during the Ollgocenﬁhhocenc
- Marked by décp fractures, which dislocated the mountainous territory of UAF into blocks

and plates the formation of the Ontan Mountains géncrated a serics of inajor tectonic

events. The major liné of tectonic dislocation is the Dibba line. The Dibba line of the fault
- system continics far away through the gravel plain and probably to the west of Dubai.
Other ma_lor faults also dissect the gravel plain to the west of the mountains and paratlel to

: the mountain in a generall) N-$ direction from Ras Al Khaimah to Al Ain area. Such _
systeni of faults in the. gra\el plain has been inferced from surface geology, but it is
~ - evident from the magnetic survéy and subsirface data of drilled wells,

“The faulting pattem in the gravel plain indicates that the sedimentary formations ate in an

echelon location vis-a-vis the fractured blocks to thejcast; which have been gradationally
uplifted relative to the western blocks. This complicated structural situation would make
.water exploration very complicated. The complexity of structural geology explains the
wide discrepancies encountered in some cases between neighboring wells.

{4) Regional Stratigraphy _
After the Hercyniah Orogeny (Upper Paleozoic) the prevailihg sedimentary deposits
* changed drastically from mainly clastics to predominately shallow marine carbonates

until the Eocéné. - _

During the upper Cretaccous two major transgicssive cycles of deposition occurred. The

first cycle was constructed by the Laffan and Halul Formations, whilé the second cycle is

represented by the Figa and Simsima. The end of Crelaceous shows a general regression
over the whole of the Arabian peainsula resulting in the widespread disconformity at the
base of the Uim Fr Radhuma Formation. The ensuring transgression occurred in the
- carly Palacocene caused victually the whole of the Arabian peninsula east of longitude 47°
'E to be covered by sea. These marinc condmons prevailed untit the lower or middle

Focene, during which time the neditic limestone and mar_ls of the UER were deposited.
“The Rus Formation deposft is the final expression.of the iegrcssion sequence se¢n in the

UER before the transgress ion of the lower Damman,

The Rus Formation is a shallow marine to supertidal deposit 12id down in semi-bareed

restricted basins subsequent to the shatloiving of a sea shelf o the eastern margin of the




Arabian Pcmusuta ‘At the end of the period of supcmclal scdimentation that resulted in the
Rus Fonmation, there was an influx of sea over the Arabian shelf causmg widespread
shallow water marine carbonate dcpomloa. The Danunain fonunation outcrops over a
wide area in the eastern coastal area of Saudi Arabia. In Aby Dhabi the Damniam is only
exposed in Jabel Hahit.

'The structural cvolution of the Arabian plalfonn has strongly inflated the sedimentation

patteims int the UAE.

The formations nientioned above are described below and in Figuire 1.2.2

a) Mesozoic: The Upper Cretaceous

Coincides with Aruma Group which consists of an alternation of limestone, marls, shales
and dolomites. 'The top of the Upper Cretaceous is marked by a general discomformity
which resulted from a major regression which started from the south as evidenced by the

absence of the Aruma Group in the Mender arca.

b} Cenozoic: The Lower Terliary-Paleocene-Middle Eocene

During the period, two basins occuﬁied the arca:

- The Rub Al Khali basin to the south of Abu Dhabi, and

- ”Ihe'Pabdch-G'roup basin with its center in the Northern Emirates.

The Hasa Group coincides with the Lower tertiary’ in the west and includes three
formations: ' '

-Unim Er Radhuma Formation _
Coincides with an extensive iransgressioﬁ which started at the beginning of the P%lc’ooene
Sedimentation started with the deposition of fine bedded shale at the base follo“ed by '

" shallow water carbonates oonswtmg of shelly and bioclastic linestone and dolonutcs with

occasional argillaceous horizons.

The top of UER is generally characterized by cither Rus anhydrite or shale. The UER
Formation displays great variations in lithology and thickness throughout the region; it is
1300 fi. thick in the northwest, 1600 fX. thick in the south and more than 2500 fi. thick in
the cast.

-Rus Formation

It is characterized by a dominant presence of a'nh)'d'rite. The argillaceous limestone of the
base of the. Rus indicate lagoon conditions which are evidence of sub-area supertidal
condition. .'

In the Bab area, the Rus starts' with anhydrite and ends with argillaceous limestone. In
Agirab, it consists of anhydrite with shale beds, in Mender it consists of anhydrite
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mtcrbeddcd mlh lnncstone H)drogeologlcally the' Rus Formation is considered an.-

aquictude in Abu Dhabi

-Dammam Formafmn _

Corresponds to a Middle Eocene transgressive phase with normal deposition of mainly
nummulitic carbonates on shallow shelf conditions. .

The base of Damman is characterized by calcatcous shales and arg:llaccous limestone
ov e:lam by foranumferal packstone corrcspondmg to wry shallow shoal conditions. 'Thc
upper part of Dammam consists of subtidal- limestone dolomites and occasional shale
beds.

| <) Upper Tertiary: =Upper .Edcene—()!igqcene—Miocene'—Pliocene

The uplift and erosion which occur duriﬁg the period extending from the Upper Eoécnc to
the Lower Oligocene affected mainly the westemn part of Abu Dhabi, the opening of the
Red Sea during the Miocene prbduced a notthwestern rofation of the Arabian plate which
tesulted in the periodic closing of the Hormuz Straits. Massive deep marine salts

precipitation from the Pabdeh - Basin confeniporancously with the precipitation of

Gachsaran cvaporites {tower Fars) in Abi Dhabi.

- Asmari I'ormanon

Coasists of a fossiliferous, timestone, partly dolomitic, which was deposited during the
Oligocenc in shallow water corresponding to the shelf edge facies on the limit of the
Pabdeh basin. Shales and marls arc predominant towards the center of the basin.

- Low Fars (Gachsaran Formation) _
Deposited in the Early Miocene in a closed evaporitic basin centered on on-shore Abu
Dhabi. It is basc unit consisting mainly of anl\)dme with subordinate dolomite and
clastics. The mlddlc unit consists of dolomite and limestone. The upper unit includes
anhydrite with interbedded shales, marls and carbonates.

d) Miocene-Pliocene

Uplift and erosion continued dusing the Upper Miocene and Pliocene over the entire arca
along with the further des elopment of the Oman and Zagros mountain- ~alpine Orogeny.
Active erosmn tock place during that period and led to the dcpos:tlon of mixed sediments
consisting of detritus sandstone and dolomitic limestones.

¢) Quaternary

The whole territory of the UAT had alread; emerged and normal, continental erosion had -
taken place onshore and offshore which led to the _deposmon of the follq\nng types of
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stdiments. _

- Aeoltan Dune / Sand -

The dunes are of vacious shapes and sizes. The sand consists of Quartz, Zircon, Feldspars,
Pyroxenes and Clay.

- Calcareons Sandstones

~Oceur as ridges and patchcs on masscs maml) along the coast but also infand. They

consist of Quariz grains or shell fragments around ‘which a carbonate coat has
precipitated.

“~ Sabkia:

Usnally low lying, consisﬁng’ of silty sandy clays rich in gypsum, carbonate of salt. Near

with coast, they are richer in halite dnd suifates and they ar¢ occasionally flooded.

- Fi fuviatile Deposits

They deposited as channel ﬁllin'g,'scrce piedmont outwash, anid terraces. They are located

within the niountain zones.

~Beach Type Depesits:

Consist of sand bodics close ta the shore line.

- Gravel Plains:

_Thcsc are mtcmiedrate zones: located between mountain range at the desert plain. They
consnsts of a mixture of gravel, sand, silt and clay. The deposits of the grawl plains
extend from Ras Al Khaimah to Al Ain, which led to the formation of the new weathering
mincrals. Di_ésolution, migfation, précipitation' and censentation are conuudn phenomena

'\\'h_ich have been boosted by active aquifers.

(l) Oman Mountams '

The slrallgraph) of the Oman Mountains has been maml; cslabhshcd zhrough the work of

Glemm. (19?4) The fo‘llo\\mg slratlg.aphlc units are differentiated:
- Tre- Campbrmn Crysraihne Basemeni
lnﬁa Cambrian to Pre-Middle Permian-essentially continental rocks.
- Middle Permian to Upper Cretaceous Shelf edge depésits Sforming Sumeini group
- Permian to Upper C relaceous deposit of the Hevwasina series ‘
- Hayabi volcanics occnrring in separate areas

- Perimo-Trassic éxotic limestones

- Melange Formation

: -"Memmbrphfc'rocks

- Semail Ophiolites of the Uppe} Cretaceous age

- Maastrition and Tertiary marine sedinients
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Quafemm}- deposifs.
The first lower three units are considered aulochthonons and coreelate to the rest Arabian
platform,
The Semail Group is considered para-autochthonous. The Semail Qphiolite  and
underlying Hawasina scrics arc allochthonnous and have béen thrust west-southward
' ddring’ the Late Cretaceous irit6 the po'si_ition lhey‘pr_esént_ly occupy.

‘Madstrichtian and Tertiary limcstons unconformably overlie all othei uhits.

1.2.2. Hydmgeolog’y and Groundwater

The source water IS rain fallmg on the Oman Mouitains. Pait of this rainfall pcrcolates
through the mountains and flows as groundwater under the plains, and part of it runs off
as erfatic flash floods in the numerous “adxs that dlscharge onta the plains. Groundsvater,
'rechargcd from the alluvial gravels, occurs throughout the area of the atluvial gravel in
the Central Plains. Thc water table is usually 5-10 m below ground level. thrc the
groundwater occurs in sediments it is often too saline for pcnnancnt irrigation and saliity
increase with depth by about 10,000 micro-S/cm. The salinity of the irrigation walter
originally used at Digdaga Experiment Fanm caused a decline in agriéulmtal yields to the
point where certain wells had to be abandoned. Because of the 'saliﬁity, gr’édienf pumping
rates have to be timited to restrict the drawdown. Groundwatér recharge is derived from
- watet percolating threugh the mountains and from flood \xatcrs percolaung ihrough the
gravel of plains, The fatter usua!ly produce less saling watér and in some arca pumpmg
rates of 30-40 m’/hr for four hours a day can be miaintained to yield water with salinity of
less 400 ppm NaCl. Decp groundwater is bcho\cd to occur in aqucrs at depths
e\ceudmg 250 m but it is expeeted to be highly mineralized. 'lhc source of the salinily is
throughovt to be old sea water or salts precipitated in formér coaslal deposats and, i some
of the present-day sabkhas, direct contamination at depth wnh water of Gulf, lmgatlon

may be increasing the salinity of aquifers by carryinig down salts from upper horizons.

1-10



. 1;3. Hydrogeologic Studj' in Study Area

(1) Location _ _ :

The Study Arca is located in the Al Dhaid arca of UAE and is approximately 850 km? in
 extent. Generally the arca is flat and forns the flood plains of wadis flowing off the Oman
| : molntain range. Most of the Arca is made up of constitutes gravel plains that are

- transacted in plécés_by the channels of majo'r_acti\"c wadis. In ¢_ertain area, the groimd is
covered by low sand dunes. Irrigation from f\\'élls and falaj haé permitted the caltivation of
large areas aroind thé main population centers of Dhaid, Wishah, Mileiha, Falaj Al

" Mualla and other small villages in the area.

(2) Geology and Geomerphology
The norlhefn Onian mountain ate the topographical expression of a narrow clongats
complex fold belt. Thc'Mesoz'oic. Hajar Group consists of a thick sequénce of shallow
marine fimestorics and dolomites with minor quartz sandstones, slate and granite. These
basal metamorphics form the core of the Oman mountains. The typical continental shelf
deposits of the Hajar group are overthrust by the Mesozoic Hawasina Nappe; a thick pile
of thrust sheets of intensely sheared and folded cherts, turbiditites and de¢p water
sedimentation. Recent sediments are predominantly wadi gra\;'cl in thb form of coalescing
alluvial fans deposited on both sides of the mountains. Although much “of the
comparatively high annual rainfall that falls on the mountain chain is lost by cvaporation,
occasional storms arc of a sufficient intensity to result in infiltration into, and surface
runoff’ from the head rock areas. The grouiid\\'éter flow is essentially away from the
mountain axis, and becomes _incrcasi|1gi)' saline towards the desert foreland. The slu'dy.
area is located within these alluvial fans which scem to have origihatcd as detritus
deposits. Recharge by flood waters nay explain the presenée of trees and shrubs that are
characteristic of the wadi plains and other low areas, The natural vegetation supports a
sizable population of camels and goats that are found around the several small villages in

the arca.

1.3.1. Geophysical Sounding
A geophysical survey of the Al Dhaid Piain, covering about 800 square kilometers, was
© begun in late April and conch;déd in early June of 1995. The primary objectives of this
survey were to dclcmﬁné the thickness of alluvium in the survey area and to map the
- impervious basement beneath ihe study area. Sccondary objectives of the study were to
 defincate aquifers, detect fault arid fracture zones and to clarify the hydrology of the Al
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Dhaid Plaih. Thie measurenéits of Gééphys ical Stincy covered the wl_mle Study Area and
were faken at locations where the results obtained from existing works (IWACO, 1986)
could be applied for analysis of this survey. Transient Electromagnetic Soundidg (TEM)
~ was completed at 131 stations. The Natural Gamina Ray Survey was coﬁipléied at 805

stations in which the vertical structure is drawni-out in Tesistivity map from TEM Result.

(l) ’l‘ranswnt Electromagnehc Souiding
The transient, or tnne—domam clectromagnetic method, often rcferrcd to as TEM is a
method in which the grou_nd is cnergized by a an-made magnetlc field and its response is
‘micasured as a function of time 1o detérminic the fesistivity of the earth bencath the

observation point as a function of depth.

“a) The Transient Flectromagnehc Method :

It this m¢thed, a steady currenl is passéd throiigh a loop of wire s:tuatcd on the surchc of
the éarth, which is inductively linked to the earth. The fact that loop sources, \\hlch have
no direct contact with the earth, can be vsed, makes this imethod suitable in areas where
high surface resistivitics prohibit the use of conventional dircct currént methods. This
would include regions covered by desert, sand dunes or extrusive volcanics.

In practice, the direct loop current is abnipily interrupted and the sccondary field, which
arises due to oddy currents induced in the carth, can be micasured in the absence of the
primary ficld. The eddy currents migrate from the transmitter loop into the carth and the
paltem resembles the propagation of a ‘smoke ring’. The rate of change of the magnetic
field depends upon the underground resistivity: structure. Giw;'eil a poorly: conductive
medium, the receiver coil output'voltagc, whi_ch is proportional to t:hc time rate of changc
of the sccondary magnetic field, is initially large but decays "rapic‘ily. Theé response of a
good conductor is initially. 1ower but the voltage decays slowly. The tite derivative of the
transient magnetic ficld which results from these currents can be measured by a coil
SCNSOT. _ '

The decay of the sceondary field measured at surface can be analyz&d 1o determine the
resistivity of the earth at depth. The resistivities of geological matenals are’ highly
dcpcndcnt upon porosity, water saturation, and pore fluid resistivity. Resisti\fif)'smmding,
lhcrcfm», yields information about water content’ and; quality,  and ‘TEM reswtwﬁ)
measuremcnts are a valuable structural mappmg tool for groundwater studl_cs:

The TEM methed was selected for this survey for the following reasons: (l)'Stabilin of
the transmitter signal; (2) Lack of static shift; (3)- No near field phedomena; (4)
umqucness of lhe rcsults (5) High producuon sate; and (6) Sumhlhly to the ungrounded
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_soufce in rock desert.

'b) TEM Equipment

The TEM: system which was used in this survey was manufactured by Geonics Ltd., of

Canada. The primary comporients of the system are a transnilter, a sensor coil and a

" receiver.

Two transmitters, an FM 47 and an EM- 57 were used in lhls sarvey. The EM-47 is a
battery po“ered transmitter which is capable of operalmg at hlgh frequencies. It can be
used to resolve shalfm\ resistive units such as surface dune sands and dry alluvium. Jtisa
low power transmiitter, however, and has a limitcd depth of penctration. The EM-57
bperatcs ét tower frequencies and is'pd\\'crcd by a pasolinc motor generator providing a
higher output’ current, leading to a pgreater depth of penetration. By combining
faeasuremcats made from both sotirces, both the shallow and deep sectiohs can be
adequately resolved. _ .

A responsive high frequency teceiver coil with an effective arca of 31.4 m? and an internal
signal ‘preatnplifier was uscd Tor EM-47 measurcinents and a more sensitive low
frequency coil with an area of 100 m? was used in the EM-57 incasurcments.

The receiver, a PROTEM 57 (C) unit, samples the coil response at a series of time
intervals that arg delayed by a prescnbed amiount from each tum-off of the loop current.
There are 20 geometrically spaced gates or channel positions in each time range. Decay
voltages weie recorded at two EM-47 transmitter base frequencics (uh-237.5 and h-25Hz)

~ and at three EM-57 base frequencies (H-25; M-6.25 and L-2.5 Hz) during the course of

this survey.

- A reference cable s used to establish precise tiniing between the transmitter and receiver. -

¢) Measurement configuration
Survey paramcter tests were conducted at the beginning of the survey to aid in
determination of the optimum measurement configuration for this survey. These tests
were performed at a station near the center of the survey arca whete the thickest altuvial
scction was gxpected, s{) that the penetration of the measurements could be assessed. The

test site was also chosen to be near a power ling so that the effect of electromagigtic noise

upon the measurements could be considered.

During these tests, measuremerits were made at the center of two square loops, fifty and

one hundred meters in width, and with the receiver coit offset from the edge of a twenly

metér loop by a distance of ten meters. White large loops yicld higher signal and have a
greater depth of penctration, they can be difTicult and time consuming to deploy and
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retrieve. Small loops are more easily haidled but lhéy have timited depth of penctration
and *offset* soundings aré niore sensitive to lateral rcsistivity variations,

In this survey a square transiniiter looj) 50 m a side was used to allow a high production
rate wﬁi!e maintaining a high Signal level and data quality. At cach site, the réceiver coil
© was located at the center of the loop and the loop was typically encrgized with a current of
two to thece ampcrcs for high ﬁ'oqucncy EM-47 measurcménts and a current of about ning
"ampercs for lower frcquency EM-57 sotindings. The® central loop' soundmg configuration -
was used rather than “offset’ loop sounding to minimize the effect of lateral resistivity -

variations and to maximize the depth of penctration.

d) Stationi Posulomng o
TEM neasorement  stalions weré pos:tmned by first plotting the survey lines on
- topographic miaps marked with U.A E. ‘national grid coordinates. The coordinates of the
 end points of cach survey line were then converted to Universal Transmc’rcatbr (UTM)
coordinales and Sllﬁ’ﬁ}' line azimuths were corilppted. UTM station locations were then
- generated at the desired azimuths and ranges from the starting points of the lines. The
coordinate conversions and calculations were performed by computer pfogram . The
UTM station locations wece then entered into a Global Positioﬁing Systein (GPS) and the
GPS was used in the ficld to riavigate to the approximate station location.
After sclecting a suitable loop location in the vicinity of a station, a second GPS was
placed at the receiver coif site and an accurate position “fix” was obtaiﬁed by averaging
“hundreds of GPS meastrements, These data were entered into the header of cach sounding
record as the measurements were recorded. UTM coordinates were used during all ficld
opcralions and the datum which was used throughout this survey is Narhwan-U.A I
(Clarke-1880 ellipsoid).

