
Hydrogeology Journal 2009 17: 1579 - 1587 

 1

Mapping groundwater development costs for the 1 

transboundary Western Aquifer Basin, Palestine/Israel 2 

A. M. MacDonald, Hydrogeologist, British Geological Survey, West Mains Road, 3 

Edinburgh, UK, EH9 3LA, (amm@bgs.ac.uk). 4 

B. É. Ó Dochartaigh, Hydrogeologist, British Geological Survey, West Mains Road, 5 

Edinburgh, UK, EH9 3LA. 6 

R. C. Calow, Water Policy Specialist British Geological Survey, Wallingford, 7 

Oxfordshire, UK, OX10 8BB. 8 

Y. Shalabi, Economist, Palestinian Water Authority, Ramallah, West Bank, Palestine.  9 

K. Selah,  Economist, Palestinian Water Authority, Ramallah, West Bank, Palestine.  10 

S. Merrett, Water Resources Economist, 43 Anson Road, London, UK, N7 0AR. 11 

Abstract 12 

The costs of developing groundwater in the Western Aquifer Basin vary considerably 13 

across the West Bank and Israel.  One of the main reasons for this variability is the 14 

diverse hydrogeological conditions within the aquifer.  Using data from recent 15 

hydrogeological investigations, an estimate of the variation of both the drilling and 16 

pumping costs was calculated and then mapped across the Upper and Lower Aquifers 17 

within the Western Aquifer Basin.  These groundwater cost maps proved helpful in 18 

analysing the impacts of hydrogeology on water supply, and also in communicating 19 

complex hydrogeological information to a broader audience.  The maps clearly 20 

demonstrate that the most cost effective area to develop groundwater is along the Green 21 

Line – the 1949 armistice boundary between Israel and the Palestinian West Bank.  Any 22 

migration of this boundary eastwards will increase the cost and feasibility of developing 23 

groundwater within Palestine, making abstraction from the Upper Aquifer 24 

impracticable, and increasing the cost of developing the Lower Aquifer.  Therefore, the 25 

separation wall, which is being constructed to the east of the Armistice Line in 26 

Palestinian territory, will significantly reduce the ability of the Palestinians to develop 27 

groundwater resources.   28 

 29 
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1. Introduction 32 

The allocation of groundwater resources is a major source of contention between Israel 33 

and Palestine. The political situation has resulted in the hydrogeology of the region 34 

being discussed at the highest level in both countries.  The Oslo Peace Process had 35 

recognised the difficulty of resolving water issues and left the discussions to be part of 36 

the final negotiations along with other issues, such as the status of Jerusalem.  Further 37 

discussions of the role of water in the peace process are given by Shapland (1997), 38 

Allan (2001), Medzini and Wolf (2004), Aliewi and Assaf (2007), Zeitoun et al. (2009). 39 

Most controversy surrounds the transboundary Western Aquifer Basin which straddles 40 

both the West Bank and Israel (see Figure 1).  Groundwater is the main source of 41 

domestic, industrial and agricultural water in the West Bank. At present, groundwater 42 

abstraction is tightly controlled by the Israeli government, and relatively little water is 43 

abstracted by the Palestinians.  As part of any lasting settlement, Palestine would hope 44 

to negotiate a more equitable share of the groundwater resources. 45 

 46 

Given the high profile of groundwater issues in any negotiations, it is imperative that 47 

these resources are well understood and that this understanding is shared by those 48 

making key decisions on their management and allocation.  In particular, decisions need 49 

to account for spatial variations in resource availability and access, as these conditions 50 

vary both between, and within, aquifers (PWA 2004). 51 

One way of simplifying complex hydrogeological issues is to reduce the 52 

hydrogeological parameters to maps of the costs of developing and using groundwater – 53 

groundwater cost maps.  Although groundwater is increasingly being considered and 54 

studied as an economic resource (e.g. Burke and Moench 2000; Koundouri 2004; 55 

Chermak et al. 2005) to the authors’ knowledge, the approach of mapping groundwater 56 

costs has not been used elsewhere. 57 

In this paper the relative costs of development across the transboundary Western 58 

