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APPENDIX A

ESTIMATION OF TRANSMISSIVITY

A.1 Determinationof transmissivityfrom step-drawdowntests


The firststagewater leveldata from the 20 three-stagestep drawdown
testshave been analysedusing Jacob'smodificationof the Theis
method. Solutionswere obtainedusing the followingform of the
Jacob equation:

T = 0.183 Q/As

where T is the transmissivityin m2/day

Q is the well yield in m3/day

and As is the drawdownin metres.

The results,shown in Table A.1, give values from 4 m2/day to 570 m2/day.
Largevariationswere found in the resultsfrom any particulararea and
we demonstratelater in thischapter that much of this variationis due
to the locationof the screens. The highestvalueswere generallyfrom
the boreholeswith screensin the Upper Gravels. The deeper boreholes
with screensbelow thesebeds generallyshow low estimatesof trans,
missivity. All of the resultsare below600 m2/day. These are low
valuesand indicatea poor aquifertransmissivityeven in the UPper
Gravels.

A.2 Estimationof transmissivityfrom specificcaRacity

For the remainingwellswe must use an alternativemethod of estimating
transmissivity.Variousmethodsare availablefor calculatingaquifer
transmissivityfrom specificcapacitydata. Also transmissivitycan
be estimatedfrom very small mnountsof data using the simplestof the
drawdownequations,that derivedby Theis. The assumptionsinvolved
in this and other methods requirethat the yield and the drawdowndata



TableA.1

TRANSMISSIVITYVALUESDERIVEDFROM JT BORENOLES

Well No. Transmissivity Location

(m2/day)

JT 11 14 Wadi Nakhl

JT 12 4 Wadi Nakhl

JT 20 14 Wadi Bani Ghafir

JT 28 300 Wadi Semail

JT 29 370 Wadi Semail

JT 30 390 Wadi Semail

JT 31 110 Wadi Semail

JT 36 190 Al Khabura

JT 41 86 Rumais

JT 48 570 Rumais

JT 49 160 Rumais

JT 50 110 Rumais

JT 57 170 Wadi Bani Kharus

JT 58 86 Wadi Bani Kharus

JT 62 390 Wadi Aday

JT 63 160 Wadi Nakhl

JT 64 85 Sohar

JT 65 110 Sohar

JT 67 220 Wadi Bani Kharus

JT 74 95 Rumais



are from 100 per cent efficientwells* in non-leakyartesianaquifers.

However,our analysisof the step-drawdowntest data indicatesthat

in the Batinahonly 5 boreholeshave a well efficiencyof better than

90 per cent and it is most unlikelythat true artesianconditionsexist

in the relativelythallow sedimentsexploredto date.

We have thereforeused an empiricalmethodbased on the correlation

betweentransmissivityand specificcapacityfor the 20 boreholesshown

in Table A.1. This correlationis showngraphicallyin FigureA.1.

Excludingthe resultfromwell JT62, the relationshipis of the form;•

T = aC

where C is specificcapacityin m2/day.

a is found to be 0.298. The 95 per cent confidencelimitsindicate

that the real transmissivitylies between0.136C and 0.655C.

Specificcapacitydata computedfrom the pumping test informationfrom

the JT seriesboreholesand from selectedboreholesfrom previous

drillingprogrammesare shown in TableA.2. Where multi-stagetesting

has takenplace the specificcapacityhas been calculatedfrom the

firststage of testing.

The specificcapacitiesrangefrom about 10 m2/day to over 3,000m2/day

giving transmissivitiesfrom 3 m2/day to about 1,000m2/day based upon

a = 0.298. The upperand lower limitsat 95 per cent confidencecan be

determinedfrom Figure A.1.