¢) Station Locations _

TEM measurements were made at a total of 131 stations spaced nominally one kilometer
apart alorig five profil¢ lines spanning the study area, Figure | 3.1, 'The coordinates on
this map arc UTM grid coordinates and the datum is Nathwan-U.A E.. Four of these
profiles (A-D lines} are approximately parallel and run from \\‘est-ho'rt_h\i\'es_t to cast- .
southeast across Al Dhaid plain. The fiflh line (E) is a longer north-south profile line
through the center of the plain. The geometry of these survey lines is sammarized in the
followirig Table. '
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" TEM Survey Line Geometry

Line ~ Start point, coordinates -~ End point, coordinates Azimuth  Length
{UAE grld) (UAE gnid) ~ (dms) {m)

A AO!, 650009N/230776E  A22, 648452N/240155E 1192255 21108

B BOI, 650580N/230393E  B23, 638994N/249071E 121 1511 21969

C - COl,634743N/232507E C20, 626016N/248712E 1173749 18528

D DO1,625376N/230507E - D19, 615162N/246131E 12225 16 18836

‘B EOL, 615484N/238872E  ~ E44, 658144N/244255E -~ 0063440 ~ 43029

; .f} Noise _
Elcclromagnettc noise is induced in the receiver coit by power lines, and from wind-driven
movement of the receiver coil in the eartl’s magnetic field. Repetitive voltage
measurcments were niade and .a\‘crag’cd‘ or 'stacked' to minimize these effects. The
clectromagnetic noise level was very low iri the r'najoritj' of the survey arca but noise from
~ power lincs was ap'p'reciablé in the vicinity of Al Dhaid.
" Data can also be distorted by 1han made conductive objects such'as pipelines or metal
" fences. Initial measurcnicnts produced transient data with polarity reversals at three
stations near water-pipelines. These stations were moved a few hundred metess and usable

data were obtained.

¢) Data procéssing
The data analysis procedure used in this study is presented schematically in the flow
diagram of Figure 1.3.2. The data which has been recorded in the field is first transfereed
-~ from the PROTEM receiver to a personal computer, using the Geonics prd_gr'am. This
- data is stored in ASCH data filcs which are then read by a data inversion program.
In the first phase of data processing, the decay voltages for each gaté are transfornicd into
latc-time apparent resistivity valucs, by normalization wilh respect to field data
measurement parameters such as loop dimensions, receiver gain, current and sounding
geometry.
The voltages, Vo (in units of mV), which arc measured by the PROTEM receiver arc -
converted to magnetic field decay rate, dB/dt (nV/m?), by the following forniula (Géonics, .
'1992).

dB V19200
“dt gl

wheie 72 is the recelver coil moment (m?); and # is the amplifier gain sclting?21
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. Apparcﬁt reskstivities rg (ochm-m) ate then given ag a function of time {2} by,

_ . H 2pM 2
pa(') = iy o
dpt, \ 51, dB/dt

in \\'hich m is magnetic permeability (*4p* 10”7 H/m), !(,Q is measurcmént tinie or the gate
c»nler time in scconds, and M is transmitier moment \\hlch is lhc product of loop area
{m?) and current (A). - .
An automatic one dlmensxonal inversion technique was used to gencrate resm{mt} modcls
composed of up te 19 Ia;ers In this process, the resistivities of the layers of a candidate
model, which is chosen by the inversion program, are gradually changed and résponse
curves are computed to determine the model whose response best fits the ‘observed data.
The model is not restricted b} the condition that the resistivities of the layers change
smoothly with depth, as they dre with the Occant or ‘smooth’ inversion mcthod. Models
- derived by this technigque, without artificial: paraméterization, can be used 10 produce
imagés which aid in visualization of undergiound structures. The inaging results were
also tised to estimate initial model parameters for the interactive one-dimensional
inversions which followed.
Interactive inverse processing is used fo oblain one-dimensional resistivity structures in
areas where the geological section can be assumed to be composed of a more limited
“number of discrétcly aycfcd geocloctric units. In this process \\'c'can estimate resistivity
and thickness parameters for models composed of up to 8 layers. 'lhe inversions are done
by the automatic ndgc rcgrossmn approach te nonlincar minimum squarc curve making.

An inversion program was used in this study. -

(2) TEM Sounding Results
Automatic on¢-dimensional data inversion was performed to gencrate 19-layer resistivity
models for cach of the survey data sets. The thickness of the fayers increases with depth
and these models extend to a dcpth of 600m from the surface. These results were used to
produce resistivity sections and resistivily contour maps as shown in Figure 1.3.2. to

1.3.6. and to estimate initial model parameters for imteractive one-dimensional inversions.
a) Geoelectrical Interpretation of the Resistivily Sections

The resistivity sections are images of the earth’s resistivity beneath cach of the survey
lines, Figure 1.3.2. They can be used to aid in visualization of the underground structure
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and ini estimation of 'grouhdivaler distribution and'qnal'ity. While the _mt;_)dds:f rom which

these images were produced have a thickiicss of 600 m, sections befow 600m are shown

as blank,

The survey line coordinaté in kilometers is giveir on the bottoni axis of these plots. These
 line coordinates ate catculated from point to point along the survey lincs rathes than along
‘a bést fiit lin through the survey pointé. ‘The clovation above sea level is shown on the lcft

vertical axis of i'he'plot's The units of this axis ate incters and the vertical exaggeration of
- the plot is hwenty to one. Theré is a resistivity color scale at the right margin of the plots

and information pv.,mnent 10 data collection, processing and inversion is noted within a
comment box near the lower nght hand comer of the plots. The same color scale has been
used for all plots in this section of this feport,

-TEM Survey Line A |
.TCM Survey Lme A strikes from WNW to ENE at 119° in the northem part of thc survey

arca a_nd is abc_mt 21 km long. There are 22 TEM stations on this survey line, Figure 1.3.1.
Station A0¥ is 65 m above sca level {ASL) and the topography rises ncatly monotonically
to 197 m ASL at station A22 with a local topographic high at station A06, Figure 1.3.2.
This section is, in general, highly resistive near the surface, conductive at intermediate
depths and resistive at great depth. In the following text this and the following sections
will be discussed as being composed of three Iaye:‘s; although in fact the resistivity of the
sections vary continnously with depth. Resistive surface layers will be referred to as
overburden and the bottom layer will be refereed to as the “clectrical basement™, or the
deepest geoclectrical unit which canbe iktecte& from a given clectrical sounding.

Stations AOI through A04 are located in a lérge dry wadi, A05'is in an agricultural arca
on the bank of the wadi and A06 is in high sand duncs. A07 is in a dry agricultural arca
and A0S is located in the village of Al Zargah, A09 lhrough Al2 ar¢ in high to moderate

sand duncs and A13 is on the cdge of the dune field. Al4 through A19 are on sand and

rock desert with unconsolidated to weakly cemented sand and gravel at the surface.

Stations A20 through A22 are within the reservoir of a arge dry man-made earthen dam.
The overburden in this section ranges in resistivity from 30 ohm-m to hundreds of ohim-m.

The dry grav ols in the wadi at the west end of the section are seen to be resistive and a

more conductnc arca is scen at A0S, The oxcrburdcn is very resistive at A0S and a lcss

resistive afea is scen ‘near Al Zarqah. Surface resistivities are high for the remainder of the
' survey fine except at station 19 which is at the toc of the carthen dam. The base of the
overburden rises gently in the west half of the section with the overburden thickening to
the east. Theie aré lows in the overburden base centered beneath stations A14 and A20.
These may be caused by’ deformation or erosion of the undetlying rocks.
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The clectrical basement of this section is conductive (20-45 bhm-m) in the west and niore
- resistive (30-120 ohm-m) in the east. This could be duc to'a charige iri tithology, a facics

change within a rock unit or a change in pore fluids in the basement rocks. Stritcturally,
“the basement is high from A1l to A22, lying at about sea level. There are vertical
conduch\e zongs beneath Al3 and A19 which could reﬂcct basement topograph} or could

be caused by the presence of ﬂu:d bearing fractures or faults. The electrical bascwient
_drops tp around -300m ASL from station A04 to A0S and theré is an apparent basenent -

ridge bencath A03. This baserent, ridge ties approximately along strike of the riorth-south
striking ridge line known as Jabal Al A’zab or “Saddlc Mowntain”, near Sha Biyyat
‘Mileiha in the south-westem sun ‘Cy area.

The middle of this section is scen to be very conductive with résistivitics rangmg from 1to
10 ohm-ni in the \\est and from 10 10 20 ohm- -m in the cast. T‘here isa more resnsme zone

from Al to- A]S (2530 ohm-m). The remstmt:es of this unit ate quttc probably

controlled by the resistivities of pore fluids or by variations in the degree or t:,pc of
~‘cementation. The more conductive zoncs may represent arcas where more saline pore
fluidé ar¢ present ot arcas of more resistive of dens¢ cementation.

-TEM Survey Line B |

Linc B is approximately par’al'lel to Linc A and is about 22 km long, There are 23 stations
along this line which runs through the center of Al Dhaid, Figure 1.3.3. Station BO1 is 91

" m ASL and the topography rises gradually to 190 m ASL at station B23 with local"

~ topographic highs at stations B03 and B0S.
Stations B0t through BO6 arc located in moderately high sand duncs, B07 is near a
“village and BO8 is in an agricultural area on the bank of Al Dhaid wadi, which lics
'bcmcen B0O7 and B08. B09 is iy downitown At Dhaid and Bl0is located near the school.
‘Bl through BI3 are in low sand dunes near agricultural arcas. The retainder of the
stations on this survey line are on sand and rock desert with inconsolidated sand and
gravel at the surface, exeept Station B21; which is located in an agriculural compound.
This section is, in general, similar to the preceding section, It is hlghly rcs&stne near the
surface, conductive at interméediate depths and resistive at greatdepth.
The overburden l't,SlShVil} agam ranges from 30 ohm-m to hundreds of ohm-m over most

of the profile, and the dune field at the west end of the section is soén to be resistive. From

B07, which is at the edge of the sand duncs, to B20 the oﬂ-erbu:rdgn is morg conductive. At
the east end of the profite (B21 through Bi3)’, where boulder beds are seen at the surface,
the surface resistivities are only 10 t6 15 ohm-m. The base of the overburden rises gently
from BO1 to B14 and the thickiicss of the unit is about 40m in this interval. At B1S the
resistive surlace ﬁni.t thickens to around 130 in and at BI8 it is about 90 m thick. ‘This
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unit piriches oiit from B19 to B21. o
The clectrical bascracnt of this section is generally someihat conductive (15-45 ohm-m)
and deep (about 200m), except between stations BO7 and Bl1, where it is very resistive

and quate shallow and beneath station B02, wherc a basement ndge similar to that seenin

. profile A, is implied. Wlnlc the bascment ridge at the west end of the profile is probably
: rcal the resistive anomaly beicath BOY may resolt from maskmg of geology by hydrology

rather than the presence of bascmcnt rocks.

The middle layer of this scction is generally thick and resistivitics range from 1 to 15

ohin-m. There is a very conductive zone beneath BO4, which may represent a more saline

area. Froni station B21 to 1323 the entire séction is conductive.

-TEM Survey Lirie C

Survey line C is roughly parallel ta lmes A and B and it is about 18.5 km long. There ate
20 stations on (his Jing which passes ncar Sha Bl)}at Milcilia and spans the Al Dhaid

_ Plain ii the southem half of the survey area, Figure 1.3.1. Station COl is 155m ASL, €04
~is 138m ASL and C20 is 231m ASL, Figure 1.3.4. The Saddle Mountain ridge line lies

between COL and CO2.

“Stations CO1 through €04 arc located in sand dunes, CO5 through C07 are near

agricultural areas and the remainder of the survey stations are on sand and rock desert

-covered by broad wadis. This section is somewhat differént from the scctions in the

northem half of the survey area.

There is a thin resistive overburden at the margins of the profile, but this pinches out
between CO8 and C10. The conductive middle layer is much thinner (100-200m) and the
basement is much more complex. 'ﬂlciconducti».e zone from -20m to 80m ASL between

‘€01 and CO2 is false. It is a result of lnterpolatlon by the data glrdmg program .

The electrical basement of this section varies in resistivity from 10 to mor¢ than 180
ohm-m. The basenient is resistive from C01 to COS and there are peaks in the basement
topography béncath €03 and €05 which corrclate well with similar peaks beneath BG2

and B06. From C06 to C12 the basement resistivity is 8 to 10 ohm-m, which may imply a |

Thigh clay conteat. The basement resistivity is 25 10 90 ohm-m from C12 to C13a and from
C18°to C20 there is & very resistive unit near the surface. This unit is probably an
ultrabasic formation which outcrops just cast of this profile. The contact region between

these resistive units (C15a-C17a) is very conductive and, while it may be a zone of fluid
bearing faults or fractures, it is more hkely a more conductive facies of the basem¢nt

rocks, which can bo scen in the following section.

-TEM Survey Line D
‘Survey line D is approximately parallel to lincs A through C and is nearly 19 km long.
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Thete are 19 stations on this line which passes near Fili a1 the southem edge of the survey
 area, Figure 1:3.1. Station DO is 158m ASL and D19 is 265m ASL, Figure 1:3.5. There
“is a high limestone tidge tine between DO and DO5.
Stations DO thrcugh D04 are located in sand dines on the flanks of the ridge line, DUS
throtigh D17 arc on sand and rock desert covered by broad wadis, D18 is at the edge of
outcropping ultrabasic rocks and 1219 is on ultraimafic outcrop. This section is similar to
that of sarvey ling C. ' . |
There is a resistive & erburden at the cehtes of the proﬁIe but lh;s pmchea out at DO'ir and
' I)_l_?. ‘Fhe sands on the flanks of the ridge ling are thin and less resistive than those in the
northern sun’C)" area. The conductive middle fayer is égaih thin (]00—200!11) and theee are
very conductive zones from D03 to D06 and from D15 1o Di7. The basement is
~ sometwhat inore complex than that of Section C. The near surface conductive zone
between D02 and D03 is probably a false result of interpolation during girding.
The electrical basement of this section varics in resistivity from about 1 to 45 ohm-m.
" Bencath D02, the basemeit is resistive above sea level and conductive at depth. From
D04 to D07 and D14 to D17 the bascment resistivity is 1 to 10 ohm-m, which again may
imply a high clay content. These conductive zones corrclate w ith similar zones of Profile
C. The fact that the easlern-most of these has broadened may imply the presence of a
conductive facies of the basement rocks rather than the presence of fluid bearing faults or
fracturcs. The bascment resistivity is 15 to 45 ohm-m from D07 to D13 and this zone
corresponds to a similar resistive zone centered beneath C14: Ultrabasic rocks obtcrop at
the east end of this profile where very high resistivities are scen.
-TEM Survey Line E (south) _
TEM Survey Line E strikes ncarly nosth-south from ncar Fili in the south and is abéut 43
kiia long. There are 44 TEM stations on this sur\:'e); ling, which passes through Al Dhaid,
roughly in the center of Al Dhaid Plain, Figure 1.3.1, Due to the length of this survey ling,
the resistivity section will be addressed in two ovetlapping parts. The southern half of the
line will be addressed first. Station EOL is 200m ASL and th¢ topography falls
monotonically to 148m ASL at station E24, Figure 1.3.6. ‘This section is resistive near the
surface, conductive at intermediate depths and moderately resistive at dépth.
Stations EO1 through E20 arc on sand and rock desert with unconsolidated to weakly
cemented sand and gravel at the surface. This part ofﬂie survey linc is covered with broad
dry wadis, which run roughty normal to the survey lings. Stat:on E2l is on a low rocky
hill and E22 through E24 are in an agncuhural arga. _
The overburden in this section ranges in resistivity from 20 ohm-m to 120 chm-m and in

thickness from zeto to 50m. The upper surface of the underlying unit appears to be




' térfaccd ot eroded with steps at K09 and between E18 and EI9. The center of thésc
channels (E06 to EO7 and at E18) are bencath present day wadis and a broad wadi lies
" between E10 and EN3. This unit ranges in thickness from 170 to about 300m and in
resistivily from about 5 to 15 ohm-m,
The rcsisti'i'it)-'pf the clectcical basement is 15-45 ohm-m. Structurally, the basement
| deepens from EOI to E17 and there is a basement high beneath E18. This basement high
lS ajnpfo:«inmt_ely on stiike of a lil‘l:lCStO!le ridge which outcrops 4 kin cast of the shrvey line
tand plunges toward it. Initial measurements made midway between EI19 and E20
' displayed polérity reversals, which theoretically cannot occur above a horizontally layered
¢arth. Data of tﬁis sort usually i_mply sibsurface faulting or fraciuring, extreme lateral
resistivity variations or currcat channeling by man made objects such as pipelines or
“grotnded power fines. Sfatioi_i E19 was moved closer to E20 and normal data were
ob!aiﬁéd but the basemént resi-stiviiy was found to be quirte low. The zone between E19
and E23 is very conductive (8-15 ohm-m) and may be faulted or fractured.
-TEM Survey Line E (north)
“The northem haif of this ting is topographibaﬂy nearly flat. Stations E21, E28, E34, E37
and E44 are 160, 141, 146, 142 and 146m ASL respectively, Figure 1:3.7. E21 through
E27 are located in or near agricultural areas and E28 through E30 are on sand and rock
descrt. Stations E31 to E35 are in agricultural areas within the town of Al Dhaid and E36
to E41 are on sand and rock désert. Therc are sand dunes which increase in size from E42
to E44 at the north end of the survey line.
This is a remarkable section with a broad zone of anomatously high resistivity extending
from the surface to depth in the vichnii'y of Al Dhaid, which is an historic oasis. To the
north and south of Al Dhaid there is a normal rcsistivit} section quite similar to that secn
in the southern part of this linc. There is a thin resistive oxe:burden a thick conductive -
- sccond layer and a moderately resistive electrical bascment. Rathier than discuss the |
notthern and southem parts of the section, aitention will be focused upon the resistive
central zong in the vicinity of Al Dhatd.
In this fcgion it is quitc probable that hydrology is masking the geology of the arca. The
" upper resistive cone which is seen bencath the more resistive overburden has a rééisﬁvity
of abbut 30 to 90 ohm-m. A ¢oric of this sort could represent a cone of depression in the
local water table created by pumping. The clevation of the water table in Al Dhaid was
around 100m in 1985 and it has been dropping since then. A sccond possibility is that this
cone represents a fens of cofatively fresh water floating on the much more conductive
' ﬂmds of the middle layer. The shape of the -:onduch\e layes beneath this zone would be
cortect for a zone of bring incursion.
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The resistivity of the lower cone is the same as that of the upper cone, This cone could, of
course, reprosent a résistive basement high, but its occurrence directly beneath the upper
cone is interesting. It could be that the lower conc is the water soutee that is curreatly

- supplying Al Dhaid and that the upper and lower concs are scparated by a discontinuous

- impermeable layer, The vertical resistive zone beneath E38 and E39 may be caused b)
seepage of ficsh watcr through another discontinuity of this layer.
A resistivity section all along sur\cy lme E is presentcd in Flgure 138 witha \erllcal

exaggeration of thirty to one.

b) Géoc!cciriral lnic'rprelation of the Resistivity Contour Maps

“Contour maps of the éaﬂh’s fcéisﬁviiy éi the sﬂrface and at five discrete depths were also

produced. These can be used to aid in dntcmlm'mon of the n,s:stmi) distribution in the %
survey arca and to’ analyze corre!allon between the TEM surv cy lines. Information was

collected only along the five survey lines and ateas between the survey lines has been

blanked in these sections. The_soﬁware which was used to gﬁd and contour this data,

given the lack of data normal to the sarvey lincs, assumes that trends along a suﬁ'cy line

are normdl to the line. Geologic trends in this area appeai to be roughly normal to the

cast-west lines but they ar¢ nearly parallel to the north-south line and this gives a distorted

picture. The reader should bare in mind that the data is only valid within about one

kilometer of the survey fines and that this is especially important near line E.