Aquifer Basin have been estimated.  The resulting maps of pumping costs, drilling and 59 

installation costs and annual development costs are not meant to be used as a detailed 60 
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planning tool.  Rather, the maps provide a way of illustrating information generated by 61 

groundwater models in a way that can highlight, for the non-specialist, the costs of 62 

different abstraction scenarios.  63 

2. An introduction to the geology and hydrogeology of the Western 64 

Aquifer Basin 65 

Groundwater, accessed either from springs or boreholes, is the primary source of 66 

freshwater available to people living in the West Bank. The water originates as rainfall 67 

falling on the mountains in the centre of the West Bank and then flows through the 68 

extensive aquifers away from the mountains. The groundwater is usually considered as 69 

occurring in three separate basins: the Western Basin, the Eastern Basin and the North-70 

eastern Basin (Figure 1).   71 

The rocks in the West Bank comprise a complex sequence of limestone, dolomite, chalk 72 

and marl. These rocks have been folded into a major anticline with its axis roughly 73 

coinciding with the mountains; numerous smaller faults and folds further complicate the 74 

structure. The Jordan Valley is a rift valley extending from the Red Sea and has been in-75 

filled with up to 3 km of sediments.  The main aquifers in the West Bank comprise 76 

limestones of Cretaceous age. These are often referred to collectively as the ‘Mountain 77 

Aquifer’ and subdivided into Upper and Lower Aquifers. The geology and 78 

hydrogeology of the system is discussed in more detail in PWA (2004) and in a series of 79 

reports from the SUSMAQ programme which examined the hydrogeology of the West 80 

Bank in considerable detail (SUSMAQ 2002; PWA 2004; Aliewi et al. 2005).  A 81 

summary is given below. 82 

Figure 2 shows a schematic cross section across the western part of the West Bank 83 

anticline.  Groundwater in this area flows westward towards the Mediterranean Sea. 84 

Prior to exploitation, most of the groundwater in this basin discharged through two 85 

major springs, the Yarkon and Taninim.  The three main aquifers are the Upper and 86 

Lower Aquifers of the Cretaceous Mountain Aquifer (which form the Western Aquifer 87 

Basin) and the Coastal Aquifer (which is usually treated separately as the Coastal 88 

Basin). 89 

 90 
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The Upper Aquifer comprises limestones, dolomites and chalk of the Jerusalem, 91 

Bethlehem and Hebron Formations.  The aquifer can be up to 400 m thick.  The top of 92 

the aquifer comprises the Jerusalem Formation.  This is a fine-grained limestone with 93 

chert nodules.  The limestone is hard and uniform, but contains many joints.  Limestone 94 

pavements are developed where the rock is at the surface.  The Bethlehem Formation 95 

comprises hard well-jointed limestone which becomes progressively more chalky 96 

towards the base.  The chalk may impede groundwater flow.  The bottom of the upper 97 

aquifer comprises the Hebron Formation.  This is a well-jointed dolomite which has 98 

been karstified towards the top. 99 

The Lower Aquifer comprises limestone and dolomite of the Upper and Lower Beit 100 

Kahil Formation and can be more than 300 m thick.  The Upper Beit Kahil Formation is 101 

a hard karstic limestone.  The aquifer has marl layers up to 30 m thick within it.  The 102 

Lower Beit Kahil Formation comprises dolomite and limestone.  The top of the 103 

formation is probably karstified.  Groundwater flow within the Lower Aquifer is 104 

through joints and fractures.  The karstified layers at the top of the two formations will 105 

probably form rapid routes for groundwater flow. 106 

The two aquifers are separated by the Yatta Formation.  This ranges from 50 to 150 m 107 

thick and comprises marls and clays with some chalk and limestone.  The formation 108 

does not keep the two aquifers entirely hydraulically separate, due to the presence of 109 

many faults and fractures. 110 

The Upper and Lower Aquifers crop out over the high ground of the West Bank where 111 

the aquifers are recharged (Figure 2).  Recharge occurs by slow flow through pore 112 

spaces and micro fractures, and also rapidly, through fractures in the limestones.  Some 113 

studies suggest that water can reach the water table within one year (Hughes et al. 114 

