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INTRODUCTIONINTRODUCTION

WaterWater resourcesresources areare vitallyvitally importantimportant forfor thethe futurefuture ofof humankindhumankind..

GroundwaterGroundwater fromfrom karstkarst aquifersaquifers isis amongamong thethe mostmost importantimportant drinkingdrinking
waterwater resourceresource inin thethe WestWest BankBank..

TheThe protectionprotection ofof groundwatergroundwater withinwithin karstkarst aquifersaquifers toto assureassure itsits qualityquality
forfor potablepotable useuse shouldshould bebe oneone ofof thethe PalestiniansPalestinians prioritiespriorities..

ThTh ‘‘ l bilil bili ’’ ii i di d dd bb ii dd iiTheThe termterm ‘‘vulnerabilityvulnerability’’ isis notnot restrictedrestricted toto groundwatergroundwater butbut isis usedused inin aa
widewide sensesense toto describedescribe thethe sensitivitysensitivity ofof whateverwhatever toto anyany kindkind ofof stressstress..

TheThe aimaim fromfrom thisthis lecturelecture isis toto presentpresent anan integratedintegrated methodmethod thatthat
addressesaddresses thethe questionquestion ofof groundwatergroundwater vulnerabilityvulnerability andand riskrisk inin karstkarstgg
environmentsenvironments..



Conceptual Conceptual 
Model of a Model of a 

Karst AquiferKarst Aquifer



The OriginThe Origin PathwayPathway Target ModelTarget ModelThe OriginThe Origin--PathwayPathway--Target ModelTarget Model



General Concept of the PI MethodGeneral Concept of the PI MethodGeneral Concept of the PI MethodGeneral Concept of the PI Method

It is a GISIt is a GIS--based based 
approach.approach.

It is based on an It is based on an s b s ds b s d
originorigin--pathwaypathway--
target model.target model.gg



PIPI MethodMethodPI PI -- MethodMethod

(P)(P) Pr t ti C rPr t ti C r ( I )( I ) Infiltration ConditionsInfiltration Conditions(P) (P) –– Protective CoverProtective Cover ( I ) ( I ) –– Infiltration ConditionsInfiltration Conditions

Thickness,Thickness,
Hydraulic Conductivity,Hydraulic Conductivity,

Type of infiltration,Type of infiltration,
Flow concentration and Flow concentration and y y,y y,

Degree of Degree of KarstificationKarstification,,
Joints / fa ltsJoints / fa lts

degree of bydegree of by--passing the passing the 
protective cover.protective cover.Joints / faults.Joints / faults. pp



PP-- FactorFactor: : the effectiveness of the production cover above the groundwater table.the effectiveness of the production cover above the groundwater table.
II-- FactorFactor: reduction of the protection cover by the bypassing flow: reduction of the protection cover by the bypassing flowII-- FactorFactor: reduction of the protection cover by the bypassing flow.: reduction of the protection cover by the bypassing flow.



Simple Flow Chart for the PI MethodSimple Flow Chart for the PI Methodpp

TheThe vulnerabilityvulnerability mapmap isis obtainedobtained byby
intersectingintersecting thethe PP mapmap withwith thethe II mapmap..

TheThe PP mapmap showsshows thethe effectivenesseffectiveness ofof
thethe productiveproductive covercover asas aa functionfunction ofof thethe
thicknessthickness andand permeabilitypermeability ofof allall thethe
stratastrata aboveabove thethe groundground waterwater surfacesurface..

TheThe II mapmap showsshows thethe degreedegree toto whichwhich
hh ii ii b db d II iithethe protectiveprotective covercover isis bypassedbypassed.. ItIt isis

obtainedobtained byby intersectingintersecting thethe mapmap
showingshowing thethe catchmentcatchment areasareas ofof thethe
i kii ki tt ithith thth ll dll d I’I’sinkingsinking streamsstreams withwith thethe soso--calledcalled I’I’

mapmap,, whichwhich showsshows thethe distributiondistribution ofof
lateral,lateral, surfacesurface andand subsurfacesubsurface flowflow..



PP--MapMap



Top Soil Top Soil –– (T(T--Factor)Factor)pp (( ))

Soil type Measured / Estimated FC
( / )

Weighted Value
( )(mm/m) (T)

Terra Rossa, Brown Rendzinas and Pale Rendzinas 446 750
Brown Rendzinas and Pale Rendzinas 334 750
Grumusols 460 750
Brown Lithosols and Loessial Serozems 90-140 125
Brown Lithosols and Loessial Arid Brown Soil 140-200 250
Loessial Serozems 140-200 250



SubSub--soil (Ssoil (S--Factor)Factor)(( ))

Soil typeSoil type SubSub--soil typesoil type Weighted ValueWeighted Valueypyp ypyp gg
((S)S)

Terra Rossa, Brown Rendzinas and Pale Rendzinas Clay 500
Brown Rendzinas and Pale Rendzinas Clayey loam 300
Grumusols Clay 500
Brown Lithosols and Loessial Serozems Slightly clayey sand 75
Brown Lithosols and Loessial Arid Brown Soil Loamy 250
Loessial Serozems Slightly clay 320