(3) Natural Gamnma Ray Result
The data: of Natral: Gamma Ray Survey was analyzed graphically and latgely
qualitatively. The four gamuma-ray count values and the two ¢count ratids which are
recorded are ploited along survey lines. Mean vahies (M) and standard deviations (S) for @
cach count and count ratio are also calculated for cach survey tine. With these mean
values and standard deviations, the two threshold values, M + 28 and M + S are
caleulated and used to determine anomalous zones along the lines.
“The result of Natural Gamma Ray Survey, 50 anomalics were also detected in Study Area,
and several stations out of these weré coincided with the vestical structure indicated by the
resistivity pattern obtained by the TEM survey (refer to Figure 1.3.9. 0 13.13).

13.2, Core-Boring and Test-Welt Drilling

(1) Core Bormg _ ,
Core Boring and Geophysical Loggmg were made to ascertam the underlymg condmon of
Hy drogcolog; and Stratigraphy. Lithological dafa obtained frouii drilling ® \\ere utitized to
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idcn_tify strata units and their stratigraphical positions: Lugeon valigs measured after

drilling were referred as a hydraulic conductivity as well as used as an indexcs for

clarifying the permcable zoncs in the drifling section. Geophysical Loggings were

completed for both purposes of revealing an aquifer chacacteristics and geophysical
correlation to TEM suﬁ'ey.

Based on the Tesult of Né)tural Gamnia, Gamma-Gamima, Neuteon and bthci' analyscs,.thc
porosity of -slrata, 50 Cal-'lcd Bulk Voluime Water,'i 6., BV\V, which is the retrievable rate
from a’quffer‘s, were estimited. The physical values themselves, such as resistivity logs
méasured in vertical séction gave good evidences fot a correlation to lithological changes.
'Ihough such correlative comﬁarisons between the Geéphyéic‘.al Log and the result of
TEM, Ganuna Ray aﬁd further Fieldwork Surveys, the spatial view of hydrogeological

structure in this area can be inferred. Therefore, all drilling sites comprising Bl and B2

* were sclocted on the TEM lincs.'On TEM Line C, the two Core Boring sites were

positioned apart five kin from each other as shown in Figure 1.3.1. Ling C was sct on
“Potential Arca for Decp Aquifer in the south of Study Area” suggested by the IWACO
Repoit (1986). The most productive well, namely GP6 drilled by FWACO Study, is also
involved in this C line. Upon this regional situation recommended by existing study, the

" Coreborings of which are drilled to clarify the geological constituent, water bearing

propeity on the extent of aquifer were planned to be completed on this C line. Besides,
these locationis are also confirm the positioning between the existing obsetvation wells.
The actual drilling works of Bl and B2 were completed from June to end of July 1995,

~a) Scope Of Waork .
- The objective of this Core Boring and Geophysical Survey i is to obtain mfommt:on of thc‘ |

lithological features and hy draulic feature and_h) draulic characteristics of the aguifer and
aquicludé down to a maximum depth of 300 m below the éxisling ground level. The
technical means to achieve the results presented in this report can be summarized in three
groups, which are described below: -

-Core Roring ‘
The scope of the work spec:ﬁed inctuded two no. borehole to be core drilled to dﬁpth of
B1 = 200 m and B2 = 300 m, with 2 minitium core diameter of | 1Q or NQ size.

~Lugeon Test '

To identify the test strata and depth for cach down the hole packer test, the core recovery

from the drilling operahon was studied and as a result a total of 20 tests were performed.

Each test section was limited 10 a 'fcngth of five metér's making ‘a double packer

configuration necessary.
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- -Geophy. m‘al Logging Details
A scries of geological test in the borcholes were spcclﬁcd to determined the hydrological
featurs of the geological formations encountered. The various type of tests conducted can
be described as follows:
*Natural Gamma '[hc Natural Gamma log which measurcd with caliper is used to
relate the detectors response to the API standdrd. o
*Caliper A singlé-amn is activated for thé upward logging rn and prdvidcs an
“accurate mcasurcmcnt of borehole diameter as well as side- “allmg by the sonde.
_ *Reslsrmr_; The resultant pofential between the 16”/64” electrode and remote brldlc '
electrode is and used via Ohm’s law arid a geomelric factor to provide rcsnstmt} _
SP The spontancous Potential {SP) log is a record of the electrical poteatial
- developed between the borehole fluid and the surroundmg formation : %
| *Sonic. The fuII) compcnsatcd sonic sorde proudea the average fonnatlon xcloc:t; l
transit time for which porosnt), rock strength {combmatlon with density data) and
I:lho!og) determinations can be made. '
*Formation density Measurentent of back scalteud ganuna radlauon is made using
for formation densi ity and porosity.
*Neuiron The response is a function of the p'rcsencc of the lighter elements (mainly
hydrogen) and after correction for borehole effects may be used to derive hydrbgen
index of Formation porosity. '
*Temperature Idenlifics zones of inflow / outflow and data for correction other logs
{mainly resisti\it{)
*Condrictivity The conductivity of the fluid is measured with a tree ring contract cell
which is driven by a constant \oItagc source using an alternating square wave to ‘
- reduce electrode polarization. The log provides data to locahze zones of different water @
" quality.
*Hydrochemistry (pll, £h, Do). This log is a record of Eh potential and Dissolved
Oxygen of groundwater.

b) Result of Core Boring

-Core Bormg .
The full hthologlcal description along with thc cote details such as Total Core

Recovery (TCR), Solid Core Recovery (SCR) and Rock Quality Dmignatron (RQD} are
given in Appendix 2.2, According to observation of the core, the lithology of the two
borehole can be described as follows:



*CEMENTED GRA VFL _ :
Centented gravel found at the surface and near surface are usually oompetent brown
to dark brown; élongated, such rounded to sub angular in shape, with fragments of
limestone, often cemented by white carbonate/silty sand.
*CALCAREQUS MUDSTONE
Catcarcous mudstone is generally white in color, fine grained grading from very weak
to moderately weak i n tcrms of strength Therg is a gradanon colot change with depth
to qu:sh pray at some places.
*LIMESTONE
In the Study Arca the two lmporlant constituents of limestone are calcite and dolomite.
Caleatcous limestorie is found in both types of borchole for a considerable thicknass,
@2 and is usually white in color. Dolomite is a limestone which is usually brownish in
color and was found in boreholcs especnll; in Borehole No. (B2) at deeper depths.
These limestones are usually massive and competent with very closely spaced joints. In
thése limestones some gravel inclusicns are also found at some places. Due to the
presence of other detritus material, sandy and marly limestone are also found.
The limestone is often interbedded with brown to dark brown \\'eékly ceimented
CONGIL.OMERATE at some places.
A number of fissured or loose harizons found from 228-234 m and from 261-27Y m.
These fissured horizons are identificd by GRAVEL fragments.
< Lugeon Test
-Summary of the results is shown in the Appendix 2.2, As seen in table of result,
maxtmum lugeon value is observed at the top sand and gravel layer of B2 hole. The other

layer excluding sand and gravel Jayer is shown a less value than 1 Lu.

¢) Result of Geophysical Logging
The summary of Geophysical Logging is given in Supplementary Drawings. The
geophysical logs run in the open hole can be divided into those responding to propertics of
the formations (Formation Log), atld those of the borehole fluid {Fluid Log) and are
discussed in below on that basis.
-Gleophysical Interpretation of Bl
 *Formation Log. . ‘
Throughout the logged scction, the ca1ipér log is in gauge suggesting that a competent
fon_nalioh has been intersected, however thé dritling method would have atso aided the
smooth nature of the borchole. A porosity log caleulated from the sonic transit time log
- (tatibrated in % L) has been presented. Due to the nature of the sonic transmission in
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the borehote, the sonic porosity log can be useful in distinguishing I:@eti\‘ccn primary
and secondary porosity (Secondary :porosit'y in the form of joints. and fissurecs). Sonic
porosity has a tendency to measure primary poresity whereas both the density and
neutron porosn} logs measute total porosity, subsequently the diffcrence bct\\een the
two scis of log data infers secondary porosﬂy _ .
‘Gravel alluvium identificd in the core from’ grousd level to 16. 5 m corresponds to
~lower formation porosity where an average value of 35% Lst is recorded. Gamima
-activily increascs \\itﬁin the gravel alluvium above 10 mand thin clay horizons are
suggested by gamuma peaks, however the overall clay content of the gravel alluvium is
interpreted as being low.
Limcstone with thin interbedded - dolomite/dolomitic clay is interpreted from the

formation logs between 16.5-84.5 m. Gamma activity remains low ihroughout' the
interval and whilst-the formation resistivity .'ranges frbm 39 ohm;m td 9 ohmi-m, the
* lower density porosity compared to the ncutron porosity is through to represent
dolomite rather than clay. The 'a.verage formation porosity recorded is 40% Lst. A
- primary porosily origin is indicated in the liméstone where soni.c porosity records
similar value to that of de’ns.ity and neutron porosity.
Dolomite is interpreted between' 84.5-133 m where the density porosily 1s typically
some 5% Lst lower than the neutron porosity. The average formation porosity
decieases to 36% Lst with corresponding increase in formation density {up to an
average of 2.3 gfec). A thin, hard, low porosity limestone is identified at 110.5 m.
Increased gamina activitybetwccn 84.5-109.5 m correlates within increased formation
rcsi.stivity (up to 23 ohm-m). The high gamina activit:y is untikely to be associated with -
clays. A thin fissure is identificd by the caliper log at 124 m. Throughout the dolomite,

sonic porosity is fower than both the density-aﬁd neutron porosity values, which
indicates the presence of secondary porosity. Joints and fractures are noted in the core
over this interval. Low formation resistivity between 122-133 m correlates with a
large amount of sccondary porosity and a highly fracture nature hgted in the core.
Limestone is interpreted from 133-200 m where ganuua activity decreases to an
average of 4 APL. The limestone is identified as being dolomitic in places and has
variable porositf; between 20% Lst and 47% Lst. A number of thin clays are identified
by thin gamma peaks and lower formation r;sistivity. A s_lig'ht' developrisent ‘of
secondary porosity is indicalc'd between 169-190 m,

-Geophysical Interpretation of B2
*Formation Log
Gra\ el a1quum is interpreted f‘rom ground level to 29 m where a slrght increase in
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overall pamima activity is noted. A limcstone dominated matrix and/or clasts is
indicated by the overlaying density and neutron porosity logs. Gamma activity reaches
a maxinim of 13 API above 10 m. Formation porosity records a range of 32% Lst to
58%Lst. ' |

: Lunestone with thin mtcrbeddcd dolomite is mtelprcted bet“ecn 29-101 mi where
ganima activ ity aierages 4 API and for the majority of thc logged section the dunsxl}
and neutron porosn) logs record the same values! The thin interbedded dolomites are

5 1denhﬁcd by lowet density porosily and formation porosity. Thin fissures are identificd

- by the caliper log at 33-39 m. The sonic porosity logs indicates a dominance of
primary in the carbonate formation, with the exception of a limited development of
secondary porosity between 60-74 m.

~ Dolomite with thm mtcrbedded hmcs(onbs is interpreted between 101-219 m wheie
gamma activily increases shi ghtl) to an average of 6 API the bascline of the formation
tesistivity logs decreases to_arou_nd 3 ohm-m and Iov.er density porosity is recorded
compared to neutron p'oro_sity. '_ The thin limestone afe highlighted by increased
formation resistivity {up to. 17 ohm-m), lower formation porosity and lov.icr sohic
transit times. Formatlon porosn) records an qwragc of 40% Lst. Primary porosity is
- present in the formation as indicated by the sonic porosn} values being similar to that
of the density and ncutron porosity values. A number of sandsto_ne hosizons are
rccdrded: in the cérc over this intervals. The typical geophysical signature for a
sandstone is rot recorded which may be attributed to a finc grained nature.
Below 219 m, the formation becomes increasingly clay rich where ganuna activity
reaches a maximum of 14 APT. Interbedded limestone and some thin dolomite horizons
are ide'nlif:cd by increased formation resistivity reaching 23 ohm-m, low sonic transit
time and increased form‘ati.on density:. Formation poroéity average 32% Lst but
decreascs to loss than 20% Lst in places. A number of fissured or loose horizons arc
identified by the caliper log. A number of shales, however this feature is not recorded

by the geophysical logs. '

(2) Well Drilling
a) Location of Survey .
The well iocxtlons were selected based on prevlous survey, inclusive of TEM surv ey,

~ Naturat Gannm Ray and reconnaissance survey of area. In the same period, a scries of
- pcnnanent benchmarks were lnstal led allomng topographical surveymg of cach well to

" abtain their clevation. A sununary of wells drilled is given below:
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TWell No. Notthing  Easting  Bit Size . Drilling Fluid _ Total Depth . Elevation

N A

ey

- S ' SRS, . {m) LLL) B
PWI 2793594 397342 177 Bentonite raud 600 182.60
PW2 2785606 394300 8" .ditto- 150 177.36
OW2 2785600 394300 17'? . Airform 70 177.96
PW3 2782369 391000 . 8%  Bentonitemud 300 162.52
OW3 2782369 391000 - 17" Airform . 250 - 16232
ow4 2805856 386558 © ' 8’'  Bentonitc mud 300 - 100.00
PW4 2802981 391257 17" ditto- 350 13155
WS o771060 387299 177 die- 300 47810

(b) Water Well Drilling Program

~« Infroduction

Two drilling rigs were employed to complete the water well d:rilling for the Siirvey.
Drilling tools diameter were <pec1ﬁcd as 8 3/8” bit for the observation wells and a 17 1727

" bit for the pumpmg wells.

Al} obcenailon wells (OW-2, OW-3 and 0W-4) and those pumpmg \\ells where no
observ alion wells are present (PW -1, PW-4 and PW-5) were drilled by the rotary thethod
using a bentonite mud flush. The wells were drilled with soud i in prefe_ra_ble_ to the much

faster air form method in the competent formations cncouﬁterccl in this area, in order to

~ minimize the amount of cuttings dilution by cave in form h\gh{:r horizons. The pumping

wells at those sites with observation wells (PW -2 and PW -3} were drilled by rotary
method employing direct circulation air foam. _

A sample of the cuttings were collected at one mefer intervals and stored in core boxes in
order to facilitate viewing and retricve of the samples.

-Well Design

Follo\;\ing the goophysical borchole loggin'g of the observation wells and a desc‘riptién of

the drill cuttings, a design was completed in the ﬁeld followed by the immediate

installation of the screen and casing. The production wells were designed based on
corretation of the drill cullmg with the observation well.

Once the screen and casing had bcm installed, the annular space befween .l.hf_." borchole and
the screen and casing was béckﬂ!led with well rounded ophiolite gn\'el Carc was
excrcised so that equal amount of gravel were mtroduccd on all sides of “clls The grav ot
was filled up to six meters from the surface,

In two of wells {OW-3 and PW-3) a concretc plug was installed above the ‘screened

“interval in order to isolate the aquifer from water bearing horizons al shallo“cr depths. A

tremic pipe was used to wash down a one meter thick layer of sand on lop of the gravel
pack. This served to prevent the grout from entering the gra\ci pack: “The grout, a
ccment-bentonite mixture, was also instalied using a trimmer pipe. AfRer selting grouling,
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the rest of the borchole annulus was backﬁllcd with gravel.
Once the ‘wells hiad been developed; the grav ol level was checked and lopped up if
_subs:dencc, due to a break-up of the bridges in the gravel pack, had occurred. A 0.5 meter
thick sand la) er was instatled on top of the gravel prior to pouring the cement grout, This
- servesasa ﬁlter 1o prevent grout from entering the gravel pack. The wells were grouted to
surface. Ono, the grout had sct, a 1 x 1 x 0.75 meter decp elevation was dug around the
iwell head to ac¢0mmodate alm x I'mx 1 m concrete plinth which was installed inside
- steel shutters. o _ |
A stccl surface casing was set in the concrete phnth to protect the well against any
mterference from the surface. “The observation wells are completed with a 6” and the
- pumping wells with a " surfa@ casing.
= Observation Wells .
The observation wells were completed in 47 casing and screen. the obscrvation wells were
designed to open the entire aquifer interval penctrated by the borehole. The base of the
well was sealed by a wooded casing plug A removable wooded plug was also installed at
the surface.
- -Pumping Well (Production Weli)
Puniping wells were completed in 127 casing and screen. Productlon wells PAV-1 and
PW-4 weic complc(ed in bridge slotted steel. The cased wells PW-1 and PW-4 were
designed to be screened over the aquifer interval perietrated by the borehole. Due to the
micterage of available bridge stotted casing, only highly productive inten_zals. of P\V-1 and
PW-4 were st:rcenéd. Al wells were completed with a pump sumﬁ at their base. This was
sealed at its base by a wooded casing plug for the cased wells and a steel platc for the ste¢l
cased wells. A removable wooded plug was also instalted at the surface.
-Well Development -
‘The observation and pumpfng wells ';\'crc de{'eloped by atrlift pumping until the water was
clear of sand and bentonite. An elemient of raw hiding was accomplished by switching the
compressor on and off a number of times. Any residual bentonite was generally removed

during the calibration pumping tost.

e} Gcoph) sical Borehote Loggmg Progran

Geophysical borehole loggmg was camcd out in the obsenalxon -.\ells and in the pumping

* wells where no observation wells ‘were present. The logging was conducted during two

visits. The first visit \\'as.imm'ediatcly after the completion of dnifling in order to record the
following formation logs:

+ Caliper and natural ganuna
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- 16" and 64" normal rcsisztivity.and spontaneous potential

- Neutron |

- Density (gamma-gamma)

- Soni¢
The geophysical ficld logs suppli¢d on site were used in conjunctlon with the cuumgs Iogs
in the design of the wells. '

The second field logging visit was accomplished afler the “ells had becn completcd and

developed. The following fluid logs were fecorded:

- Temperature and Conducuv:ty :

- Hydrochemistry (pH, B, DO) _
Temperature and conductivity were logged throughout the well. Diie to a depth limitation
of the Scnsors used in the hydrochemistry tool, pH,ﬁ Eh and DO were. recorded to a
maximum submergence depth of 150 m. Below this depth, water Samplcs weic taken with

a pressurized depth sampler and brought to the surface for incastirement.

d} Pumping Test Program

The purhping test were carricd out with a range of pumps 0.3 Lisec to 25 Lfsec. the

maximum pumping head was generally 100 m in order to accommodate the very high

drawdovins amicipatcd'in the Study Area. The pumps were instalicd at a depth exceeding

100 m so that the wells could be stressed to the maxirium available capacity of the pumps.
' the pump discharge was controlled by a valve located after a pressure gauge which gave

the operator a dircet control over the working head of the pump. The drawdown in the
 pumping wells and the observation wells (if present) was measured by clectrical contact

dippers and recorded at re'gufar intervals.