An alternativeassessmentof the aquiferpropertiescould be obtained

by using lithologicaldata and yield/drawdownrelationships. However

the difficultyof assessingthe consequencesof secondarycarbonate

cementon the aquiferpropertiesof a variablegravel and gravel clay

*well efficiencyis the ratioof drawdownas a resultof the resistance
of the aquiferto the totaldrawdown,which is the resultof aquifer
resistanceand screen resistance.
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Table A.2

ESTIMATIONOF TRANSMISSIVITYFROM SPECIFICCAPACITY

Well
No

Specific

Capacity

(m2/day)

Estimated

Transmissivity

(m2/day)

Well

No

Specific

Capacity

(m2/day)

Estimated

Transmissivity

(m2/day)

JT 1 3283 980 JT 54 561 170
2 154 47 55 83 25
3 2894 870 57 562 170
4 2039 620 58 214 65
5 12 4 61 216 65
10 158 47 62 253 77
11 45 19 63 226 69
12 19 6 64 241 73
13 1031 310 65 236 72
15 1019 305 66 1158 340
18 79 24 67 672 200
20 78 24 69 483 145
22 2552 760 70 251 76
23 1192 350 71 130 39
24 153 46 72 603 182
25 80 24 73 3217 970
26 160 48 74 248 76
27 30 9 75 1541 460
28 784 235 76 235 71
29 1430 430





30 2298 690 WRP 1 29 9
31 747 225 2 43 13
33 284 86





35 2249 680 GP8 13 4
36 681 205 10 11 3
37 221 68 12 15 5
38 1730 520





41 254 77 ADG 1 1224 360
43 1010 305 13 355 108
44 1268 380 14 3594 1080
45 1324 390 15 612 185
46 417 130 16 399 122
47 1028 310 • 17 318 97
48 1255 375 19 111 33
49 676 205 20 183 55
50 562 170 22 73 22
51 1035 310 23 333 100
53 75 23 24 104 31.





25 79 24





26 366 110





27 141 42



sequencemake this method too uncertain.

A.3 HydraulicConductivityof the Alluvium

Estimatesof the hydraulicconductivity(permeability)of the alluvium

have been obtainedby dividingthe transmissivityby screen length

for each borehole. Table A.3 gives the resultsfor boreholeswith

screens locatedin the UpperGravels,TableA.4 for those in the

ClayeyGravelsand TableA.5 for those in the CementedGravelsand

limestones.

In compilingthese resultswe have used the total lengthof screen

below the water table. Where severalscreensoccur,or when a single

screenhas been positionedacrossthe boundarybetweentwo classesof

gravelsthe totalscreen lengthhas been used but the boreholehas been

classifiedaccordingto the locationof the major portionof the screen.

Thoseboreholeswhere therewas insufficientwater to carry out a yield

test are shown as havingzero conductivity.Severalof theseboreholes

have slowlymade water over periodsof severalmonths indicating

hydraulicconductivitiesof less than 10-1m/day. They are included

to illustratethe distributionof semi-pervious,poor, or even non-

existentaquiferpotential.

UpperGravels Table A.3

The highestvaluesof hydraulicconductivityhave been obtained

from the boreholesin the Wadi Semailand there is a marked

reductionin the valuesderivedfrom the western boreholes. This

could reflectthe differentsedimentaryenvironmentof the Upper

Gravelsin variouswadis. Howeverthe western area has been

poorlysampled;many boreholeshave been cased throughthe shallow

UpperGravelsand the sample of sevenwells may not be representa-

tive. Only one boreholein the UpperGravels,JT14, failed to

give sufficientwater for test pumpingpurposes. This well

sunk to a depth of 70 m is in the zone of deepestwater with a



TableA.3

HYDRAULICCONDUCTIVITYOF THE UPPER GRAVELS

Boreholenumber

WADIFAR

Hydraulic
Conductivity

(m/day)

Comments

JT13
JT14

WADIBANIKHARUS


JT57

Insufficientwater to test

Screensalso in Clayey and Cemented
Gravels




ADG23




WADI NAKHL





ADG22 1




ADG17 6




WADI TAWW





ADG16 9




WADI HALBAN





JT25 2) Screen also in ClayeyGravels




JT66 28)




JT76 6)




JT43 28)




JT44 32)




JT45 30)




JT46 11)




JT47 26)




JT48 31)




JT49 16)




JT50 12)