Lithology and Fracturing Lithology and Fracturing 
((L FL F F )F )((L & F L & F –– Factors)Factors)

Lithology Lithology Value
( )

Fracturing Value
( )(L) (F)

Nari (surface crust) and alluvium gravels and fan deposits 5 4
Conglomerates, marl, chalk, clay and limestone 5 20
Reefal limestone, Nummulitic limestone and chalk 5 0.5
, chalk and chert 20 25
White limestone, stilolithes dolomite and thin bedded limestone 5 0.5
Karstic dolomite, dolomite, chalky limestone 5 0.3
Limestone and dolostone, chalk
Reefal limestone, karstic limestone, dolomite, dolomite limestone

5
5

0.5
0.3



Groundwater Recharge Groundwater Recharge –– (R(R--Factor)Factor)

WhenWhen thethe geologicalgeological formationsformations thatthat formform thethe mainmain aquifersaquifers areare
outcropping,outcropping, thethe followingfollowing RainfallRainfall--RechargeRecharge equationsequations werewere
appliedapplied..

R=R=00..6 6 (P (P –– 285285)                       )                       P > P > 700 700 mmmm
R=R=00..46 46 (P (P -- 159159)      )      700 700 mm > P >mm > P >456 456 mmmm
R=R=00..3 3 (P)(P) 456 456 mm > Pmm > P

where:where:
R = R h f i f ll i /R = R h f i f ll i /R = Recharge from rainfall in mm/yrR = Recharge from rainfall in mm/yr
P = Annual rainfall in mm/yr. P = Annual rainfall in mm/yr. 



RainfallRainfall



Groundwater Recharge Groundwater Recharge –– (R(R--Factor)Factor)gg (( ))

Mean annual rainfall
(mm)

Recharge 
(mm/yr)

R value

200 – 250 60 – 75 1.75
250 – 300 75 – 90 1.75
300 - 350 90 – 100 1.75
350 – 400
400 – 450
450-500

105 – 120
120 – 135
135 – 157

1.5
1.5
1.5

500-550
550-600
600-700

700-1000

157 – 180
180 – 200
200 – 250
250 - 430

1.5
1.5

1.25
1.00



PP--MapMap

Finally,Finally, PP--mapmap waswas preparedprepared basedbased onon COSTCOST 620620 mathematicalmathematical
equationsequations asas shownshown belowbelow..
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TheThe valuevalue PPTSTS waswas calculatedcalculated forfor eacheach cellcell byby usingusing thethe previousprevious
describeddescribed parametersparameters maps,maps, Hence,Hence, PP--mapmap isis gridgrid mapmap withwith cellcell
ii ((2020 XX 2020 )) hh hh hh ii PP A diA di hhsizesize ((2020mm XX 2020m)m) wherewhere eacheach hashas itsits ownown PPTSTS.. AccordingAccording toto thethe

adaptedadapted PP classification,classification, ItIt waswas foundfound thatthat aboutabout 55 kmkm22 ((00..66%% ofof
totaltotal area)area) isis classifiedclassified asas moderatemoderate protectiveprotective andand 637637 kmkm22totaltotal area)area) isis classifiedclassified asas moderatemoderate protective,protective, andand 637637 kmkm
((7676..77%% ofof totaltotal area)area) isis highhigh protectiveprotective whereaswhereas 189189 kmkm22 ((2222..77%% ofof
totaltotal area)area) isis veryvery highhigh protectiveprotective areasareas..)) yy gg pp



PP--MapMappp



II--MapMap



Determination of Dominant FlowDetermination of Dominant Flow

TheThe dominantdominant flowflow processprocess isis assessedassessed onon thethe basisbasis ofof thethe toptop soilsoil
permeabilitypermeability andand thethe presencepresence ofof lowlow permeablepermeable layerslayers..



Determination of Dominant FlowDetermination of Dominant Flow

TheThe dominantdominant flowflow processprocess isis assessedassessed onon thethe basisbasis ofof thethe toptop soilsoil
permeabilitypermeability andand thethe presencepresence ofof lowlow permeablepermeable layerslayers..

TypeType AA -- InfiltrationInfiltration andand subsequentsubsequent percolationpercolation..
TypeType BB –– FastFast subsurfacesubsurface stormstorm flowflow..
T pT p CC VV f tf t b fb f flflTypeType CC –– VeryVery fastfast subsurfacesubsurface flowflow..
TypeType DD –– SaturatedSaturated surfacesurface flowflow..
TypeType EE –– HortonianHortonian surfacesurface flowflow rarelyrarely (only(only duringduring stormstorm rainfall)rainfall)..ypyp yy ( y( y gg ))
TypeType FF –– HortonianHortonian surfacesurface flowflow frequentlyfrequently (also(also duringduring lowlow intensiveintensive

precipitation)precipitation)..