The pumps dischafge‘d directly into-V-notch weir tank which was calibrated in order to

give an accurate reading of well discharge. The water was then collected in a tank and
- pumped to a distance of 30 m. This water was then collected in a tank and pumped toa

distance of 300 m. this distance was considered adequate {o ensure no re-circulation of the

pumped water over the test intervals.

- Airlift Test

During the well development by airdift pusilping, the ap’prowimaté yiclds obtained from the

wells was ascertained b) the driller on site. This information was used to chooce the most
appropriate pump capacity required fro the subscquent pumping test.
-Calibration test .
A calibration test was the first test run afler pump installation. The pump, geheratbr,
tights and other equipment nocessary for the pumping test weee nun for a sifticient fength
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of timo to ensurc that cverything was in good working order; this was usually a period of
30-60 minutes.

The drawdown in the well was recorded at regular interval to establish the maximum
l1kely discharge test could be obtained from the well without dcwa!cnng it. Once this
discharge rate was found, three forther discharge fates were sclected from the pump
discharge specifications to give an even distribution of well discharges for the subsequent

~ variable rate discharge test.

-Variable Rate Discharge Test (S!ep Pumpin g Test)
A variable rate discharge (step puniping test) was completed in every puimpiiig \-.ells after

" the calibration test. The step: pumping test considcred of four increasing and three

decreasing pump discharge steps. The discharge rates employed for the step test were
chosen durmg the cahbrat:on test. Each step was of one hour durahon after which time
the pumping water IC\els had usually reached to quasl-cqulhbnum The traisition from

one step to the next was an imndiate, smooth change in discharge.

~ The temperaﬁlrc and clectrical condu'ctiviiy of the water was recorded at regular intc.njal
~ throughout the step pumping in some of the wells. The well yicld was measured by the 90°
“V.niotch weir and checked with the time requited to fill 2 210 L drum.

The recovéfy of the water level was recorded for a short period of tinte {usually onc hour)

after the end of the step test.

-Constant Rate Discharge Test

A 24-hour constant tate fest was complctéd once the water levels in the aquifer had

achieved a full recovery. The pumping rate used for the constant rate was chosen after

' coumdcrahon of the step test result. A maximum pamping rate was chosen that did not -
Tisk the complctc dewatering of the pumpmg well over the 24-hour period.

The well yicld was monitored by Vnotch and drum readmgs ‘The tcmpcratum and
conduclmty of the water was afso measured at a cegular interval in some of the wells.
-Recovery Test

A reco'\'éﬁ' test followed immediately on from the constant rate dischargc test until the

water levels had approached their previous static water levels.

) Result of Well Drilling

PW-1 _and P\V5 are single_\\'élls without obscrvation wells. PW-2 and PW3 have
observation wells at 10 m and 20 m distance respccti\'el)' (OW-2 and OW-3). OW-4 was
adry well, so PW-4a was drilled at a location approumatel) five kilometers away. Pueto
drilling prohlems in PW-4a, the required depth coutd not be achiev ed, ‘and its present
depth is 170 m. A second well was drilfed 20 m away, PW-db, This was completed to 350
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m: A summary of the well design for all wells is given in below: |

Items PY- l _OW-2  PW2 0W-3 M__PW- - _O}}f_—ijW--tb PW-5
Casing dnamclcr (mchcs} 12 Xl 12 4 12 i 12 -
Streen (m) 0-16 9-13 015 0-19 0-195 - 017 042 098
: 160-300 - _ _ : - 85-131 -
: 380430 _ o
“Plain casing (m) 160-597  144-150 66-70  294-300  248-250 - 234- 291
Co . : . : 350 - 300
Total depih (u} : 600 - 150 70 300 2250 300 350 300
Surface grout interval (m) 06 06 06 06 - 9-6 - 06 - 06 0-6
Sand mlen amy : 139-19¢  183-190
Beatonite plug (nt) - - - 188189 © 188-189 - - -
Grout/bentonite plug (m) - - - 160-188  160-18% '
Briller's yield (gallons/k} 3,500 3,500 l 300 3,500 1,500 0 lile 3,500
“d) Lithology

The cuiting logs of the “clls that were dnlled mdxcatc a very variable and comphca{cd

- geology over the Study Area. Thls_can be visualized i in terms ofa multi-layer of gravel,

sand, silt, calcarcous mﬁdstoncs, silt and chalky dclomilizcd linestone 'that show a
distinct cyclicity. Each éyclc is represented by a coarse clastic base, usually in the form of
gravel, which ffcquemly shows reworking of the imderlying carbonates of the previous
cycle. This grades upwards in all parts of the sequence, and the base is sometimes

represented by sands or silts. The carbonates at the top of the cycle are a pure chalky

white in the classical cycle, but if this is not fully developed, they may end in a

-:arbonaccous mudstong or silty limestone, before the next cycle starts.
Data from goophysical borchole logging mdlcatcs that some of the carbonate horizons
may be dolomite. The grav ol ate gcncnli; oomposed of rocks of opl‘uohte origin, ranging

from mafic to ultramafic rocks in various statos of weathering. Below 200 mv'in OW3, the

~ gravel are a distinctive green color, well sorted and graded (3-5 mm) This is vicwed as

the ‘fossil aquifer’. This cyclicity can be explained by a scrics of maring transgressions
and regressions, whereby the gravel and sands reprosent detritus from the Oman
mountains that gradually get replaced by mérin_c carbonates as the. t'ransgrcséion
progresses. At {he top of this sequence acolian sand from a thin superficial cover ¢.g.
PW/OW-2 site. The influence of acolian sands may.bc lois'e:r down in the sequence in the
form of reworked sand duncés that are incorporatcd in the {lavial deposits.

The lithological scqucncc'is .ShO“]l in Appéudix_:2.3.

¢) Geophysicat Logging

“This paragraph described and mlczprcts the boreholc gcoph}sncal !oggmg which was pan



of the Study. The aim of the chph}'sical logging was to producc data on the rock
formations that were penctrated by the borchole. The work contains a description of the
method used to make measurenent in the well, followed by an interpretation of the results.
Inthe Slddy the difterent logs were run'in the borcholes, the various physi:cal parameter
‘which measun.d by these logs are descnbed as follows:

- Three Arm Cahper

" This' log.méasures the interiial diameter of the well. It is used to ld{’llhf) fissures and

fractures in the mck formation, which may show up as sharp incréases in diameter on the
log. The caliper may also identify soficr or less con_sahdatcd rock formations which trend
to “wash out” during the drilling process. Finally, for safety, the caliper is a standard
means for detenmining the stability of the well pfior to running the radicactive logs
(density and neutron).

-Natdral Gamma Log

This log is measure of the naturally occurring radioactive isotopes which may be present
in rock, namgcly potassiufn, thorium and uranium; These are most conimonly found in clay
minerals, and hence the neutral gamima log (GR) is used primary as a clay indicator.
-Formation Density Log

This log measures the bulk density (RHOB) of the formation. This can be used to |dcnh[‘3,
changes in formation type, to detect fractures, and after processing to measure total

~ porosity (the porosity being inversely proportional to density). This is displayed as the

DPHI log.

- ~Neutron Porosity Log

_ The neutron log is essentially a measure of the h}drogcn in the rock f'ormallon and since
hydrogen is an element of water (H;0), the neutron log i is thus a measurement of w ater
content of the formation. Assuming that' below groundwater level the pores that are
contained within the rock forration are fully saturated with water, the neutron log can
effectively measure total porosity, NPHI. Some care has to be taken in interpreting
neutron logs since clay usually contains water that is ‘chemically bound” within the clay,
and sincé this is not ‘free water” the log will not be a measure of true porosity in this case,

“In addition, in the Stidy Area the wadi gravels contain serpentinite which contain
chemicat -OH group and so will affect the log. :

-.S‘omcl og :

-The sonic log contmually Asses an acousuc (sound) wave through the rock to a receiver
“on the tool. The log makes usc of the fact that sound travels faster thiough a hard material
‘than through a relatively softer material, and 50 the log can differentiate between hard and

‘sofl formation of rock. Harder (more competent) fomiations give shorter sonic transit
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I_tumes (TT values) and show up as a kick 1o the right on the log. Moré porous rock

fonnauon may often show lohget TT values. The porosity can be processed to gne a
“sonic porosity log’ (SPHI).

The sonic porosity log noriually rcsponds to primary porosity of rock: ’Hus is'in contrast
to the neutron and dcns:ty (NPHI, DPHi) porosity logs which measure total porosity,

mmd) the primary porosity, plus in addition any secondary porosity from joints and

. fissutes, This any dlﬂ’ercncc between the SPH[ log and the NPHI, DPHI logs infers
sccondar) porosuy b) default.

f) Geophysical Log Interpretation
-PWIL
From the geo;:h)slcal togs and drill cuftings the borcholc cdh be divided mto four broad
lithological dmswns at the follomng depth mtervals
Om-160m . .
Luho!ag} Cemented gra\els and silty ccmcntod gravel mth occasmnal bands of
calcarcous mudstone and limestone. ' _
Geaphysical log. The uppermost division from 0-160m comprises .main!y cemented
gravels and silty cemented gravels with fess frequent interval of calcareous mudstone
and a little limestone. Minor clay content in the gravels is indicated by the GR log from
215-255 m, and also to a lesser extent at several thin bands between 127-142 m.
These bands also show up as relatively lower resistivity values under 20 ohm-m, The
overall clay content of the cemented gravel however is low. The caliper log shows the
borehole was slightly washed out from 25-30 m, and a significant diamieter réduction
to 200 mm (87} between 84-91 m within the cementod gravel. Formation porosity was
mairﬂy !5—20%,'\\'i1h' sonic porosity in places lower than both the density and neutron
porosity, indicéling secondary porosity.
*160-271
Lithology. Calcarcous mudstone with some cemented gravel (160-216.5m), and
- alternating of limestone, calcarcous mudstone, and: silty cemented gravels (217-
2Him). '

Geoph ys:'éal log. 'The second di{’ision from 160-271 m can be divided into two units.
The upper unit from 160-217 m is a thick unit of calcarcous muds{onc with only a-

- small amount of cemented gravel. The calcaru::us mudstong is overall more washed-
out than the overlying gravels, to 600 mm (23.57) in places. Porosnty are in the range
5-20% Lst, with slight secondary porosu_v developed over some interval, e.&. 195 206
m 'l‘hc !omr unit from 216-271m compnscs hmeatone calcareous mudstono, and
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stlty comented gravels. Porosity, interpreted as niainly primary pio'rdsity,: are mainly in
the range 10-20% Lst. . | |

271450 m |

Lithology. Predominately limestonc and brown silty limestone with some calcarcous
mudstone and cemented gravels, Fisstirc / fracture at ophiolite boundary 419-423 m.

‘Geaphysical log. “The third iain division from 271-450 m comprises predominantly
limestone aiid brovin silty linicstone, with' smaller intérvals of calcarcoiis mudstone and

“cemented gravels. The top of this division from 211 mto around 303 ni is a slightly

harder formation, with shorter sonic uansﬂ times, higher resistivity values (505 ohm-
m), and lo“er porosity of around 2-21% Lst. Possible locahzcd dolomitisation is
indicated in a few places where the density por051t5 is lower than the neutron porosity,

28 317—320 m.

: :chocn 325-360m the poros:t) values of the limestone weré higher, around 15~ 20%
" Lst, with a little scéondary porosity in places ¢.g. 339-346 m.
The rest of the division from 360-450 m showed porosity of around 10-15% Lst,
these porosity are interpreted as being mainly jJrinlar}'. A significant fissure f fracture
is identified b); the caliper from 419-423 m at the first ophiolite / calcatcous mudstone
boundary.
*£50-660 m
Lithology. Weathered zone 509-549 m. A number of simall fissures, particularly
467-502 m. -

* Geophysical log; The forth ditision from 450-597 m compriscs the ophiolite
bascment. Some' of the ophiolite is highly \\'eatheréd, in paﬁiéular-a broad band
identified on the cuttings from 509-549 m. A few liinestone cuttings were found down

* {o around 500 m. The caliper log show a mainly regular bore, with a number of small
fissures particularly fron: 497-302 m. Most of the ophiolite shows resistivity values of
around 15-70 ohm-m, however low resistivity 3-15 chm-m is seen between 593-549
m, possibly associated with weathering. Secondary porosity is developed below this
depth with SPHI values lower than the NPHI and DPRI values. -

- OW-2

" From the gcophysicél logs combined with the logs of the drill cuttings, two broad
o geologtcat divisions have been identificd at the following depths. The Upper division from

-0-86.5 m'is prcdommanﬂ) comprised of cemented gravels with less frequent horizon of

calcarcous mudstonc Five units have beeh identified within this division coming at 0-4 m,

4-39 m, 39—63 m 63—?2 m and ?2—87 m.
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2087 m ' ;

Lithology Cemented g'ra'vels, with occasional bands of cal¢arcous mudstone. Some of
the cemented gravel beds are very hard.

Geaph_rs:‘cai Log. The top unit, from 0-4 m comprises unconsolidated sand that has
been waslied out. The hithological log shows 0-2 m as fmc dune san’d;-2~_4 as coarse
sand. The second unit is from 4-39 m, and coniprises mainly cemented gravel (silty in

places) interbeddcd with calcareous mudstone below 28 s The top nine meters of

cemented gra\els from 4- lZIm" ate poorly consolidated and have been washed out
* duriog drilling. From 13-17 ni is a hard cémented gra\d with a fast sonic TT valuc of
under 320 micro-sec/m, and with low neutron poros:t) (NPHI) values of between 2
and 5% Lst.

- The interval from 17-39 m compriscs mamly cemcn(ed gravels and cemented gra\els
| with some bands of calcareous tmudstone below 29 m. The neutron porosxt) valies are
mainly 10-20% Lst with somc peak values at 25% Lst. Gamma activity remains low,
with GR valug of mainly 5-10 APL. There is possibly a small fissure at 27 m sech o
the caliper. There are relatively soft bands of cemented gra\'el in the intervals 17-19m,
and 32-34 m.

The third unit from 38-63 m is characlerized by notabl) hardcr bands of comented

gravel. Overall the unit comprises mainly cemented (mostly siliy) gravel, interbedded

with catcarcous mudstones. The harder. more compctcnt bands of gra\cl with sonic
“TT values faster than 200 micro-sec/m are at the depths 38-43 m, 49-55 m and 58-63
m. these harder bands have fow porosity NPHI 2-15% Lst), and the uppcr two bands
also show high usnstmttes of 60-70 ohmi-m. with their upper and lower boundaries
marked by kick on the SP Log.

The unit from 63-72 m comprises calcarcous mudstone with neutron potosity valﬁes
around 15% Lst. From the drill cultings, the possibility that there were thin beds of
gravel within this unit of calcarcous mudstone was indicatéd, and this is borme out by
the resistivity togs, which show a typical oscillating “thin bed effect’.

The unit from 72-87 m comprises ceinented gravels, mainly silty or 'saﬁdy, with
formation porosity valucs of around 10-20% Lst.

*87-155 m

Lithology Calcarcous sandstone with some thinner honzons of cemented gra\el
Several bends of calcarcous mudstone. :

Geophysical Log The sccond division from 8?—]55 m compriscs mainly calcazeous
mudstone. Neutron porosity are mainly in the range 10 20% Lst with a mean value of
around 15% Lst, thes‘, bcmg interpreted as primary. Natural gamma value are IOW
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atound 15% Lst, these 88 AP, and the caliper log d_etéctéd few or no fissures in the
rock. Compared with the lithology above 87 m, this lower di'vision'has nore frequent
bands of very low rcs:stmty of less than 2 ohm -m, these being in the interval of 87-90

o, 107-108 m, 124124 m, 123-129 m, 135~ 193 m, 140-143 m and 148-153 m. The
bands of low resistivi ity are more frequent to‘_.\ards the bottom of the well, and may
_cOini:idc with éligh!ly high¢r sonic and heutron porosity vatues.

OW-

-From the geophysical logs and the drill cuttinigs, four main geologlcal du isions have been

identified at the following depths. 0-21 in, 21-197 m, 197-229 i and 229--300 m.
020 m .
Litholegy Alluvial sediments, comprising sand, well-sorted gravel, and silt with
calcarcous mudstone at base.
Geophysical Log Ganml_a activity in this division decrease gradually with depth from
around 30 API to under 10 API at 24 m. This division can be sub-divided into an
upper unconsolidated unit, and a lower slightly more consolidated unit of calcarcous
mudstone.
From 0:14.5 m the formation is relatively unconsolidated with washouts on the caliper,
particularly above 6.5 m and in the silt horizon 13,5-14.5 m. The sand, gravel and silt
show low density and high ncutron porosity ﬁp to 30% Lst. The long sonic transit

- times (TT) 450-500 miicro- sec/m indicate unconsolidated formation. The interval 15—
2l m oompnses caléarcous mudstone that is less washed out, with slightly shorter TT
values of 350500 micro-sec/m indicating a more consolidated unit: Poresity value are
around 15% Lst.
*21--197 1t
Lithology Silty limestone and limestone, v;ith occastonal bands of sand or well-sorted
gravel up to 5 m thick. The borchole through this division shows a uniform bore with
very few wash-outs or fissures. Four sub-units were identified as follows:
a.27-49m  Uniformly very dense hmcstom of formation porosn) about 7% Lst,

.' b 49-84m  Formation porosity 7-20% Lst,
c.84-118 m  Hard bands of limestone shown by short sonic transit times and low
. ‘formation porosity down to 0% Lst.

d.118-197 m  Formation porosity 7-20% Lst
Geophysical Log Unit 27—49 ni. The top 4 m of this unit are a transition zone from the
calcarcous mudstone above, below which the log shows a unifo_nn’, very dense, low

porosily limestone with porosily values atound 7% Lst. The limestone is of fairly
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uniform competerice with a TT value of 300-400 micro-sec/m with resistivity values
fairly constant around 40-60 ohm-m Below 41 m the resistivity valucs gocs down to
around 10 ohm-mt, GR values aré very low, atound 7 API.
The unit from 49-84 m shows less dense fiméstone than the overlying imit, with higher
neutron porosity in the range 7-20% Lst, interpreted as primary, and stightly higher
" GRvaluc up to 18 API. nivch of this limestonc unit is silty or sandy, and is ot as hatd
- as the overlying limestone unit; \{ith a TT value in the range 300-550 micro-sec/m. A
| relatively barder silty gra\el ‘Totizon lies .bct\\.‘een 67-69 m, shown by quicker TT
\aTues and higher resistivity. A clean sand horizon l:es between 80-84 m; shown by
kicks on the SP and GR values less than 5 APL
The unit fromt 84-118 ‘m conlains séveral hard bands of limestone of low porosity.