2008). 115 

Further west, the Upper and Lower Aquifers are overlain by low permeability rocks 116 

which effectively confine the aquifers.  The aquifers are therefore protected from near 117 

surface sources of recharge and contamination.  In this region the groundwater is 118 

artesian.  Here groundwater is likely to move from the Lower to the Upper Aquifer.   119 

Further towards the Mediterranean, the lithology of the Upper and Lower Aquifers 120 

changes to become more clay-rich and chalky.  The permeability of both aquifers is 121 

dramatically reduced and westward groundwater flow is limited.  Much of the 122 
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groundwater discharges through boreholes and major springs.  The Coastal Aquifer is 123 

present at shallow depths on the fringes of the Mediterranean Sea.  This comprises 124 

gravels and shelly limestones and is used extensively as a source of water in Israel and 125 

Gaza.  The connection between the Upper and Lower Mountain Aquifers and Coastal 126 

Aquifer is unclear, but it is unlikely to be significant. 127 

The chemistry of the groundwater is largely dominated by the geochemistry of the rocks 128 

and rainfall gradient across the West Bank.  The waters are saturated with respect to 129 

calcite, and chloride concentrations increase from less than 100 mg/l in the mountains to 130 

between 100 and 250 mg/l in the coastal plain, related to decreasing rainfall.  In the 131 

mountains the water is fresh with chloride concentrations less than 100 mg/l.  132 

Contamination of the Upper aquifer has occurred in the foothills due to poor sewerage 133 

coverage and intense agriculture. 134 

3. Groundwater development in the Western Aquifer Basin 135 

The average groundwater abstraction for the Western Aquifer Basin from 1980 to 1999 136 

is shown in Table 1.  Data have been taken from a variety of sources:  The Israeli 137 

Hydrological Services year book (HSI 1999) and the Palestinian Water Authority spring 138 

and borehole databases (SUSMAQ 2002).  Abstraction has been taken as an average 139 

over 20 years (or the longest period available if the record is shorter than 20 years), to 140 

smooth short-term variations.  For example, Israeli abstraction from the Western 141 

Aquifer Basin has been estimated as 570 Mm3 for the hydrological year 1998/99.  142 

Estimates of annual recharge for the Western Aquifer Basin range from 318 to 366 Mm3 143 

per year (Hughes et al. 2008).   144 

Table 1. Average annual groundwater abstraction from the Western Aquifer Basin 145 

during the period 1980-1999.  Figures are in million cubic metres per year (Mm3). 146 

 Palestinian 

abstraction in 

West Bank 

Borehole            Spring 

Israeli 

abstraction in 

West Bank 

Borehole             

Spring 

Israeli abstraction 

outside West 

Bank  

Borehole             Spring 

Total 

 

 

Borehole            Spring 

Agriculture 15.5a    

Domestic 5.8a    

Sub-total 21.4                 2.4b 2.1a                     330c            5 (45)cd 353.4              52.4 
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0b

Total 23.7 2.1 380 405.8 

a Data from Palestinian Water Authority (PWA) borehole database 147 

b Data from PWA Springs database 148 

c Data from HSI (1999) 149 

d Figures in brackets denote brackish water. 150 

 151 

Table 1 illustrates that much of the abstraction from Upper and Lower Aquifers is from 152 

within Israel, on the western side of the 1949 Armistice Line.  Only 6% of the average 153 

annual abstraction of 406 Mm3 is from within the West Bank. 154 

 155 

4. Groundwater costs mapping 156 

4.1 Introduction 157 

The West Bank is rugged and the depth to the water table varies considerably over short 158 

distances.  This has a significant impact on both the cost of drilling new boreholes, and 159 

the costs of pumping water from them. It also influences the costs of reticulating water 160 

across the West Bank.  The cost of supplying water can, therefore, be divided into three 161 

components:  162 

 Installation Costs – the cost of drilling and installing a new borehole. This is 163 

dependent on the aquifer geometry, drilling and labour costs and specifications. 164 