Determination of Dominant FlowDetermination of Dominant Flow

Soil TypeSoil Type Dominant FlowDominant Flow Flow Flow 
TypeType

Terra Rossa, Brown Rendzinas and Pale Rendzinas Hortonian Surface Flow F
Brown Rendzinas and Pale Rendzinas Infiltration and Subsequent Percolations A
Grumusols Hortonian Surface Flow F
B Lith l d L i l S S t t d S f Fl DBrown Lithosols and Loessial Serozems Saturated Surface Flow D
Brown Lithosols and Loessial Arid Brown Soil Saturated Surface Flow D
Loessial Serozems Saturated Surface Flow D



Determination of SlopeDetermination of Slope

Contour MapContour Map

Slope MapSlope Map



Determination of I’ FactorDetermination of I’ Factor



Land Use MapLand Use Map

Land Use MapLand Use Map

PIPI-- LU MapLU Map



I’ MapI’ Mappp

Dominant Flow Type Slope
0 – 3.5 % 3.5 – 27 % > 27 %

Type A 1.0 1.0 1.0ForestsForests yp
Type D 0.8 0.6 0.4
Type F 0.8 0.4 0.2

Dominant Flow Type Slope
0 3 % 3 2 % 2 %0 – 3.5 % 3.5 – 27 % > 27 %

Type A 1.0 1.0 1.0
Type D 0.6 0.4 0.2
Type F 0.6 0.2 0.0

FieldsFields



Surface Catchment MapSurface Catchment Mappp



Surface Catchment MapSurface Catchment Mappp



II--MapMappp

Surface Catchment Map I' Factor
0.0 0.2 0.4 0.6 0.8 1.0

a 10 m buffer on both sides of sinking wadis 0.0 0.0 0.0 0.0 0.0 0.0
b 100 m buffer on both sides of sinking wadis 0.0 0.2 0.4 0.6 0.8 1.0
c Catchment of sinking wadis 0.2 0.4 0.6 0.8 1.0 1.0



Determination of Dominant FlowDetermination of Dominant Flow

TheThe dominantdominant flowflow processprocess isis assessedassessed onon thethe basisbasis ofof thethe toptop soilsoil
permeabilitypermeability andand thethe presencepresence ofof lowlow permeablepermeable layerslayers..

TypeType AA -- InfiltrationInfiltration andand subsequentsubsequent percolationpercolation..
TypeType BB –– FastFast subsurfacesubsurface stormstorm flowflow..
T pT p CC VV f tf t b fb f flflTypeType CC –– VeryVery fastfast subsurfacesubsurface flowflow..
TypeType DD –– SaturatedSaturated surfacesurface flowflow..
TypeType EE –– HortonianHortonian surfacesurface flowflow rarelyrarely (only(only duringduring stormstorm rainfall)rainfall)..ypyp yy ( y( y gg ))
TypeType FF –– HortonianHortonian surfacesurface flowflow frequentlyfrequently (also(also duringduring lowlow intensiveintensive

precipitation)precipitation)..



PI PI -- MapMap

TheThe vulnerabilityvulnerability mapmap showsshows thethe intrinsicintrinsic vulnerabilityvulnerability andand thethe
naturalnatural protectionprotection ofof thethe uppermostuppermost aquiferaquifer.. TheThe mapmap showsshows thethe
spatialspatial distributiondistribution ofof thethe protectionprotection factorfactor π,π, whichwhich isis obtainedobtained byby

l i l il i l i hh PP dd II ffmultiplyingmultiplying thethe PP andand II factorsfactors::

PP IIππ == PP ·· II

ThTh hh ff hh hh i di d ff fifiTheThe areasareas onon eacheach ofof thethe threethree mapsmaps areare assignedassigned toto oneone ofof fivefive
classes,classes, symbolizedsymbolized byby fivefive colorscolors:: fromfrom redred forfor highhigh riskrisk toto blueblue
forfor lowlow riskrisk ConsequentlyConsequently oneone legendlegend cancan bebe usedused forfor allall threethreeforfor lowlow riskrisk.. Consequently,Consequently, oneone legendlegend cancan bebe usedused forfor allall threethree
mapsmaps..



PI PI -- MapMap



PI PI -- MapMap

FromFrom thethe finalfinal PIPI mapmap 55%% ofof thethe studystudy areaarea ((4141 66 kmkm22)) isisFromFrom thethe finalfinal PIPI--map,map, 55%% ofof thethe studystudy areaarea ((4141..66 kmkm22)) isis
classifiedclassified asas extreme,extreme, 4141%% ((340340..77 kmkm22)) asas high,high, 3131%% ((257257..66 kmkm22))
asas moderate,moderate, 1818%% ((149149..66 kmkm22)) asas lowlow andand 55%% ((4141..66 kmkm22)) asas veryvery,, %% (( )) %% (( )) yy
lowlow.. Hence,Hence, RamallahRamallah--AlAl BirehBireh districtdistrict isis classifiedclassified asas highhigh--toto--
moderatemoderate vulnerablevulnerable..
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