These bands are séveral meters thick and are identifiable from the short transit times of
less than 320 micro-seé/m high dcnsilies higher resistivities and low ﬁe'utron porosity
“down to 0% Lst. The boundaries of these fow poros:l) limestonc bands are mostly

dofined by kicks on the SP log. Two bands of gravel are ldenhﬁed on the lithology log

‘in the intervals 101-103 m and 116-118 m.

'[116 unit from 118-197 m is mainly limestone of fairly uniform ph)swal properiies,

mth oceasional bands of gravel. Neutron porosity are mainly between 7 and 20% Lst.

In'the ihtcrval 141-170 ny the de_nsily' and neutren porosity curves diverge slightly,
- indicating a less pure limestone. The GR log has vatue mainly from 10-18 API, with

some thisiner peaks up to 30 API indicating clay.

*197-229 m |

' Lr’ﬂ:o!ogy'(iravel, w(vcll—s-jrtcd, with bands of silty sand, carc;aredus mudstone and silt.

Geophysical Log GR \'alués are low, mostly under 10 AP1. With the exception of the '

gravel horizon from 225-229 m % Lst. and this is coiricident 'wilh'slig'hlly longer sonic %

TT values of over 400 micro-sec/m in places.

*229-300 m

Lithology Calcareous mudstone wilh occasional bands of well sorted gravel in

intervals 227-269 m and 283-287 m.

Geophysical Log. GR values are low. Formation porosity value arc maihly from 10%

10 15% Lst, and arc interpreted as primary.
- P\V-4

Three broad geological divisions have been deh\ ered from the logs and the dnll cuttings at
the 0-85 m, 85~ -225 m and 225-350 m.
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*0-85 m : .
" Lithology Sand overlying cunented gra\uls and limestone occasionally mixed with
sn!ty layers. Vcry washed-out at 0-8 m due to weak and poorly cemented formation
Geaphysical I.og From the surface to 8 m the caliper log shows the borchole to be
washed out i;ldiéatiaxg a weak or ‘poorly cemented formation. The slightly higher
natural gamnia acﬁvi'tyfin the gravel down to 20 m indicates a minor cléy content in
these gravels. The very high sonic transit times above 18 m show this horizon to be the
“non-saturated zone. The porosity are between 15-25% Lst above 39 m. At depths
below 39 i the porosity, at 15% Lst, is lower. fhe porosily is mainly primary except
for 2 zones from §6-59 m and from 6870 m. The potosity is interpreted as being
secondar; here as the sonic porosity (SPIAI) is lower than the other porosity.
*85-225 m
L uhologr Limestone. From l48 I’M m and from 180-223 ni, cherty layers are
intercalated. _
Geopliysical Log The résis[iﬁly over this interval is higher, rising to neaﬂy 500 ohm-
m from 109-115 m, from 140-151 m and from 200-260 m. The ltimestone has
porosity of bétween -10-20% Lst. Much of this porosity is sccondary in nature
- especially from 104-128 m, 137-140 m, 144m-160 m, 168-170 m, 184-193 m and
feom 207-213 m. The caliper is in gauge over most of the interval, except at the base
from 211-224m where the borchole is stightly entarged.
*225-350 m
Lithology Mudstone \ﬁth some dolontite, cﬁerty in places. Three dolomite layers at
226-231 m, 246-257 and 318-319 m. The middle dolonﬁtc layer is cherty.
Gec)phrswaf Log The resistivity over this intervals are low, generally being less than
10 ohm-m. The sclf potential log (SP) shows conSIdcrable differences between the:
dolomite and mudstone beds. ‘The Iog has much higher valucs over the mudstone units.
The ganuma activily is generally higher in the mudstone beds indicating higher clay
content. The is bome out by the low resistivity and the fact that the neutron porosity
- (NPHI) is higher than the ‘density porosity (DPHI). The low sonic porosity in the
' dolomltc betwveen 247-249 m is interpreted as sccondary porosity. The caliper log
' shm\s the hole diameter to be generally larger due to the sofler nature of the mudstone.
“Fhis is especially so from 233-238 m to 244 and from 262-265m.

- PW—

Four broad geologlcal divisions were in ev 1dcnce from the logs at 0—22 m, 22-81 m, 81-
‘158 mr and 158-300 m.
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*G--22 m _ .

Lithology Sand, and finé sandy silt overlying silty gravel and ¢alcarcots mudstone.

Weak / Pdorly ceménted formation very washed-out 11.5-22 m

Geophysical Log The top division is very washed-out, and also indicatéd by long sonic

tearsit timics. o

*22-81 m

Lithology Mamly limestone or silty limestone with "calcareous mudstone a.nd'

occasional ccmcntcd gravel. Sccondary dolomite i m places.

Geophysical Log The sccond ‘division from 22-81 m conprises limestone or silty

. limestone, with calcarcous mudstone and occasional horiz‘oﬁ of cemented grai.el

. Dolomite is present in places, ¢.8. 66-69 m and this is mterpretcd by as incomplete by

'_ the density porosity bcmg about 10% Ioncr than the nevtron porosity. Porosity arc -
mamly between 10-20% Lst, interpietod as primary, The borehole has irregular bore,
bemg pamally washed-out thmughout and a soft band of limestone is washed-out
from 74-76 m '
*81-158 m

:Lt‘tho!ogy Alternating limiestone, ‘catcarcous mudstone, and silty cemented gravels.
Secondary dolomiite in places, Small fissures are indicated at 183 th, :k85 m, 126 m.
Geophysical Log Some secbndary dolomitisation is indicated by the ncutron and
density porosily, ¢.g.. 110-113 m, 147-149 m, also coincident with low resistivity
value of around 7 ohin-m. Porosity are mainly between 10-20% Lst, interpretcd as
primary, The borchole is less washed-out than the overlying dmsmn with small
fissurcs. '
*158-300 m

Lithology Limestone and secondary dolomite with occasional thin beds of cemented
gravel,
Geophysical Log Dolomite is indicated by the density porosity bcmg 5-10% Lst.
tower than the neutron porosily. Porosity, throughout to be primary, are mainly in the
range 10-20% Lst. Small amount of ophiolile present in niost. ‘of the cuttmgs indicate
occasional thin beds of cenented gravel. Small fissures were indicated in placcs eg.
228-240 m. Resistivity value gradually reduced with depth, Between 195250 m,
resistivitics were variable from 4 to 30 ohm-ni and below this depth the rcccplmt) |
were more constant at 4-7 ohm-m.
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g) Pumping Test

- Step Pumping Test

The details of step pumping test is summiarized in the table below.

e

Well No.m

FlTPW PWI PWS TPWa PW4  PWS PWS

),

iStep 1] _DiSCharge:.

(ifscc) |
Drawdown (F“W,_m) '

Drawdown (OW,m) -
284

{Step-2} Discharge
- (Lfsec)
Drawdown (PW, m)

* Drawdown (OW,m)

[Step-3] Discharge
(Lfsec)
Dray\'clo“n (P_W, )

Drawdown (OW,m) -

[Step-4} Discharge
(Lisec)
Brawdown (PW, m)

_Drawdown (OW,m)

[Step-5} - Discharge
(Lsec)
‘Drawdown (PW, m)

Drawdown (OW, m)

[Step-6] Discharge
{Lfsec)
Drawdovin (PW, m)

. Diawdown (OW, m)

[Step-7] 'Diséharg"c
(L/sco)

Drawdown (P\_V,'m) |
Drawdown (OW, m)

113

am

725

447

13.04

50

14.54

438

13.61

226

695

0.95

3.46

0.27

1.54
0.66

46 - _
oS

1.04

8.84

108

145

133

L

1.02

N

.57

4.25

0.21

1.82
047

- Note:

A AR AT £ AT

(i) (i) (i)
: 047

248  0.10

60.06 1.93

0.65

0.28
641
0.90 -
28.19

231
1.20
4639

LOSLe

068 .

433 ..

14.16
097 e

27.67

4375
1.09
58.85
0.65
50.96

0.55

45.86-
8,60 i T
0.25

33.75

- 8.54

14.7

0.65

16.7

1.04

0.88

19.3

1.37

239

1.68

16.7

1.65
o84 -

14.8

1.74

14.7

1.7

1.20

730

248

17.68

4.02

4.0

445

44.33

680 T
375

L)

3558

538

46.10

131.60

-

2.10

1575

1.62

7.58

j-lf’el_l"Si?e Pl;'.:‘/OJ:i_’-J.' Three pumping tests were conducted in PW-3. Finally, the pump with the lowest
«capacity, 0.33 to 1.33 Lfsec, among the theee was put in action to test the very low yield of the well. Two
furthér step pumping tests concluded that the yield of well was very low. Hence the nearby municipality
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-well vias used as for the 24 hour pumping test,

el Site PIV.4. Well PW4a was used for Well site PW-1 to pefform all the pumpmg test

- IVell Site PH™-$/01°5, The first step pumping test at well site PW-5 was intémrupted by the generator had
failed during the forth step, hence the second testing was followed next day.

-Well Efficiency ) o
The drawdown of water level in pumpmg wells was assumed to be due to head losses
- from two sources. The first are head losses dus to tammar flow within the aquifer. The |
~ second are head losses due to turbulent flow within the aquifer ad_tacent to the’ uell and
within the gravel pack and screen of the well 1tself A well perfonmance or \.\ell eﬂtc:cncy
analysis, the determination” of head losses duie to faminar and turbulent flow, was
. completed for the five pumping wells PW-1 to 5 puinping the data obtained the step
discharge tests as mentioned above. '
"All the wells show a fairly clear steaight line 'rdation'ship bét\ie'en- drawdown and
discharge. With the e\:ccpuon ‘of PW-2 all thc wells show a hnghcr drawdown during the
three dcclmmg rate sleps 3-7 than \\hcn using the increasing rate steps 1 to 4. This is
particularly pronounced in PW-3. PW-3 and PW-3 show higher drawdowns during the
highest pumping rates that are predicted by the straight tine rclauonshnp T!ns is probabl)
due to increasing turbulence losses at these pumping tests as mentioned below.

Well Discharge Range B C n
_ (L/scc) e
P\V-] 0.95-5.00 2.20 0.1471 2
PW-2 0.21-1.45 6.60 17000 2
PW3 () 0.10-1.20 177 16699 2
PW-3 (ii) 025-109 300 25000 2
 PWi4a 14.7-23.9 013 00026 2
PW-5 (i) 1.20-4.45 4.48 1.1594 2
PW-5 Giy ... 160-538 4371 08169 2

The calcufated drawdowns and well efficiencies of wells PW-1 to 5 ata range of
discharges is given below.




Lisec s () L(%).

0.25
0.50
0.75
1.25

1.50. -

2.00

3.60°

4.00
5.00
6.00

0.56
114
173
235

298

363
4.99
7.92

.15

14.68

98

97
95

9
92
91

88
83
79
75

TUPW2

LS(m) L(%)
179 94 547
372 89 1302
591 84 2266
§3. 80 3439
109 76 482

31

i
s{m) L (%)

81
63
59
5t
46

s(m) L{%)

2.06
21.25
36.56

53

33
11
62

55

0.03
0.06
0.1
0.13
-0.16
0.19
0.26
0.38
0.5
0.63

276,

s L (%)

100 1.4
100 239
100 374
oo 519
100 674
100 839
100 12.01
100 20.46
100 3055
100 4227
,,,,, 100 5562

© Wells PW-1,2 and 5 show high well efficicncics at low discharges with 80% or greates

' efﬁéiency at less than 1.0 Lisec, This decreases to 70% or greater efficiency at less than
1.5'_ L/sec.
PW-3. PWda well was the most efficient well of all the iwells, with negligible turbulence

losses inside the well, even at high discharges.

- Constant Rate Discharge Test

" The pumping wells PW-1,2,4 and 5 were pumped continuously for a period of 24 hours.

PW-3 was not subjected 10 a constant raté test as the very high well losses in the well

resulted in very low yieid. The municipality well in vicinity of PW-3 was used instead and

PW-3 was uscd as an observation well. Complete details of the constant rate pumping test

result are given below
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95
|
§8
84
81
78
73

64

57
52
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R Well Site WA TR WS PWA WS
Dlschargo (Llsec) ST 495144“2 R A7) ﬁ5n2“5
Distance to observation well - 10 92
Aquifer Thickness (m) _ 3348 >150 >300 5350 >300
Drawdown (Pumping Well) 154 1367 *3288 33 - 5191
-~ % of aquifer thickness : 3715 - - - -
® (Obscrvation Well) - 218 +n3s . :
% of aquifer thickness = . .. 375 - - - -
Water temperature atstartoftest - 333 - 33.7
" “at end of test : - 333 - - 34
Water conductivity at start of test : . 2_,550 - - 2,520
" _at end of test oo 2,410 - - 2,990

Note: * Municipality well

A b,

*PW-3

Well responses to pnmping shdﬁ-ed that the Dhaid arca is not uniform. The result of PW-
3 show the classical three segments characteristic of an unoo‘nﬁﬁcd aquifer exhibiting
delayed gravity )wld Daring the first segment, drawdown due to production well
discharge is governed by the Theis equahon (1935), and the dquifer behaves as a confined

aquifer. During the second segment, the drawdown goes through a transition period where

the rate of drawdown decline due to m:hargc of the water table from abcne by waler

which is released from the dewatered aqucr by gravity dramage Durmg the third and

finat segment the water lovels dectine at an increasing rate, as the falling water fevels and

- gravity drainage of the porcs reaches equilibrium. The nuemen method (1975) was used to

analyze the data.
The pumping test in all of the other wells on the other hand indicate leaky confined
conditions, where the drawdown initially follows the Theis curve (1935), but then begin to

~ flatten out as the drawdown is reduced by the input of recharge from leaky honzons The

~The aquifer paramcters caleulated from the pumping test is summarized below. The

Hantush and Jacob (1995) micthod was tised ta analyze the data.

-Aquifer Parameter

aquifer transmissivity varics from approximately 5-20 m¥/day, with the exception of a

value of 290 m*day in PW4da and a valuc of 232 m?/day obtained from the pumping test
in the municipality well. The aquifer is leaky and confined over most of the ar¢a, but may

be unconfined in the PW-5 arca, although this cannot be definitely proven in the abscnce |

of an observation well.



‘Three out of the five pumping test sites do not have obscrvation wells. The storativity can

thercfore nc_it be determined for these sites, and the {ransmissivity values obtained are less
accurale as they have to be corrected for well foss effects. The fact that the pumping wells
are less deep than the obscrvation wells Jeads to partial penctration effects. Although these
ha\e been corrected for the result from PIY-2 and 3 demonstrates that the aquifer cannot
be vicwed as a simple homogeneous which may lead to farge errors in the calculated

valués of transmissivitics.

oA 2 . “ = T, x o 200 RN K MO AL HITOITE B8

Well Method - Trans- Storativity /B Aquifer type
' ntissivity .
- _('iday)
PW-L Hantush- 8§22 - - leaky confined
- Jacob . -
- Recovery 892 - -
PWV-2 Hantush- - 275 - - “
. Jacob : _ :
PW-2/0W-2 " 16.35 1.60E-03 020 “
Recovery 18.59 - -
PW-3 " 1.13 - - “
Hantush- 0.35 - -
: _ Jacob :
Minu. Well " 12.21 - Dom “
 PW-3/Minu. " 231.60 327E-03  0.56 w«
Well
© PW-4a " 290.00 - - Duial porosity,
‘ “possible conlined
S Recovery 244.00 - .
PW-5 Newnan 459 - - . unconfined
Recc\'er)' 2714 - - *

e

- - Aquifer characteristics

The hydrogeology of the Study Arca is complicated, and no clear correlation exits

between drill sites or even between wells at one sité. The multiple layers shown by the

“cutting logs can be viewed as an cqually complex multi-aquifer system with a much

“higher horizontal than vertical ‘permeability. The silty, and possibly the carbonate

horizons may r¢present local confining or semi-confiring layers tn the system, that isolate

the vatious gravel lay ers from each other. Equally there may be important fissure flow in

. some of the compelent dolomitized limestone formation.

The following table Smnmanzc thc pertinent aquifer characteristics ‘obtained from the

“geophysical fogs and puniping fest data. It should be noted that the transmissivity and
“storativity values obtaincd from the pumping test result are somu.'.ha( speculative, due to

- pénctration effects and the lack of sufficicnt obsew'mon wells.
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l{_ydrauﬁg“l”mp_e_r_t)iof Aquifer il o
Porosity 20-30 %

Transmissivity (T) ©5-300 m¥day
- Storativity () 2--3 -10-3

Ean——,

133 Crbund_watcr Qualily.Test.ing and Hydrbchemiétry

Hydrochemistry is necossary at several points in the Study. Basic meastirement, both °
temperaturs and conductivity were theasured at 190 existing ﬂ\'ell sites, and among these,
100 samples were tested for 12 items, including :o'f'Ca, Mg, Na, K, S0, Cl, HCO;, Mn,
Fe, EC and pH. In the test wells, basic water guiality testing, inclusive of 8 itenis of

- qualily testing for basic items were conducted for existing \wlis For the test wells the

temperature, Ec, Eh (redox_potential) pif and dlssohed oxygen and major ion and
bacterial {35 items) were analy 2ed to determing the hcalth risk of consuming water,

(1) Existing Well Survey

From May 1995, 200 water samples were taken from privite farms. These farms were
sclected by GPS coordinales with a separation distance of two kilometers of each other.
Samples were taken from existing surface faci!itiés,'i.c. connected well pipetine outlet to
storage tank while water was flowing from well: to tank. Témpératurc and EC
measurements were taken as well as visual check of flow faéilitics, inclusive of pipe-size,
pump-size, diesel or electricity, depth of well or wells as in some cases more than one well
was located. Further information was collected from on-site workers as to flow pumping
discharge per hours on daily basis as well as general i!ifc{mialfon as to owners name and
so forth, Out of the 200 samples takén, 100 were selected based upon location of farm %
shown on maps being used within the Study Arca and forwarded to MAF for distribution
“to Al Ain and Ras Al Khaimah central laboratories for analysis.

(2) Supplementary Existing Well Survey
To further supplement the data from the cﬁisting wells, a survey was conducted in May
1995, and ‘to gain further undcrstanding on the jjreséltt:'_grOUnd\\’atet cohdi_tions,
particularly concerning the existing wells cuisently being utitized by local farmers to
irrigate their lands, an additional well survey was conducted in Jan‘ua:_r}': 1996 on 50 fanns
out of the original 200 farms selected from the previous sunvey ds mettioried above.
These farms were selected randomly but within the extension areas ‘of Falaj Al Mualia,
Dhaid 1 l)ha:d ", M1Iciha and Khadrah, All-of the sclectcd farms were ph}smally
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imcasiired to deterinine groundwater depth; conductivity and tcmperature. The study team
" hastens to acknowledge that this survey was conducted after heavy rainfall was recorded

in the Study Arca, and that some wells showed higher groundwater depth than previous
survey. Results of Existing Well Survey arc shown in Appendix 2.5.

a) Analytlcal Constltuems

For the 100 sampies the ground“ater qu“tllt} test, coticerned mlh for determining water

~ type was carned out. For this purpose, 12 itemas were mada as blow.