 Pumping Costs – the cost of pumping the water from the borehole to the ground 165 

surface.  This is dependent on pump and borehole efficiencies, aquifer parameters, 166 

the depth to the water table and energy costs. 167 

 Reticulation Costs – the price of transferring water from the borehole to the area of 168 

demand.  This is dependent on factors such as the transfer route, topography and 169 

energy costs.  Various models have been designed to predict costs, with some 170 

estimates for the West Bank provided by CH2MHILL (2002). 171 

Given sufficient spatial data, maps can be generated for the variations in installation and 172 

pumping costs.  Reticulation costs do not easily lend themselves to being portrayed on a 173 
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map, since they are not fixed for a certain location, but depend on the route taken and 174 

starting and finish point.  They are not considered further within this paper.    175 

The development of a recharge model (Hughes et al. 2008), the creation of a 176 

hydrogeological map (PWA 2004), and the development of a detailed groundwater flow 177 

model for the Western Aquifer Basin (Aliewi et al. 2005) generated sufficient spatial 178 

data to estimate the variations in installation and pumping costs.  The transient 179 

groundwater model was developed using MODFLOW after a considerable data 180 

gathering exercise on abstraction, water levels, geology and aquifer properties.  The 181 

model was calibrated using long term groundwater-level monitoring data (Aliewi et al. 182 

2005).  183 

The input data for the model, rather than the model results, were mainly used to 184 

estimate the costs of installation and pumping.   The resulting maps of variation in costs 185 

were termed groundwater cost maps.   Some of the input data are shown in Figure 3. 186 

 187 

4.2 Pumping costs 188 

4.2.1 General 189 

The costs of pumping groundwater to the ground surface are governed by the energy 190 

costs and the depth from which the water has to be pumped.  The costs of pumping for 191 

one day are calculated using the equation,   192 

totalh
E

QgC
pumpingofCost


        [1] 193 

Where: 194 

Q = abstraction rate 195 

C  = cost of power  196 

  =  density of water 197 

g  = acceleration due to gravity  198 

ho  = depth to rest water level  199 

E  = efficiency of the pump motor 200 

 201 
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It is not the purpose of this paper to carry out detailed research on the variability of 202 

energy costs, so a fixed energy cost from 2000 is used – US$ 0.06 per kW hour (PEC 203 

2005).   204 

The height that the water has to be pumped (htotal) is governed by the rest water level in 205 

the borehole (ho)  and the drawdown in the borehole due to both aquifer loss (s aquifer) 206 

and borehole loss (s efficiency): 207 

efficiencyaquiferototal sshh         [2] 208 

Information on rest water levels (ho) is available from survey data (e.g. the 209 

hydrogeological map of the West Bank (PWA 2004)).  Groundwater models can also be 210 

used to help extrapolate individual measurements of rest water level across larger areas. 211 

Drawdown in a borehole due to aquifer loss (s aquifer) can be calculated from the 212 

analytical equations governing the behaviour of groundwater in response to pumping.  213 

Regional groundwater models do not give information on drawdown within individual 214 

boreholes, but are designed to show how regional groundwater levels are affected by 215 

pumping.  Although a groundwater model could be modified to generate potential 216 

drawdown within a borehole, to do this at all locations on the surface of the model 217 

would be highly cumbersome and time consuming.  Jacob’s equation calculates the 218 

drawdown in an aquifer due to pumping at a certain time, and has been shown to 219 

accurately represent borehole behaviour at late times (e.g. Meier et al. 1998; Mathias 220 

and Butler 2006).  Although the assumptions of anisotropic, homogeneous aquifer 221 

conditions, and a confined environment, are not strictly met throughout the Mountain 222 