WADI SEMAIL





ADG15 11 Some sand




JT51 6




JT73 19 Some sand and clay




JT30 33




JT31 9 Some sand and clay




JT29 18




JT28 11




JT38 37




ADG1 47




JT3 55




JT4 42




WADI RUSAYL





JT75 46




ADG14 49




ADG13 5






Table A.4

HYDRAULICCONDUCTIVITYOF CLAYEYGRAVELS

Boreholenumber Hydraulic
Conductivity Comments

(m/day)

WADIBANIGHAFIR

ADG25 .
ADG26
JT20
JT21

3T22

WADI FAR

2
7
0.5
0
33

3
4




Reporteddry, subsequentlymade water
Screen set in gravel lens

• ADG19
ADG20
311.6




Not tested,water too deep
JT18 1




ADG27 4




JT15 13




Screen set in gravellens

WADI BANI KHARUS





JT58 1




JT69 3




ADG24 2




JT23 10




3124 2




JT67 15




Screen set in gravellens

WADI NAKHL





JT63 6




JT 5 0.4




JTIO 4




WADI AL AJAL





JT52 0




Reporteddry, subsequentlymade water
3156 0




JT 7




Not tested,water too deep

WADI HALBAN





JT41 3




JT74 3




JT37 3




JT42 0




Made water after completion

WADI SEMAIL





JT32 0




Made water after completion
WW9 0.2 ) PD(0) productionwells
WW10 0.1 )




WD1




) Governmentproductionwells in
WD2




) Al Khawdwellfield



Table A.4 continued

Boreholenumber Hydraulic Comments
Conductivity

.(11/d4Y)

WADISEMAIL

WD3 ) Governmentproductionwells in
WD4 ) Al Khawdwellfield

WADIRUSAYL

JT53 0.5 ) Governmentwells in
WRP 1 0.4 ) RusaylWellfield
WRP 2 0.5 )
GP 8 0.3
GP 10 0.2
GP 12 0.3



TableA.5

HYDRAULICCONDUCTIVITYOF CEMENTEDGRAVELS

AND LIMESTONES

Boreholenumber Hydraulic Comments
• Conductivity

(m/day)

WADIBANIGHAFIR


3T19 0 Made water after completion

WADIFAR


3T17 0 Made water after completion

WADIRANIKHARUS


JT57 7 Screen also in ClayeyGravels
3168 Not tested,water too deep
JT70 1
JT71 1

WADINAKHL


0T11 1 Screen also in Clayey Gravels
3T12 0.2 Screen also in ClayeyGravels
JT33 4
JT72 4



standingwater level63 m below the surface. Althoughshown in

TableA.3 as havingzero permeability,this is not a true measure
of the aquiferpotentialbut reflectsthe problemsencounteredin

providingproperwell designduringthe early explorationstages

of our study.

Clayey GraVels TableA.4

The western area of the Batinahprovidesvaluesslightlyhigher

than thoseobtainedfor the east which is a reversalof the trend
seen in the Upper Gravels. The threeboreholes,0115, 0167 and

and 3122 give conductivitiesof 13, 15 and 33 m/day respectively.
These results,similarto thoseobtainedfor the upper Gravels,
are for boreholeswith screensset in the gravel lens at the

base of the CZayey Gravels (see Figure2.10). They suggested
that a limitedbut significantaquifermay be presentwithin

the otherwiseunattractiveprospectof the CZayey Gravels.

Cemented Gravels and Limestones TableA.5

There are ten boreholeswith screensset below the base of the

Clayey Gravels; all are locatedin the western part of the Batinah.
Most of thesewells have some part of the screenset in higher

beds and it is particularlydifficultto determinethe origin

of the groundwaterin these cases.

The hydraulicconductivitiesare similarto those for the CZayey
Gravels. Of particularsignificanceare the valuesfor the coastal
wells 0T70, 0171 and 0T72. They demonstratevery low conductivities

in the relativelyshallowsedimentsat the coast in the Wadi Bani
Kharusbasin. This correspondswith the appearanceof silts and

sands in the shallowdepositsof this area where the coastal

plain is widest. However,the occurrenceof TertiaryLimestones
immediatelyoff-shorefrom theseboreholes,and the possibility

of extensivecarbonatecementor even of limestoneat shallow



depthsbeneaththe Wadi Bani Kharusbasinwould explainthe results.