1} Calcium (Ca), 2)  Magucsium (Mg),

*3)  Sodium (Na), 4) © Potassium (K),

5)  Sulfate (SOy), 6)  Chloride (Cl),

7)  Carbonate (CO3), - " 8) Hydro-Carbonate (HCO3),
9)  Manganese (Mn), - 10) Iron (Fe),

I1) EC (Electric Conductivity), 12) pH

b) Major Constituents

" To delincate the groundwater flow system and the course of groundwater flow, chemical

analyses of waters collected around the Study Arca and in the Oman Mountain Range
were carried out. Major constituents of groundwater were analyzed by MAF Laboratory.
The distribution of major constitucnts of grouwndwater is shown in Figure 1.3.14 as the

Piper diagram. The distribution of electric conductivity of groundwater are shown in

Figure 1.3.135.

Water samplcs from surface runoff and shallow \\dts were taken in the Oman Mountam
Range and those can be distinguished into the circled area by dashed line in Figure 1.3.14
from the groundwater samples around the Study Area. it docs not mean, however, that the
source of groundwater around the Study Area is not the water in the Oman Mountain
Range. Mountain water is characlerized by the chemical type of Mg?'- HCOy, whereas
the groundwater in Study Arca by the type of Na™-HCO;". This trend in hydrochemical

: dislnbullon can be deduced to be an evolution of natural water toward sca water.

As shown in Figure 1.3.15, the means of clectric conductivity which represents the tohl

- concenteation of dissolved ions and the chemical type of water is shown in Figure 1.3.16.

(3) Hydrochémistry Logging
The temperature (T), conductivity (EC), redm: potential (Eh) pH and dissolved oxygen

: content (DO) of the groundivater viere recorded during the h)drochemlstry Ioggmg of



observation wells and boring holes. During some of 24 hours constant discharge and step
pumping at test wells, Both T and EC of groundwater were monitored.

a} B-1

Tcmperature and conductmt}, [ogs were rucorded in the polymier mud filled borchole and
inside casing after well dés clopmient.

-~ In the polymer mud filled bon,ho!e a posm\c ﬂmd temperature gradlcnt is record below
24 m and reachés a boltom hole températute (BHT) of 37. 3°C. No vertical fluid

movement is indicated b) this feature. A number of slight changes in the fluid temperatire

gradlent ate noted at 74 m, between 101-108 m and from 130-139 m which suggests an

inflow of groundwater into the polynicr mud filled open hole. The fluid coitductivity range
_ measured in the open hole is form 1200 pS/em to 2150 pS/em and the slight decreases in
 fluid conductivity close to 74-130 m would tend to confimt the inflow of fresher
groundwater into the borchole.” - _ _
A number of intercsi'ing features are noted on the formation logs. No large clay horizons
have been interpreted from the formation logs, therefore it is difficult to establish a SP
bascline. However there is a trend towards a negative shift in the SP log above 109 im
- which would suggest the groundwater is more resistive than the fluid within the bore. This
would support the dilution of the polymer mud by éroundwafcr. o
The groundwater table is identified by higher sonic transit time above 17 m. Also
increased formation resistivity (ILD) above 35 m, where no significant change in cither
clay content or fonnation porosity is noted, would suggest partially .s.a(urated formation.
"For the ﬁxajority'of the logged section increased formation resistivity correlated to lower
porosity, liestone/dolomite horizotis, hence the increased resistivity is associated with
the lower porosity and hence tess fluid in’t_he pores. There is a significant increase in the
foniation resistivity (JLD) below 133 m which docs not-appear to correlate with émy
significant change in either formation porosity and/or clay content: ¥t is therefore most
likely to be related to a more resistive and hence higher water quality in the formation.
However between 122m and 133 m, low formation- receptivity is recorded \\'ithin_an
interval of interpreted sccondary porosity and jofnt&!fractu_res recorded in the core. The
low formation resistivity -is most likely related to the water ﬁtlc_d natute of the

joints/fractures. This interval also correlates with interpreted groundwater flow from the -

fluid temperature, conductivity and hydeochemisiry logs.

In the cased well, three distinct water bodics can be identified from the ﬂmd logs:

An upper lens (water level to 31 m} of relatively fresh, low-temperature groundwater
which is slightly oxygenated. The Ec range from 2500-3000 nS/emé. |




“The water quality is slightly poorer from 31-122 m where the fluid conductivity is
~ constani at 3000 yuS/cm. Both the dissolved oxygen and Eh potential log readings are very

low. The pH is constant at a valué of 8. The hydrochemistry signature suggests of an
oxygehated recharge signature. Despite the low positivé vatue of the Eh potential logged,

a slightly oxidizing nature is indicated.

A refatively high tempcraturc fresh water body is identified below 122 m with inflow of

‘groundwater restnctod bct\\&n 122 129 11 and below 196 m. The fluid conductivity is

constant ‘at 2275 pS/cm Fluid temperatiré increases in- this’ relatively fresh water.

‘Inflexion also c‘er_clatcs with an.interpreted zone of secondary porosity in the form of

joints/fractures as identified by the low formation’ resistivity (ILD). The development of
the joints/fractutes has aided the flow of the groundwater. The develc}pment oxygen
contmues at a zero value, the Eh potcnual decreases to negative valucs indicating reduicing

conditions. Both signatures indicate that the groundwater has had a long residency time,

“The pH decreases between 104- 174 m to a minimum valuc of $.8.

b) B-2

In the mud filled borchole, a positive fluid temperature gradient is recorded below 60 m
and reaches a bottom hole temperature {BHT) of 19.1°C. No vertical fluid movement is
indicated by this feature. From the mud level to 60 m, the fluid temperature decreases
slightly with depth which suggests some inflow of groundwater from the formation was
occurring at the time of togging. The measured fluid conductivity was 2550 pS/em; the
fluid conductivity value is lower than the mud pit value throughout. The lower fluid-

conductivity can be explained by either a dilution by groundwater flowing into the

“borchole or by the dilution from water pumpced in from the surface during logging to allow

formation logs to be recorded at the surface.
A number of interesting features are noted on the fonuation logs. The SP Iogs sho“s
slight negative deflections between 105-200 m. Thesc horizons correlate with the

interpreted mtubcddcd thin limestone/dolomite horizons and indicate that these horizons

© are permicable to some degree. For the majomv of the lopged section, increased formation -

_rcccptmty correlates to lower porosity. Timestone horizons, hénce the increased resistivity
is associated with the lower porosity an hence less fluid in the pores. However, between
34-70 m, the higher formation resistivity peaks are not associated with lower formation
borosily and/or inc'rcasod'gamma' activity with more resistive and henee higher water
quality in the formation. -

[n the cased well, the ﬂuld logs indicate !hr;e distinct water bodics;

A shghtly poor quality water from the water level at 230'm where the Ruid conductivity
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tluctuates betweer 1700 pS/cin and 2000 pS/em. Inflexions on both the fluid téhlpcrattlre
and fluid conductivity logs between 69-71 m and from 113-122 miinfer an inflow of
g‘roundﬁatcr. Both the dissolved ox}'gen and Eh potential logs are high, which is to be
expected because the logs were recorded inumediately after well development using
compressed air. Interestingly, the dissolved oxygen begins t6 decrease below 78 mi where
inflow of groﬁndwalt:r is illtefprctéd -from the fluid témperature and fluid condﬁctivi_ty
logs. Within this water body; the pH fluctuates between 6.5 and 9.2,

A fresh \‘w.'atcr.body was identified below 230 m where the fluid conductivity decreased to

1129 pSfem. Fluid temperature incteases in this fresh water and a number of inflexions
‘arc recorded at 230 m, at 250 m, from 264-266 m and from 280--282 m. The inflexions .

are “interpreted as inflows of groundwater from the formation. The inflexions also

correlate with “fissurcd and/or loo"se"grpuhd interpreted from the caliper tog which would -
be aiding the flow of groundwater in the formation. The dissolved oxygen decreascs '

- significantly at the water boundary at 230 ny indicating that the regional groundwater has
been long resident in the fonmation, and that no recent .r'cche;rge of the groundwater has
occurred. Fhe Eh potenlial decreases slightly at 230 m but decreascs further below 260 m.
Little change in pH & was recorded between the water bodies.

a) PW-I _

In well PW-1 during testing five distinct types of groundwater were idchtiﬁed from the
hydrochemistry logs, below are some of the significant inflows over the screened
intervals:

46-52 m The groundwater is fresh with an EC of 600 micro-8/cm. A dcﬂeclibn:in
- differential tempefalure log al 52 mindicates grour_ndwater inflow which is mirrored by an
increase in the conducti\rii3' to 1000 micro-S/emi and a rise in the temperature;

116-164 m Another inflow is indicated at this interval, resulting in EC of 2700 micro-
Sfcm below 116 m, the temperaturs gradient also increases more stccply over this interval
reaching 40°C at 164 m, _

360-380 m The next major inflows are over the scrccﬁcd interval between 300- 380'm

espccral!y between 346-378 m, these result in a slight i mcrease in temperaturc but do not -

affoct the conductivity,

488-510 m The ground\\atcr tcmpcraturc increases t0 46°C, and EC to 3400 mncro-Slcm
over an interval of major inflows, between 548 and 534 a fresher ground\\ater mlh and
EC of 2400 micro-S/cm enters the \\ell

The pH is unusually tow in the top scction of this well with value down to 5. The pH
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iticreases to a value of approximately 9 at a depth of 160 mm where it remains with some
minor fluctuations between ¢ and 9.5 below 31 m.

The dissolved oxygen drops from 3 g/l at 50 mi to 6 at 130 m, below which it fluctuates
at negligible levels. The Eh follows from 3 mg/L at 50 m to 0 at 130 m, below which it
ﬂuctu‘ateé at negligible levels, The Eh follows a similar pattern with oxidizing conditions

of +500 mV rccord;d to a depth of 120 m below which it drops rapidly to negative,
.'rcduclng below 130 m.

b) OW 2

The temperaturc and oonductmt) log of OW-2 shows ‘4 fresh ground\\atcr with a
conduictivity of 1700 micro-S/en to a depth of 136 . Two zones of inflow were recorded
at 91-128 m. The -:onductmty increases to 3900 micro-S/cm below 136 m.

During the 24-hour pumping test in PW-2 the conductivily d_roppécl from 2550 to 2410 -

micro-Sfcm, followed by stabilization. Lower conductivity were also recorded during the

- higher pumping rates of the step tests, indicating that the fresh water originates from more

permeable horizons.

To a depth of 120 m the DO, Eh and pH remained constant at just under 3 mg/L,; 300
micro-S/em and 8 respectively. betow 120 m there is a very slight deop in the pH. the Eh
remains'constanl, and the DO drops to below 1 mg/L. These water quality changes are not
reflected by the conductivity of water, although there is an increase in the temperature
shown on both thic temperature and differential temperatuse tog.

©¢) OW-3 | 4 :
* The water 'qu_alily logging in OW-3 was complcted up to 180 m. Breaks in water quality: '

can be as scen by temperature'and conductivity changes in the well. There are important’
at 54 m (conductivity increases from 2200 to 3000 micro-Sfem), 120 m (2800 to 2900
micro-S/em) and at 152-170 m.

The step test in PW-3 {screened from 195—248 m) showed a constant EC of 2500 micro-
Sfem. This suggest that there are at least three different water qualities in the different
léycrs of the aquifer in Study Arca. |

d) P\W-4a
“The tcmpcmlurc log shows a gladua!l) mnerease \\1th dnplh duc to the geothermal gradient

mdtcatmg that here ate no major vertical flows within the well which is supported by the

fact that no significant groundwater inflows can be seen on the differential temperature

" log. The conductivity is virtually consistent throughout the well at approximately 1200
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- muicro-Sfem, : : o :
The jJH range from 8-8.05 from the water levél to 45 m and below 125 m. Between 45—
125 m it fluctuates around an average of 8.1. The Eh decrease from 315 mV at the water
table to 290 mV at 40 m from wherc increase up to 325 mV at 80 m, Below 125 m it
© drops down to 200 mV at the base of the well. This pattern is mirrored by the dlssol\ed
' o'()gun contents \\thh ﬂuctuatc from 2710 0 mg,/]

e} PW .

The constant increase in lhc groundw ater temperature w nh depth from ca 33—39°(‘ over
© 300 m due to the geothenual gradient indicates that there are rio significant vertical flows
of water within the well. With the exception of a peak at 297 m, the differential
N tc:ﬁpera!ure log is fairly smooth, indicating that there are no.signiﬁcant groundwater
inflews into the well. The conductivity drops gradually from 2200 micro-S/cni to 2100
micro-S/em al 60 m and then increases gently to 2700 micro-S/cm at 200 m “here it
remain stable until an inflow of fresher water at 297 m causes it to drop to 1700 micro-
S/cm. The oxygen remains more or tess constant throughout the well at | mg]l,, the Eh at
800 mV and the pH just below §. |

{) Chemical Analysis of Sampling watcer from Test Well

All Samples were taken by using following samiple bottles:

Baottle A'; No treatment Bottle B; 2 ml cone. H;SO4

Bottle C; 2 ml conc. HNO, Bottle I); Sterilized
“Wilthin 6 hours for the time of sampling saniple bottles were delivered to laboratory to test
the water quality and check the bacteria Especially sample bottles D, there were kept in
cool box and care was taken not to expense the saniples to high temperature.




Test Items ' PW-1  PW-2{mg/L) PW-3(mg/L) PW-4(mig/L) PW-5(mg/)

(mig/L}
Calcium 20 ' M 56 18 52
Magnesium 26 6 46 21 39
Sodium 88 - 390 210 20 195
Potassium 4 5 5 & 5
Sulfate (as SOy) 34 132 . -3 © 26 © 137
Chloride _ SRR T 447 400 140 604
Carbonate (as CO3)’ 0 0 12 S0 0
Bicarbonate (as1CO)  + 153 0 183 183 140 183
pH : 8 B2 87 83 17
Turbidity o S 4 T8 1 7
- {Formazine Turbidity Unit) _
Total hardness {as CaCOs) 155 ‘85 330 130 250
Calcium hardness {as CaC(O,) 50 60 140 45 130
_Magnesium hardness - 108 B 190 RS 160
(as CaCOy3) '
Tolal Dissolved Solid (TDS) 440 1190 970 - 450 1420
* Chemiical Oxygen Demand <5 <5 <3 13 16
(COD)
Ammeniac Nitrogea . - <1 <1 <1} <i <
Nitrite <0.} <0l <0Q.1 <0.1 <01
Nitrate <01 <] <0.1 <0.1 <{.1
Fluoride <0.1 14 5 <01 5
Phenols <.l S <hl <01 <01 <0.1
Organo Phosphate <0l T <01 <0.1 <0.1 <01
" Mereury <0.0002 <0.0002 <0.0002 <{.0002 <0.0002
Atsenic <0001 <000t <0.001 <0.001 <0,001
Cyanide <005 <0.05 <005 <0.05 <0.05
Odor noRe none none none nong
Color (l1azen units) <10 <10 <10 <10 <10
* Cadimium - <0.01 <0.01 <0.01 <001 - <001
- Copper : <001 <0.01 <0.01 <0.01 <0.01°
Chromium <0.02 0.2 <0.02 L <002 <0.02
‘Lead - <001 - <001 <001 <001 0.2
Manganesc <0.0} <0.01 <0.01 <01 - <001
[ron o4 01 <0.01 G.1 03
Zinc 01 02 0.1 0.1 02
Total Bacteria 48 h at 30°C 180 10 many tnany 70
{colonies/100 ml)
Fecal Coliforms 24 h at 42°C 0 0 0 0 -0

' 'ﬂlc groundwater can be classified as a Na-Cl type with high 80,4 and HCO, levels. the
CTDS are within the MAC level recommend by the WHO. Nitrate level arc below the
detection timit in all wells, indicating that cither denitrification réactions are occuriing in
- the aquifer (s) or that the water rccharg’cd from the Oman mountains is essentially nitrate
frec. The second poséibility i_s less hikely, as nitrate is usually detected in the wadi. gravel
‘aquifers in the Oman motntains. . '
Of the nﬁetals; only Chromiuin, iron and zitic were detected. “These are probably alteration



by-proﬂucts’ of the ophiolite rocks incotporated in the aquifer.

‘Although the fluoride levels wete below detection limit in PW-l,' five mg/l. were
measured in both PW-3 and PAV-5 wells, futthermore, 14 mg/L in PW-2. These are above
the MAC levels recommended by the WHO. .

Although the wells were distinguished ‘by chlorination prior to ‘the bacteriotogicat
sampling, high levels of !olal bacteria were recorded. It is unlikely that this is due to
actual bacleraa in the aqulfer ‘and is probabl) due to bacteria present in the pip¢ works

associated with the pump.

1.3.4. Infiltration Experiment

{1) General _
In order to measure lh\, infiltration condition conmbuted to the groundwaler recharge on

to the Study An,a a ficld Infiltcation Expenment is conduct in the pits dug in different
depths at three sclected sites in Bahada Plain, The works under this scction include the
ﬁt.m'ishing, transporting to project site to required material and equipment for e.xecution of
Infiltration Experiment. The works consists of:

- Excavation of Test Pit

- Grain Analysis

- Infiltration Test

(2) Excavation of Test Pit
Test Pits were hikely situated at the main wadi channels in which intersects active 'strca.ms;
of Wadi Siji, Wadi Khadr:ah' and Wadi Shoukah. In addition, Test Pits was set up in
between Gravel Plain and .Rocky Mountain Area which posses maximum capability to

natural groundwater recharge.

The depth of cach Test Pits will bo three of 1.5 m, 3.0 m and 6.0m. In case of rocks area
encountered, which could not be crushed or removed -.{ilhout heavy blasting, the hole was
to be re-located to re-excavated beside previous location. Cross section of each Test Pit
depend on the size neeessary for the work executed had a minimum of 15mx15m.In
cxca\*'uting sand and gravel, timbering was required for protecting the side walls of test pit
and pumping was also be required for drainage. After complcuon of excavation, the soil
logs were drawn for cach test pit.

{3) Grain Analysis

The material excavated was placed around the test pit 5o as to classﬁ‘) the different
material of each depth of fost pit. The excavation of test pit was mtcrruplcd at the

1-54



e

established level due to the sampling. For better sampting and ma_t'eriai classification, the
bottom of the test pit was'!d be horizontal. The sicve analysis of the samples taken from
the infiltration pits was classificd as poorly sorted allivial sediments ranging in size from
fing sands to cobbles. Most Sampk;s typically contain 20 to 30% sands, the rest being
gravels with niinor (Usually less than 10%). cobbles as. shown in Appeadix 2.4, An
exceplion to this could be seen in pit D\VZ—JBethcn 4.5-6.0 m where 30% of the
alluviwn was in the cobble size range. _This.i\'as probably indicative of a major flood

- gvent at that location. The analysis were typical of the grain size distributions of wadi

alluvium in the gravel plains adjacent to the Oman mountain range, The lack of sorting
was explained by the nature of deposition-rapid flash floods.