Aquifer, they are common to most conventional models and well analysis.  223 

Conventional techniques have been shown to be valid in fractured environments so long 224 

as the borehole penetrates a representative volume of aquifer (Snow 1968) and 225 

drawdown is limited to ensure that groundwater flow is mostly horizontal.  226 

Drawdown due to borehole inefficiency  (s efficiency) is dependant on cQ2, where c is a 227 

constant given by the design of each individual borehole, and Q  is the pumping rate of 228 

the borehole. 229 

Jacob’s equation for calculating aquifer drawdown, and the quadratic term for 230 

estimating drawdown due to well efficiency can then be substituted into Equation 2.   231 
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2
210

25.2
log

4

3.2
cQ

Sr

tT

T

Q
hh ototal 











     [3] 232 

ho  = depth to rest water level 233 

T   = transmissivity 234 

t    =  time since pumping started 235 

S   = aquifer storage coefficient 236 

r = radius from pumping borehole (approximated as borehole radius for pumping 237 

boreholes) 238 

Q  = pumping rate 239 

c = well efficiency constant. 240 

 241 

For a borehole of a specific design and pumping rate, the only variables affecting htotal, 242 

are ho, T and S, with T and ho the dominant factors.   Notably, the well efficiency factor 243 

becomes a constant.   244 

Substituting [3] into [1] gives: 245 


















 2

210

25.2
log

4

3.2
cQ

Sr

tT

T

Q
h

E

gQC
pumpingofCost o 


  [4] 246 

4.2.2 Application to the Western Aquifer Basin 247 

Most of the parameters in Equation 4 are either known or can be estimated for the 248 

Western Aquifer Basin from the input data to the detailed hydrogeological modelling 249 

carried out by the Palestinian Water Authority and Newcastle University as part of the 250 

SUSMAQ programme.  Information on the setup and calibration of this MODFLOW 251 

model are given in Aliewi et al. (2005).   252 

Separate maps of pumping costs across the Western Aquifer Basin were developed for 253 

the Upper and Lower aquifers.  The variables  ho, T and S were taken from the 254 

SUSMAQ groundwater model (Aliewi et al. 2005).  Several assumptions were made: 255 

 For the purpose of this study a time of one year was used since pumping started 256 

and r was assumed to be 0.15 m (the calculations are relatively insensitive to 257 

time and radius).   258 
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 A condition was put on the calculation that at the end of one year’s pumping the 259 

saturated aquifer should be greater than 50 m thick, to stop the aquifer 260 

dewatering. 261 

 The efficiency of the borehole and the pump were assumed to be each 262 

approximately 75%, which is reasonable for the type of borehole and pumps 263 

used in the region (Driscoll 1986).  264 

 The maps were based on a pumping rate of 1 Mm3 per year from an individual 265 

borehole, which again is reasonable for boreholes drilled into the Western 266 

Aquifer (PWA 2000, Aliewi et al. 2005; Zeitoun et al. 2009). 267 

 The calculations assume no interference between boreholes.  This is reasonable 268 

since the maps are designed to show the relative costs of developing 269 

groundwater in different parts of the aquifer, not the detail of individual 270 

boreholes or well fields.  To account for interference the groundwater model 271 

would have to be re-run for each scenario. 272 

The resulting map of pumping costs for the Upper and Lower aquifer are shown in 273 

Figures 4 and 5.  Pumping costs reduce to the west, since water levels are shallower in 274 

this area (see Figure 2) and transmissivity also increases.  The pattern is broadly similar 275 

for the Upper and Lower aquifers. 276 

4.3 Installation (capital) costs 277 

The costs of drilling and constructing boreholes in the region are high.  This is due to a 278 

number of factors: 279 

 The depth of the boreholes is generally greater than 200 m and can be up to 800 m.  280 

The cost of screen and casing for such deep boreholes is therefore high: good 281 

quality materials must be used to withstand the pressures and the diameter of the 282 

borehole must be large, typically greater than 300 mm. 283 

 The drilling conditions are difficult.  The great depth of the boreholes introduces 284 

many difficulties and means that high capacity drilling systems must be used.  The 285 

aquifers are karstic and high yielding, with the corresponding problems of 286 

circulation loss and collapse.  Hence, expensive drilling methods must be used, with 287 

contingencies made for potential problems 288 

 The insecurity in the region adds significantly to the costs. 289 
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The costs of drilling and completing groundwater sources at a variety of locations in the 290 