The rangeof valuesobtainedare shown in FigureA.2 where they are

comparedwith hydraulicconductivityvalues for a wide range of rock

types (afterBear). The descriptionsshow that the UpperGravels
exhibithydraulicconductivitieswhichwould enable them to be

classifiedas good aquifersbut neverthelessthey tend to fall within

Bear'ssemi-perviouscategory. The CZayeyGravelsand the Cemented
Gravelsand Limestonesexhibitaquifercharacteristicssimilarto those

expectedin find sands and silts. Generallythey must be regardedas

poor semi-perviousaquifersof limitedgroundwaterpotential.

A.4 Credibilityof the HydraulicConductivityData


It is usefulto make some detailedcommentconcerningthe validityof

the data and of the methodsemployedto derivethe estimatesof

conductivity.Our approachhas been conservative. For example,it

has been assumedthat the entirescreen lengthin each boreholehas

tappedproductiveformations. This is unlikelyand the hydrauliccon-

ductivities,derivedby dividingtransmissivityby screen length,will

tend to be underestimatedresultingin a low resourcesestimatein the

flow net analysis.

Howeverthe major uncertaintylies in the estimationof transmissivity

from the specificcapacitydata. The empiricalmethod used above

gives valueswhich do not agreewith an independentassessmentmade by

Barber (Reportof a ConsultancyMission,1974). Barberestimated

transmissivityusing a semi-empiricalformulabased on the Thiem equili-

briumequation;

2.3 ,
re

w w

where: Q = dischargerate of boreholein re/day

T = aquifertransmissivityin m2/day


re = radiusof influenceof well in m
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= effectiveradiusof well in m

Sw = equilibriumdrawdownat the well in m

This equilibriummethod producessimilarestimatesof hydrauliccon-

ductivityto thoseobtainedby our empiricalmethod for boreholesin

the Clayeyand CementedGravelsbut considerablyhigher values for

the UpperGravels(10-200m/day as comparedwith 1-50 m/day). Some

differencesare undoubtedlydue to the largewell losses in many of

the boreholes. However,comparisonof resultsfrom boreholeswith

smallwell lossesshow that the differencesare signficanteven when

well efficiencyis greaterthan 90 per cent. In Table A.6, which shows

examplesof the hydraulicconductivitiesderivedby both methods,it

is apparentthat well efficiencyis only part of the problem.

The major cause of uncertaintyis in the interpretationof the response

of the aqUiferto pumping. The Thiemmethod requiresthat test data•

•used to derive the specificcapacityshould exhibitnon-leakyartesian

characteristics.This reguiresa groundwaterconditionwhere the aquifer

unit is overlainby a totallyimpermeablebed which does not itself

yield any groundwateror allow passageof water from any overlyingwater

bearinghorizons. By contrasta leakyartesiansystem allows ground-

water to pass throughthe impermeablebed until eventuallythe well

yield is obtainedfrom the leakageand not from the artesianaquifer.

The specificcapacityof a well is calculatedfrom the value of draw-

down at the end of the first stage of a step drawdowntest. Fig A.3

illustratesthe differingbehaviourof non-leakyand leaky artesian

aquifersduringthis firststageof pumping. A well in a leaky artesian

aquiferwith a low transmissivitycan show the same drawdownat the end

of the firststage as a well in a non-leakyartesianaquiferof high

transmissivity.A specificcapacitymethod based on the non-leaky

assumption•willthereforeover-estimatetransmissivitywhen conditions

are actuallyleaky. True non-leakyaquiferconditionsare unlikelyin

the Batinahwhere theredo not appearto be any large scale, totally

impermeableformations. The discrepancybetween the two sets of data
2.3

is thus attributedto differencesin the value-FT log (re/rw). This



Table A.6

HYDRAULICCONDUCTIVITY




(m/day)