3 ]nﬁlh ation Tests .
The mﬁltration e\pcument Was car ned out usmg t“o ll m’ “ater tanks and a l2m water
tanker to replenish the water supply when the tanks beeame empty. A pump was used to
discharge the water into the screened PVC pipe located at the center of the infiltration pits.
A second screened PVC plpe was used to monitor the head of water inside the pit. This
was done by two techmqucs A pressure transducer with a ons minute sampling rate was
installed at the base of the monitoring pipe. A float with a graduated pipe gave a visual
check on the water tevel inside the pit. The water level ilnsid_é the pit was kept constant by
regulating the flow from the pump. The infiltration tests showed a surprisingly high

" ground permeéability, in pardicular in the zone below two sicters. The test results is

sumimanzed as below.

Summary of Infiltration !‘,xpenments

]

Site - Pit depth Infiltration Ratc ~ Head of water in p1t
(m) (m'fsecy (o
DW1-1 1.5 0.0100 1.15
DWI1-2 3.0 00175 1.67
DWI1-3 6.0 06276 420
DAWV2-1 1.5 0.0017 1.09
DW2-2 10 0.0040 1.43
DW?2-3 6.0 00029 o222
“DW3-1 - 1.5 0.0015 o7
D\V3.-2a 3.0 - 0.0031 1.20
DW3-2b 3.0 0.0110 247

DW3-3 6.0 0.0165 349
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3.5. Well Inveatory Survey

(tH Ge'néi’al
The well inventory survey aimis to grasP the existing situation of wells within the Study
Arca by mcans following qucshonmms, The suney was complcted with thé Farm
“ Tnventory Stud) \\hu_:h involve 200 farms classified by their niajor types of farms by size,
cropping, soil type, water source and s0 foith throiigh the review of available information
{maps, ac‘ro—pbétogiaphs; existing farm iriventory in th’c Ministry and others) amongst
~ sonte 4,000 fanus i:) the survey atea, Saimpling of 1134 wells was made from theses

selected fanms and others such as the water supply well, test well and o forth.

(2) Design of Forms of QUes!ionnairc
The design of form of qucstiomnaire for well covers, at least, the following items and the
ltcms covered b} the cusimg form of well and farm inventory in the Mmlslr},
Fonn For Well -
(1 Inventory No. and the related fam mwnto:y No.
: (2) Date of survey,
(3) Name of uucstlgator
(4) Respondcnt: nanic and ﬁositidn (ownet/family/employee),
(5) Owrier: name and ethaic or tribal group,
{6) Location: Emirate, Region, Village and Coordmatcs
(7) Date of construction,
(8) Dnllmg fimi (name, address and drilling method épplicd), '
" (9) Depth of well,
(1'0) Type, size and position of casing and screen,
(11) Type, size, position and niotor/engine oulput of pump insialled,
(12) Yield as of 1994/95 by m*/r, m*/day, m¥/year,
(13) Depth to static water level in the survey Date and recent summer and winter
$Casolis, o _
(14) Water quality on the survey Date {clectric conductivity and tcmpératurc),-
' (15) Major use of well (domestic/animal watering/irrigation/others),
(16) Othicrs |

{3) Data Enfry and Stahshcal Analy sis
Upon the completion of the \\cll inventory survey, thc, survey data were entered into
floppy diskette (s) ina dcssgnatcd format of \xorkshcct._ The_staustlcal analysis was made

on the sunvey data and arranged into a value of the maximun, minimum, mean values and
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standard deviation and so forth. The number of wells surveyed in the Stady is summarized
as follows: '

N )

Aréa Numberof  Number of . Number of Number of Well Well
sampling sampling Wells in Wells in " Depth Depth
farms wells aFarm, a Farm : _
ey o (Noy . . (Min-Max No) (AvgNes)  (Min-MoxNe) (AveNo)
" Dhaid 100 496 118 4 30-609 250
Milciha 60 ¢ 306 . 124 4 24350 80
Khadrah 15 1o 18 3 92000 . 50
Falaj Al Mualla 25 - 192 ' 1-17 6 -30-365 130
Total 200 134 - R - .
Average - . - 4 - 130

The well construction commienced from 1960°s was at its peak in a decade from 1980 te
1990. The life of well estimated by the abundant wélls was calculated ds seven years.
Most aré conslruc!ud inthe form of un-cased wells and not have a screen installed or cven
a casing. The punip posmon is ordmarll} scl up at the bottom of well down to a depth of
100 mon average. The m'uorsl) of pumps were of the subnicrsible type with a capacity of
0.5to 5.0 Lisee {outlet diameter is 1-37). The water quality measured in the inventory
survey was indicated as a wide range from 500-10,000 micro-S/em, especially in Mikeiha
and Falaj Al Mualla, salt-damage from groundw:ater irrigatién had been reported. There

was also some anxiéty concerned to a depletion of water head and decreases in yield.
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1.4. Hydrogeology and Groundwater of Study Area

1.4.1, General

The Study Arca is a multi-tavered of détritus from the Oman mountain and marine
carbonates that have been subjected to secondaty dolomitization. The sediments range
from gravel to sand, silt, silty carbonates and piifc dolomitized limestone. The sediments
are probably laid down i a séries of arine transgressions and regressions. l!oiveveh the
sequence is extremely hctcrbgcncous and ani'sotrop)-"wilh' litele fateral correlation over the
project area. - -
The main water bearing hbrizons'_ are the -:leéncr gravel and some of the dolomitized
lintestone with scéondaq"pdrosity. These are multi-aquifer between semi-confining layers
of more silty, finer grainéd scdiments or low porosity limestones. These layers are leaky. ) i
and transfer water to the permeable zones during pumping. Although overall aquifer is - -

quite thick, the transmissibility and stdraiivity are low in most pl'acc's.'_‘lhis has résulted in

large drawdowns in pumping wells ‘in the Study Arca and a fast depletion of the

groundwater in storage.

1.4.2, Hydrogeelogic Mapping in Study Area

. (1) Photo-Interpretation Map

.']‘hrough the intctpretation of acrial photographs, the surface inforination related to

geologicat and hydrogeotogical characteristics was obtained. The actual on-foot survey

for verification of information obtained from acrial photographs, was an by On-foot

survey. As the first step of the survey, an index map was prepared on which every

pﬁotogfaphic poéition overfays on to the l':S'O,G{]O map and subscq'ucnl scanning of aerial %
photographs was made in the sterco-scope view. Information pickéd up from cach

photographs was linked 1o that from others and are compile in a map in a smalfer scale,

which is generally called a Photo-Interpretation Map. In this period of the ficld study, the

basic elements concemed in the geographical or hydrogeological chara_ct'erislics were

icl;:_ntiﬁod as shown below,
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 Topographicat Division and Geological Unit

Topographical Division Laiid Form Type Geological Unit

Omtan Mountain Range  Erostonal Stope, [Os)Semail Ophilite Sequerice,

[Os]Hayabi Complex and/or
Hawasina Assemblages

Foot-Hill Bighland . [Tr]Trace (or Dissccted), [Cs) Allochthorous Unit

and Gravel Plain Limgstonc and catbonates, - (the Batinah Complex)

' ' ' [CsiNcoautochthonotis Unit _
{Maastrichtian-Tertiary

Scdiment) L
L [Pd}Pediment Plain
inland Plain and [AffAHuvial Fan (old and  Superficial Deposit (Recent altuvial
Sand Dune © dissected), gravel, sands and screen)
[AffAluvial Fan (new and '
active), =
[Fpl¥lood Plain,

[Rd]River Bed (active wadi)
[Sdjsand dune and trough

In Figure 1.4.1, Photo-Interpretation Map covering the Study Arca is shown in
accordance with the above division of land form types and classifications. The major
Geological Units in this area are comprised of Semail Ophiolite chuéncc, Allochthonous
Unit {The Batinah Complex) and Neoautochthonous sédimcnté (Maés(richliau Sediments)

1.4.3, Regional Stratigraphy

Through the correlation of lithological descriptions ‘of test \s‘éllsj and borcholes dritled so
far and fcsistivity laj'crs detected by the geophysical .'pros;.)ccting in the Study, the regional
stratigraphy was interpreted as shown following Table and Figure 1.4.2. The typical
geological sequence obtained from the borchole logs of Bl and B2 was classified and
described in the folloﬁ*ing paragraph. '
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Geological age " Stratigraphy : ' _Major sisatum : Resistivity layer | Aguifer

Supcslicial Gravel la) er, Qand and gravel layer and Tst resistivity layer | . "
_ E Holocene  JAlluvium Sand and gravel mixed with sand and clay | (Avg. 100 ohmm)|
(=3
o Talus o (Party consolidated sand and =
g _ Co . gravel layer) . g
Pleistocenc ll’o’st—f‘ars Formation . |conselidated clay tayer, Limestone layer  [2nd resistivity lajer| = 2

o Neogene lUpﬁer-FEus Formation _ Marl layer, Calcarcous gravel layerand | (Avg 50 ohm-m)

Razzok Formation - Acalcareous sand layer .

- [Umm a] Radhuma Formation - [Shalé, Limestons layer,

S  |Qahlah Far Formation Marl layer, Sandstone layer © J3ed resistivity layer | ?:,: -
E Palacogene - {Fars Formation . and Dolomitic !aS‘er : . . (Avg. <10 ohm-m}]| é
Fars Formation {Eocené shale)
) “Aruma Group (Juweiza Melange layer or o T

Upper Formation, Figa Formation|Carbonate rocks with sérpeni:ini@cs,
. Cretaceous and Muti Formalio:n) Gravely layer, Marly and Sl;hale'ly fayer  |4th resistivity layer g _
§ * fand Dolomitic layer {Avg. 20 ohm-m} Z
= | | g

(Maastrichlian [Semnail Ophiolite complex . Ophiolite, .Ba.:‘-ic sock and Ultrabasic rock 2

--8antonian)

1.4, Hydrologic Structure in Study Area

(1) Aquifer Classification
IWACO (1986) reported that the Quartenary and Juweiza Aquifers behave as a single
aquifer system, but the regional aquictude composed of wide distributed clay or shafely
layers were observed from the Test Well survey. Four geological groups were identified
on the régional scale by the Study. Their characteristics were described as follows.

PPER AQUIFER (HOLOCENE AQUIFER):

The Holocene deposit is generally made up of lose to semi-consolidated gravel layer and
consists of a number of sedimentary cycles. An unit of cycle shows a well-grading of
p’-miclcé of silt to gravcl which was provided from an ancicnt ﬂoc;d onio the gra\;el pi'aih
The thickness of this layer does not exceed 50 n:., High porosity and pcmlcabihl) are
observed in the infiltration e\penmcnt
-UPPER AQUIFER (PLEISTOCENE-NEOGENE AQUIFER)
This formation is correlated to Razzak or Fars Formation aged as Pleistocene (o Neogene.

@



* The typical facics of this formation is observed in the horizon of 18-74 ni in B2. From the

lithological record of Bl, this formation is composed of several sets of alternation,
involving gravel {consolidatcd), sand and calcarcous layer, so that the multiple aquifer
Stm‘clum is inferced. |

-AQUI(‘I UDE (PA! EOCENE AQUICLUDE)

~ The Paleocene Aquiclude can be corrclated. to Asmary/Pabdeh Formation. A pecutiar
- property for this layet, thick shale layers are interbedded in the_to“cr part of formation.
- Thise shale layers 'r_10‘m5a11y act as an aquiclide of a deeper aquifer, and occasionally

- contain saline water. The other upper and lower layer are mainly comprised of calcarcous

sandstone and grav ely Lincstone.

‘ -LOWER AQUI F ER (MAAST RICITIAN- CENOMAN[AN AQUIFER)

Maastrichtian to Cenomanian Fomiatlons in this Stud) Area are correlative to Semail
Ophiolite or Juweiza l*onual:on Withisi the Study” Acea, Sematl Ophiolite is only
identificd on the Oman Moumam Range ‘and the foothill of Jabel Milciha. Semail
Ophiolite has poorly producln’c with the exception of the major line and intersection point
of fault zone. Other layers originated simuitancously, Juwciza Formation, has appropriate
property for a productivc aquifer which include various facies of carbonate and even
Non-carbonate facics. ']hc significant layer in this aquer is a coarse succession which is
miade of all the clean and wniform granule grav cls. In OW3, this layer is found in several
horizons below 195m depth and the thickness of respective layer as over 10m. The layer
of satine water is not found in this aquifer. - |

(2) Dlstnbulmn of Aquifer Classified’

Aquifers in this Area were classitied into t\\o t)pcs, Upper and Lower Aquers as

"~ described above. The Upper Aqulfcr is composed of Holocene and Pleistocene to Neogene

SEUENCEs and i is widely distribute beneath the Study Area. The structure and thickness of
Upper Aqucr are shown in Figure 1.4.3 to 1.4.5 and Figure 1.4.6 t0 1.4.8 The shallower
ridge, presenting less than 50 m in thickness, mn from the center of Study Arca in Nosth
to South trend. Toward both sides of this zone, the Upper Aquifer increascs in its

.'thlckncss Thc ma\umum lhickncss is observed in the north of Dhaid which is estimated
over 150 m. The Aquiclude undeilies the Upper Aquifer. As shown in Figure 14.9 and

F1gurc 1.4.11,, the layer has an a\eragc thickness of 50 m and frequenﬂ) contains

impervious Shale layers which sho“s become thicker and frcquent toward lower horizon.

The Lower Aquifer Jics under the Aquiclude and is characterized to contain pervious
gra\els From the borehole log and other existing well records, this Aquifer classified inte

several types of rock masscs. As shown in Figure 1.4.9 to 1.4.12, the lower Aquifer is
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made of ‘Marly Limestone, Gravely Limestone, Dolomite and Mclange:ﬁcies of
Se;pentmltc Out of these layers, the Gravely Linicstone has high potemlal for
productmt} These productive parts are recognized in three zones run in the center of the
Study Arca in the NE-SW trend. '

I 4 5, llydranluc Propertaes of Aquifer

il Aquer Coelficients
Aqulfcr pmpcmes in the Study Area were e\aluated by both the e\ushng records of
TWACO and Test Well Survey in the Study, and were arrangod into three aquifer l)pcs
as shown belov. and in Table 1.4.1. and Flgurc 1.4.13.

SR Aqgiferqggmrien:inStudyArea o
AQUIFER TYPE sC T 8 EC  SWL

g . (mfhrm)  (m'fday) (%) (mSm) (GL-m)
Upper Aquifer 3 85 04 14 19
Lower Aquifer 2 St 03 19 23
_ Fissure Water 28 776 24 - 87 15

. The Upper Aquifer composed of Alluvial and Plcistocené Deposits behaves an unconfined
aquifer and Specific Capacity (S/C) of 3 m’Wm and 85 m?/day of Transmissibility {m.
The cxiéting well where the pumping test was completed was located on the channel of
Wadi Siji so that the value of S/C and T may indicate a higher limit of hydraulic
cocflicients of the Upper Aquifer. However, it is noted that the pumping tests were
.complc‘tcd beneath the Upper Aquifer, and testing sections covered various laycrs such as

the Upper Aquifer, Aquiclude and lm\-‘er:Aquifcr as well. COhsccjue:{tly, the testing
results shows higher value than the proper Lower Aquifer, The 8/C of 2 m*Wm and 51 of
T were obtained from testing made in nwltiple aquifers. The Lower Aquifer possess a
varicty of tithological faciés, inctusive of uniformly grained gravel to massive Dolomite
and hard Ophiolite, résulting in these changes, the vield in Lower Aquifer drastically
varies froi dry to moderate yicld up to about 5 m*/he/m. The cocfticient observed  from
fissure water shows far high value compared with the average of the Upﬁer and Lower
Aquifer. The S/C of 28 m¥l/m and 776 m¥/day of T were obtained from both results
completed in both of Test Well and IWACO Study.

1.4.6. Groundwater Table and Changes

The data of Groundwater head observed in Study were arranged in daily basis. As shown
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in a chang¢ in Dhaid arca, particularly in record from Lower Aquifér, the groundwater
has dropped up to 60 m during last 10 YCars, the water production have decreased and
some of them havé resulted in completely dried up at the p.rc'sent.
-The relation between rainfall and groundwater change is clearly identificd in time-scries
gronindwa(c_r'hydr:o'g'raph. The "dclay i-n groundwater change afler falling rain however
seen it al} record. Theit period range thiee months to 12 months from the beginniing of
rainfall.. The infiltration rate and liydraulic conductivity in un'satu'_rat_ed zone are esteemed
from these timing and soil properiy, the common value of infiltration rate (i) = 107 to
10°° env/sec can be oblamcd
The distribution of groundsvater head in Study Area is shown in hgurc 1.4.14 and 1415,
The head in Upper Aquifer is characterized by a niono- inclined distribution that it is
_gently lé\\\:{iilg to the north-cast of Study Area with niinor modifications of depressions at
Dhaid and Miléiha; These positions are also correlative ﬂvith the sub-surface \'alic)'. The
Lower Aquifer has a different distribution of head which is pronounced farge sink faid on
 Dhaid Arca. With magnification of groundwater draft-in Dhaid arca, the drop of
groundwater head has been developed. The maximum deawdown at present has reached to -
100 1. The drop from 1985 to 1995 is drawn in Figure 1.4.16.

1.4.7. Groundwater Qhality

As mentioned above paragraph, groundwater quality in Study Area was eéamincd two
occasions of Water Quality Testing of E\:stmg Well and Test Well Survey, The anal;sus
for the groundwatcr quality and water types arc described as follows.

(1) Existing Well Survey

From May= 1995 to Januvary 1996, 200 water samples were taken from private farms
located within the Study Arca. Qut of the 200 samples taken, 100 were selected based
upon location of farm shown on maps being used within the Study Area and forwarded to
MAF for distribution to Al Ain and Ras Al Khaimah central laboratories for analysis. For
the lOO s:amples;'thc groundwater qualily test, concerned with for determining water type
was carried out on thes¢ 12 _items; of which are (1) Calcium' (Ca), (2) Magnesium (Mg), -
(3) Sodivm (Na):, .(4) Potassium {K), (5) Suifate (SO4), (6) Chloride {Cl), {(7) Carbonate
(COs), (3) Hydro-Carbonate (HCO;}," (9) Manganese (Mn), (10) Fron (F¢), (11) £C
(Electric Conductivity), (12) pH.

(2) Bydrochemical Properties of Groundwater
- Major constituents of groundwater were analyzed by MAF Laboratory, The distribution

1-63 .



of cloctric conductivity in Study Arca are shown in Figure 1.3.15. The valus of Ec was

shown as a wide range from 1,000 to 10,000 pS/cm. However, the general trend that high

concenteation is in the westem sand dune and the fow is in the castern mountain arg -

‘commonly recognized. Along the wadi courses, the lower zones of Ec is extended.

Particularly in the Upper Aquifer, these zones are traced out along Wa'di Hamdah and
Wadl Taqubah For Aqulfer moie than 100 m dap, the fresher swater was observed a!ong
Wadi Khadrah to Wadi Dhaid. _
The distribution of major constituents of groundwater was interpreted b) PIPCI and Stiff
Diageam as given in Figure 1.3.14 and 1.3.16. There were two types of water categorized
into Non Carbonate Alkali {SO4 + CI, Na + K type) type and Carbonate Hardness (CO; +
HCO;, Ca + Mg type) type as follows: '

-A Group (Carboyza!e Hardness lj'pe)' this type of water is distributed in mountain

area to Bahada plain, and is stored in Ophiolite complcx '

- Group (Non-Carbonate Alkali type). 'I?us l}pe is ongmatcd from the direct

recharge throiigh Bahada plain, and has wide distribution in Study Arca. Most of

groun_dwatcr i Study Area is classified into this type.