West Bank were comprehensively assessed by the Palestinian Water Authority in 1999 291 

as part of the Palestinian National Water Plan (PWA 2000). This plan comprised fully 292 

costed capital projects for the West Bank.   Typical public construction costs for public 293 

water supply borehole with pump and headworks comprised a fixed capital cost of US$ 294 

500 000 for each borehole, plus a cost of US$ 1500 per metre drilled.   Similar costs 295 

were encountered by CH2MHILL when drilling 11 production boreholes in the Eastern 296 

Aquifer Basin.   297 

Figures 4 and 5 show maps of the relative drilling costs across the Upper and Lower 298 

Aquifers.  The boreholes are assumed to be drilled 200 m below the top of the aquifer or 299 

to the base of the aquifer if the saturated thickness is less than 200 m thick.  Note that 300 

the costs are generally high – in excess of high of US$0.75 million per completed public 301 

water supply borehole. Drilling costs increase to the west as the aquifers became deeper, 302 

and are greatest for the Lower aquifer, since it lies at a greater depth below ground 303 

surface. 304 

4.4 Groundwater development costs 305 

To produce a map of the relative groundwater development costs across the Western 306 

Aquifer Basin, the capital costs from drilling must be combined with the ongoing 307 

pumping costs to give an estimated annual cost.    Costs were estimated for the year 308 

2000, which is when most of the data were available from. 309 

Annual capital repayment, labour and maintenance costs were taken to be 9% of the 310 

total drilling and installation costs estimated earlier.  This proportion was estimated by 311 

annualising the capital costs, and estimating ongoing labour and maintenance costs from 312 

the detailed information provided in the Palestinian National Water Plan (PWA 2000).   313 

The method used for converting capital costs to an annual sum was to assume that the 314 

length of life of the installation is 25 years, and the cost of borrowing is a real rate of 315 

interest of 3%.  This converts to an annual charge of approximately 6% (i.e. each 1000 316 

US$ of capital will cost 57.50 US$ per year).  Labour and maintenance costs were taken 317 

from the detailed information provided in the Palestinian National Water Plan (PWA 318 

2000), which estimated labour and maintenance to be approximately 2.5 - 3% of the 319 

total capital cost.  Given contingencies and a margin for error, 9% of total capital cost is 320 
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considered a reasonable annual proportion to cover capital repayment, labour and 321 

maintenance costs. 322 

For ease of comparison, annual energy costs were assumed to be only the pumping costs 323 

(i.e. no reticulation costs were included).  The costs were standardised to the cost of 324 

abstracting one million cubic metres (Mm3) per year from a source, and are given in 325 

US$ at year 2000 prices.   326 

The resulting estimates of groundwater development costs for the Upper and Lower 327 

aquifers are shown in Figures 4 and 5. 328 

 329 

 330 

5. Discussion 331 

5.1 Costs of groundwater development in Western Aquifer 332 

Using the hydrogeological information gathered by Aliewi et al. (2005) and interpreting 333 

it as groundwater development costs allows the transboundary aquifer to be viewed in a 334 

different light.  Costs of development (at 2000 prices) vary from less than 0.1 US$ per 335 

cubic metre to over 0.3 US$ per cubic metre, prior to reticulation.  There are also areas 336 

of the aquifer that cannot be exploited – either because the aquifer is dry, or because the 337 

drawdown in the boreholes would be too great for them to support a useful yield.    The 338 

spatial variation of the costs of groundwater development across the Western Aquifer 339 

Basin is highly instructive.   The resulting maps show a clear pattern:  340 

 Groundwater development from both the Upper and Lower aquifers is most 341 

economic in a narrow zone around the 1949 Armistice Line in the northern part 342 

of the West Bank.  Costs significantly increase with distance from the Armistice 343 