Semi-empirical
method

Empirical
method

Well•Efficiency1

JT 30 143 9 62

JT 35 267 62 47

JT 37 126 12 9

JT 36 80 19 91

JT 55 10 0.5 95

JT 67 34 15 99

Note: 1 Well efficiencyhas been taken as the ratio of the drawdownresulting

from the propertiesof the aquiferto the total drawdown,expressed

as a percentage. Inefficientboreholeshave a significantdrawdown

componentresultingfrom the constructionof the well. The formation

losses,BQ in AppendixA, and the well losses,CQ2, have been derived

by analysisof the step-drawdowndata using a method proposedby

Rorabaugh. The well efficienciesgiven abovewere computedfrom BQ/SW.
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empirical value of a normally lies between 1.3 and 1.4 for non-leaky

aquifers. We have shown that a value of a = 0.298 could be derived from
the data available and we consider that this is a more appropriate value
in view of the aquifer conditions.



APPENDIX B

BOREHOLEDETAILSFOR THE BATINAH

This catalogueof boreholeconstructiondetails and pumpingtest infor-
mation relatingto 137 boreholesprovidesa summaryof the resultsof
the groundWaterdrillingexplorationprogramme. The tables contain
detailsof most of the explorationwells constructedfor the water
resourcessurvey togetherwith some informationfor earlierwells and
othersdrilledfor water supplypurposes. In our analysisin chapters
2 and 3 we have not used the informationfrom all of thesesites; some
are outsidethe boundariesof the area coveredby this report,others
are excludeddue to their closeproximityto the key boreholesshown in
Figure2.1.

The well numberingsystem relateseitherto the constructionsequence
of the variousdrillingcontractsor to the most commonlyused reference
by which the boreholesare known. A nationalwell numberingsystem is
neededto replacethe existingwell referenceswhich tend to be con-
fusingparticularlywhen severalwells of differentsizes occur in the
same area. As a guide to the tablesan explanationof the various
seriesis given.

ADG1 - 35


Boreholesconstructedby GeoproscoLtd prior to the start of the
water resourcessurvey. Thesewells tend to have been sited
alongthe coast road betweenSib and As Suwayq.

JT 1 - 76

Boreholesconstructedby GeoproscoLtd during the periodof the
water resourcessurvey. The wellswere constructedeither for
explorationpurposesbetweenthe coast road and the mountains
or at the requestof the Governmentfor water supply purposes
normallyin the coastalzone.



GP 1 - 15 andWRP1 - 2

These explorationand productionwells are locatedin the Wadi

Rusayl. GP boreholeswere constructedprior to the water resources

survey;productionwells WRP1 and WRP2 were constructedduring the

survey.

Lansab1 - 2

Test boreholesin the Wadi Lansabconstructedas part of the

explorationprogrammefor SAF(TR).

P0(0)9and10


Productionwells in the Wadi Semail supplyingPD(0).

DW 1-4


Small diameterexplorationboreholesconstructedto monitor the

saline intrusionat the coast.
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APPENDIXC


STRATA RECORDS

The followinginformationhas been collectedduring the construction

of the principalboreholessunk duringthe periodof the water resources

survey:

Time to penetrate1 metre

Drillersrecordof strataeverymetre

Geologistsdescriptionof lithologicalsamples

collectedeverymetre.

This informationhas been put onto punchedcards and a computerprogram

writtento enablethe data to be presentedin simple graphicalform.

The results,the Strata Records,have been preparedusing the Univac

1108 computerat the Instituteof Hydrology.

A smootheddrillingtime log has been generatedto simplifythe very

variablepenetrationrate information. The lithologicallogs show the

natureof the primaryrock constituentsand also indicatemixed

lithologiesby identifyingany other constituents. An indicationof

their abundanceis given by means of the symbol size. Coarse,medium

and fine grainedgravel and sand is also shown, the positionof the

Symbolbeing to the left hand side of the column for coarsegrained

material.

Water levelsare given in the tables. The completionwater level is

shown togetherwith a more recentreading. Eventuallymaximum and

minimumwater levelpositionswill be given for the periodof the

study.

For identificationpurposesthe currentwell referencesare used and

the locationof the boreholesgiven in the form of a grid reference.
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