In the Piper Diagrams, A ¢volution trends, from A and B group to a range of saline water,

were recognized and their intenmediate type was also identified on their couirses.

1.4.8. Groundwater Utilization

AT

Year .

Groundwater Utilization in Study Area was cstimated based on the well numibers, actual

pumping rate and the cultivated arcas.

()] Well Numbers in Study Area
Total number of well was evaluated from the well inventory survey completed in 1995
The ratio to well number in 1995 was analyzed for cvery year by means of their
installation data as well as their expired Date. As a result from thcsc"anai)'sis, the
following ratio, assumable ratio of well numbers to that of 1993, were obtained.

e e A g A B b A RS R A A U A AL A A AR mwmw\o.u\nhv\v\v R NN A

19861987 "988 1985 1990 1591 1992 1593 . 1991 1995

Uppcmqmru(ocptho 200m) - €34 038 041 046 050 051 055 063 062 062
Lower Aquifer (Depth deeper 2001m) 012 015 018 021 026 028 034 036 039 038

Total

0.46 053 0.59 0.67 076 0.80 0.89 099 1.01 1.00

EEREN T T o re——

The number of wells has doubled during ?ast decade and the maximum:nﬁmbcr was .
estimated at 1994, The depth of cxisting wells also incteasing year by year, which is




-

évidenice of a serious shortago of irrigated water to supply fanus. Most of the deep wells
which exceed 300 m, were found the Dhaid Area.

(2 'Pum.ping Rate

Actual pumping zate was estimated based on the groundwater draft survey carried out

from 1995 to 1996. To estiniate the total amount of groundwater consumgption in the

© Study Area, a sample-sunvey on actual water used in 10 farms was s¢lected during both

- periods of Ficld Survey (1) and (1. Although puinping rate at an irrigated arca changes in

some degree, the average groundwater drafling was cstimated at about 65 m*/day/ha. The

results of this survey arc sununarized below.

__ Summary of Qroundwatér Draft Survey ©

v A AL LT AR T TR VA S

Farm Location Farming Area  Total Area G.Draft Pumping Rate
* (ha) . (ha) (avg. 1995)  (m’/day/ha)

U LY ..\ N
Fiti 2.15 3.36 498 148
Milciha 208 4.67 298 64

Mileiha East 119 223 160 72

Jabal Mileiha 2.20 7,00 100 14

Ikhedir 3.68 6.20 825 133

Khadrah 4.18 6.20 250 40

Wishah 3.16 4.15 157 38

Dhatd East 1.23 2.06 15 7

Dhaid West 1.36 3.39 104 3

Falaj Al Mualla 091 2.65 289 109
Average Al 419 _269.6 656

(3) Estimation of Cultivated Area .
Total cultivated arca is estimated by interpreting aerial photographs taken in 1995, The
cultivated area defined in this sarvey sh!dy was included all parts of farm, including even
the housing arca and fallow fields. The cultivated area interpreted in this estimation was

as follows.
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Sub-basin Cultivated Atea  Estimated Pumping Rate Groundwater Drafl -

(simutation = (ha) (ei*/day/ha) - (100m%/a)
model) i

8 65 148 2,895

9 217 64 4,169

10 80 40-148 3,012

I} 477 “14-64 4,392

12 - 312 4072 3,840

13 147 - 14-40 1,680

14 166 40-72 - 7,006

15 445 38 5,071

16 629 7:40 4,440

17 - 564 7-40 2,706

18 737 20-31 4,936

19 1,008 7-31 4,945

20 - 62 31 579

21 304 31 2,830

Total/ {A\_-eragc) m(_:l'a;‘éa‘SO{) {49 - ca. 52,500

~ The total groundwater used for farming can be obtained by a product value, pumping rate
“multiplicd by total cultivated arca. About 52.5 MCM was given if pumping was done 300
days a year as shown in Tablc 1.4.2.

(4) Pi_:blic Water Supply

In the Study Area, the pfoduction for public water supply was reckoned at 37,060
gallo/hr {i.c. 1.5 MCM/a) from the MEW information, 1992- 1995, The production,

" focation and number of wells are shown below.
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Town No of  No.of ‘Average Production Remarks.
Wells  Working Wells Ability for 1992.1995

Suhelah -5 o2 1,800
_ 2,400
Nasini 1 - ' ' - Not Working
Dhaid 10 - -« Well dried up 1990,
Wishah B | © 4,200 '
Woest Khadrah 1 | 4,200
" - Rast Khadrah 3 | 11,500 o
Hamdah 1 - - Well supplicd from Sharjah
Milciha 5 2 1,500
- 1,500
Ikhedir 1 | 3,600
Bahayis 1 I 1,260~
Fili ' 4 4 1,200
3,000
8,400
Foial T T e A N

The Ministry of Waler and F,Icclriéity supplics tap water sourced from above the well
fields to all parts of Study Arca except Falaj Al Mualla. Falaj Al Mualla has own water
supply system to provide 1.10 MCM/a {IWACO 19860) to their municipal area. Their
well field is located out of Study Arca.

() GEOundW'a(ér Draft in Sluﬂy Area | _
The total amount for Irrigation ‘was estimated about 525 MCM/a and the water
production for tap water was 1.5 MCM/a. Hence, the total abstraction of groundwater
amounts to about 54 MCM in Study Arca as follows: |

52.5 MCM (lrrigation) + 1.5 MCM (Public Water Supply)
= 54.0 MCM (Total Groundwater Amount) in 1995
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1.5,

Evaluation and Development of Groundwater Resources

.1.5.1. General

When the undergrovindwaler development in the Study Area is established, it is necessary

- to examine the following requircments: _
_ 1) thlhcr the undergroundwater usé lcxel at the current srlu'ﬂlon is appropmto and _

\heihcr 1his continuéd use is possible;

; 2) ththcr the use undcrground\\atcr is cconomical;’

3) Whether the quality of undergroundw: ater suitable for the pu rposcs that it is uscd for,
In addition to these basic items, the following issues necd to be considered to form a broad,
long-term perspective; | |

4) thlhcr a sharp drawdown in a ground\\ater head will occur in the futusg;

5) Whelher the groundwater | resotirce Wil be deplcted in the future; and

6) Whether the water quality of groundwater maiitained in the future.

ftemn (1) is pertinent to the "Amount of the of groiindwater resouree”. As for cstablishing
the deve clopmicnt plan, an examination of "the Hydrologie propertics of catchmeént arca”

and "Hydraulic properties of the aquifer," such as composition, distribution, scale,
productivity, and the storage cocfficicnt of the aquifer is needed

[tem (2) relates to "Economy of the undergroundwater use" and its examination should be
made through a comparison between the com'enicn.ce"of groundwater usage and the
facility cost of which includes the construction, operation and maintenance cost of intake
facilitics. This itein is closely related to aBox'c-mcntioncd "Hydrautic pro_per’lies”.'

Items (3) is connected with the "Chemistry of undergroundwater”. 1f the water quality
docs not match with the use to which it is put, and if it requires treatmeit, it will be less
cost-effective.

Item (4) and (5), are also related to the "Amount of the undergroundwater resources”,
Groundwater is a recoverable resource within the- limits of the hydrologic cycle.

Sustainable development is possible as long as it remains within the recharge potential.

~Conscquently, this groundwater recharge has- the same meémi_ng as "Amount of the
groundwater  resource” and the understanding  of 'hydrologic  béhavior of

undergroundwater” is cssential for this cvaluation. This understanding is also important

for determining plans for “Groundwater Resource Management” and" "Environmental
influence evaluation”. - ) _
Item (6) may occur if salt water inttudes into (he development area. This relates to Items

{3) and (5) mentioned above; however, this often occurs scco_'ndar‘ily as a result of a sharp
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drawdown in the groundwater head or lhe.cxpans'ioﬁ' of grounélwat'cr TESOUTCES.
In any ¢ase in Item (4) to (6) will affect “Infhience on the environinent®, which inc_ludcs
elements of the natural cnvironmenl such as the ¢co-system and soil contamination, as
well as the socio-economic environment (i.¢. existing water rights).
~ For the consideration of Items (1) and (2), the construction of a simulation model of the
current situation and forecast analysis used by this model is required. Morcover, this
- niodel should be able to be used for "Présch*a{ion of the gréuﬂdwater‘ resource” in the
+ future. : _ o
To cxamine: all above items concisely, a "Synthetic Storage Model" by which the
groundwatei balance in the Study Arca was able to be expressed overall was used to

* gstablish a groundwater development plan.

1.5.2, Intrdd%ic(ion of Groundwater Simulation .

(1) Genéral

Along with the development of modem’ irrigation, cspecially groundwater irrigation,
: several kinds of water balarice studics have been undertaken to evaluate groundwater

potential and to discern the reasonable limit of grotindwater utilization. For a global water

balance, the natural conditions are summarized by the following equation. Based on

naturat condition; the equation consists of rainfall, surface runoff, ¢vapotranspiration,

drafling, inflow and outflow of groundwater and so forth is comumonly applied, that is; -

Sutface Runoff + Subsurface Inflow + Precipitation +
imported water + Decrease in surface storage +

Decréase in groundwaler storage

Surface outflow + Subsurface Qutflow + Consumptive Use +
~ Export Water + Incrcase in Surface Storage +

Increasc in Groundwater Storage

The ‘concept is very simple and a balance must exist between the quantity of water
supplied inlo liw_basin and the amount leaving the basin. Thé équation can give the static
watet balance at a certain period rather casily. With the availability of hardware and
software and innovations in coniputcr technology, dynamic batance simulations to analyze -
the pics’cn:t condition, or for prediction have also been rapidly developed recently, Several
kinds of methodology and refated algorithm have been proposed for computer simulations,
such as FEM, FDM, and so on. In I:hi's Study, a so-called synthelic storage model was



-~ applied to the water balance study.

(2) The Synthetic Storage Model
- The synthetic storage model has been developed (o make the said simulation possible in

-practical usc basins.  The model is mathematical and encompasses a basin-wide

hydrological batance analysis for both surfice and subsirface systems simultancousty, in

Eau unstcady and qua51 +thrée dimensioral state. In addition to modehng both of the water

balances and h)drauhc anaI) ses of a- mum -aquifer system inclusive of aquxc!udes the
mode) can be applied to solve other phetiomena such as multi- phasc density flow, fand-
subsidence, substance balance and so forth. The concept of the model is :lluslrated in
Figure 1.5.1, and dcscnbcd below.

The basin of interest is divided nto sub-basin in arbitral rectangles i accordancc with the

characteristics of topography, drainage system, hydro!ogy, water and Jand uses, etc. For

the ground\\'atér systemn, the aquifer and aquictudes are to be grouped in accordance with
the conditions of hydiogeology and water drafls from aquifer in different depths. The
aquifer groups in the same horizon in the heigllboring sub-basin are prdvisiohally defined
as well as the up and down stream relation of the surface flow system in neighborf:d sub-
 basins. _ . . ;
The surface system is a serial depletion model of an exponential type. The model is known
as “Scrial Storage Model” or “Tank Model” the basic concept of which is that water
flows into, is stored in and flows out of a container (tank) with orifces; the lowest orifice
of the tank plays the rofe of groundwater recharge. .
Groundwater storage is to take place i in the uppenmost unconﬁncd aqutﬂr and confined
aqunf‘crs separated by leaky aquucludes I usual h}drauhc analyses \\thh apply to the
potentiat solutions, such as FEM and FDM, the water head is ihitially sohcd, followed by
secondary water storage. On the contrary, this model initially solves the change of storage
balance of an aquifer in a sub-basin, and the water head is steered theough the relationship
betwoen the storage and head which was previously defined. This methodology is the most

“specific of the models, and is the origin of the model name. The balance of storage in an -

aquifer of a sub-basin is the sum of the récl_)ar_gc"fr’om the surface system, the leakage
through the contacted aquiciude (s), the inflow (GI) and outflow (GF)_ermf(o the aquifer
in the same horizon in the ne'ighboring'su:b—basin (s) and the drafl (DF). The components
except RE and DF are to be cstirhatcd, the scepage area and the h)'dfau}ic pradient. the
product of permeability and scépagc area in the model ¢an be exprossed by a concept of
runoff coefficients , a’ and a”. The model constmcted is to be ldunuﬁed lhrough the

trial runs of mode! to meet mth the actual h)drologlcal behaviors obser\ed by the time-



serics hydrograph of surface runoff for the surface system and groundwater heads at cach
aquifer for the groundwater system.Needless to say, that the artificial draft from cach
aquifer have to be known as preciscly as possible to identify the model.

1.5.3. Model Construction

(I) Meleoru h}dro!oglc Rccord
The hgdroToglc balance model at the current situation which synthesizés thc surface and
- sub-surfaée system was constructed and the forecast analysis \_\as donc to evaluate the
groundwater resource in Study Arca and to clarify the appropriate development potential,
~ Inthis paragraph, the meteoro-hydrologic records which are wsed as the input parameters
% : "~ of the simulation qre' described.

* a) Input Parameter
The meteoro-hydrologic parameters required to apply the model arc rainfall data,
evapotranspiration data and groundwater draft data. The rainfall data consisted of the
daily records of the Massafi station during 19 years from 1977 to 1995. Fuﬁhermore,
since the amount recorded at ﬂle mountain stations was different from Bahada Plain, a,
Rainfall Cocfficient (Re) was introduced to each Sub-Basin (Re: 0.83-1.11). To express
this variation result in arcas, the anount was modificd by multiplying the Massafi records
by Rc'in'the Models.

Detennining a basis for arca rainfall calculations was done the Thiessen Polygon Method

 from the ébservatow {cight obscrvatories) of the Study Area; the Re was !dctcrmincd by
;'gn.mg the area a rainfall of 158 mm!)ear over the whole of the Study Area. For the

cvapotranspuauon potenhal the momhl; mean value of pan—cvqporahon at the Mulclha
station was applied. Hence, 3760 mavyear was applied as the cvapotransplratxon
pétchtial. Moreover, the amount of present groiindwater draft was assumed by analyzing
the well inventory data and the aerial photograph. The amouat in the whole Study Arca in
1993 was being 54 MCM, comprising from 12 MCM of Upper Aquifer and 33 MCM of
Lower Aquifer. '

b) Verification Parameter

The paramcter' which verifics the mode! is “groundwater hydrograph” of cach aquifer for
sub-surface s;stem and “flood record” for surface system. The verification for sub-
surfaco system was made by processing the daily data from original charts oblained from
the six obser\ atoris in the Study Area. Six were selected out of 12 cuslmg stations as

'parametcrs b) chmmahng unrellablc data, such as an un-lmsh\onhy readings, and




closcly focating and idenlifying inadequate changes in ‘the’ groundwater head for the
Simulation Modet résults from fissurc water. Out of six recdrds, four were obtained from .
Upper Aquifer and two of the remainder were from Lower Aquifer. the period of the
\'eriﬁcalioh years were about 10 years from 1986 to 1995 when all obscrvation records '
we ué in order. ; |
- The four sets of records maintained from Wadl S‘.I_]I Wadi Slﬁml Wadl Ashuwmx and
'Falaj Al Mualla stations were selected to verify the wadi flow dah Ho“e\t,r the
catchinent arcas of these stalions were different from that of the sub—bwn which was the
“object of the Model, consequently, the specific nmoff was calculated by making
-obscrvations, and the flood antounts for each sub-basin were corrected in their dominant
areas. The records of Wadi Sifuni and the Wadi Ashuwani were con_nbinéd together to
generate the data for Wadi Khadrah, The three sub-basins of Wadi Khadrah, two
mountain basins located on Wadi Siji and Wadi Khadrah, and one gfoi:'nd\fat_er basin
lying at Falaj Al Mualla, in the most downstream in the Study Arca were then verified.
The period of the verification was assumed to be 19 years of 1995 to 1977

(2) Construction of Simutation Model

a) Sub-basin Division _

As previous section, refers to the sub basm classification for drainage sgstcms In the
modcl simulation, the sub-basm division as a rule includes analysis of both surface and
- groundwater systems. However, the drainage sub-basins should be sub-divided into
" smaller divisions to gol a nioru accurate analys’is of cach spot within .the Study Arca and
the arcas that make up lhcse subdmslons mll be cons:dcrxd to be simple rectangular
shapes. On the other hand, to make the modcl as s:mple as possible, the minor drainage
system shall be ignored. Thus the surface sub—dmston for the modcl is made up as shown
in Figure 1.52. The arca is sub divided into 21 basins, and dummy basins at the

downreach of the mode! arca have also been added.

b) Aquifer Modelmg
The fonnatton in the Study Area can be classified into two aquifers and one aqulcludc as
discussed in the previous paragraph. For constructing the sloragc model the same aquer

chmﬁcat:ons are to be taken into account.

" ¢) Sub-basin Structures
The aquifer and aquiclude constants to be given into the simulation progra:ﬁ are assumed

from the éo:nprchcn_sivd study of the result of drilling, pumping “{cs_'l,:g{omldwater




h)drograph water quality and so forth. Furlhcr sewral componcnts of sub- -basin
structure such as representative surface elevation, thickness and clevation of aquifer or
-aquicludes, H-Q curve (refer to Appendix 2.6), H-S Cunve (area of aquifer, refer to
Appendix 2.6), penmeability, orifice structure, outlet structure and their height. ¢tc., have
~ to be decided for cach sub -basin. The initial water heads for each aqu‘cr also nwst be
*included in the program. The final sub-basin structure ‘will be constructed through
hydcological study, al thOugh they will be deviscd through the course of trial runs until the

- model is identified by verification data.

d) Input and Vertﬁcahon Data’

The following are the five scts of input and one sct of \erlﬁc'mon data are required for the
model 1dmhﬁcalnon S

 -Rainfall (daily basis, as long as possible)

-Pai Evaporation (mean monthly basis)-

-Groundwater Hydrograph (daily basis, for cach aquifer if avaifable, as long as possible)

- -River runoff (daily basis, for each drainage system if available)

-Groundwater draft (monthly basis, for cach aquifer)

The groundwater drafl can be estimated from farming areas and the actual groundwater
draft sunvey. For river runoff, data for major wadis-Wadi Siji, Wadi Aswan, Wadi Sifuni
and Wadi Khadrah-are avaitable in daily basis. The groundwater level records can be
collected from the 6 stations for 10 years from 1986 to 1995 as an available duration.

e} Program

“The program for the s:,mheuc stmage model was w ritten by FORTRAN-1V, originally it :
was preparcd for main frame computer usage. However, the Study teant have translated

the program into MS-WINDOWS for operation on desktop computers: the source

program, data fonns shall be prdvidcd by the Study Team at the end of Study, together

with the final parameters of the model.

3) Mo’dcl Paramelers
a) Outlme
“The snnulauon model requires parameters to bcgm calculations, and the parameter are
class:ﬁcd iio two categories as follows; -
“- General Parameters: parameters fo defiue the overall model configuration
- Basin Paranicters: peculiar to each sub—basm

Thcse {\\o set of parameters ate arrangcd into an adcquatc form for computing and are
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