Line. This is a fact not lost on those developing the aquifer – this is where most 344 

of the operational boreholes are located. 345 

 There are areas of the Upper Aquifer which cannot be properly developed.  In 346 

fact, only a small area around Qalqilya and Tulkarem can be developed 347 

economically.  Any slight eastern migration of the Palestinian border will have a 348 

serious effect on the ability of the Palestinians to develop this aquifer.  The 349 

separation wall, which is being built to the east of the Armistice Line in 350 
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Palestinian territory, will therefore significantly reduce the ability of the 351 

Palestinians to develop groundwater resources in the Western Aquifer Basin. 352 

 There is greater potential to develop the Lower aquifer than the Upper aquifer 353 

within the West Bank.  However pumping costs significantly increase with 354 

distance from the Armistice Line.  Although not discussed here, the supply may 355 

also be less reliable further east in the Lower Aquifer (Calow et al. 2003). 356 

5.2 The usefulness of groundwater cost maps 357 

Groundwater cost maps can potentially communicate complex hydrogeological issues to 358 

a much broader audience.  The maps developed for the Western Aquifer proved very 359 

useful as the basis for discussions with social and political scientists, as well as for 360 

communicating with politicians in the West Bank.  Costs are a much easier concept to 361 

grasp than transmissivity, or even water levels.  The maps developed for the Western 362 

Aquifer engaged, and even animated, non-hydrogeologists in discussions about the 363 

aquifer. Similar maps could prove useful in other situations, particularly where 364 

hydrogeological conditions vary significantly across an aquifer. 365 

Groundwater cost maps must be used appropriately, however, as they are necessarily a 366 

simplification of the hydrogeology, engineering and economics.  They are best used to 367 

show relative changes, rather than absolute costs, and are no substitute for detailed 368 

financial planning.  Developing the maps was also fairly data intensive: it required good 369 

spatial data on hydrogeology, and drew from a detailed financial planning exercise for 370 

the water sector for some of the economic information.  However, the hydrogeological 371 

information is no more than normally required for a groundwater model or 372 

hydrogeological map, and the economic information should be available within the 373 

planning department of most water authorities. 374 

To show the information on a map, various information were assumed constant, e.g. 375 

pumping rate and well efficiency, and the costs of reticulation were omitted altogether.  376 

Any future development of these maps that includes variation in these factors would 377 

require an interactive map, where it is possible to estimate the reticulation costs between 378 

two points, vary pumping rates and well efficiencies, and use designs of boreholes with 379 

different capital costs per metre. 380 

 381 
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Conclusions 382 

Generating groundwater development cost maps from hydrogeological data collated for 383 

constructing a numerical model and financial data from a national water plan has proved 384 

relatively straightforward.  The resulting maps allow the impact of spatial variations in 385 

hydrogeological properties to be simply understood and easily displayed.  Such an 386 

approach could be applied to other aquifers to help demonstrate the effect of 387 

hydrogeology on the costs of accessing water resources. 388 

For the transboundary Western Aquifer Basin, the cost maps indicate that groundwater 389 

development excluding reticulation will cost more than approximately 0.1 US$ per 390 

cubic metre (at 2000 prices) at the optimum locations in the aquifer, rising to more than 391 

3 times this in other locations in the aquifer.  Groundwater development from both the 392 

Upper and Lower Aquifers is most economic in a narrow zone around the 1949 393 

Armistice Line in the northern part of the West Bank.  Costs significantly increase with 394 

distance from the Armistice Line.  Therefore, the separation wall, which is being built to 395 

the east of the Armistice Line in Palestinian territory, will significantly reduce the 396 

ability of the Palestinians to develop groundwater resources in the Western Aquifer 397 

Basin. 398 

 399 

 400 

Acknowledgements 401 

This paper is published by permission of the Executive Director of the British 402 

Geological Survey (NERC).  The project was funded by the UK Department for 403 

International Development (DFID).  The views expressed are not necessarily the views 404 

of DFID.  The work formed part of the wider SUSMAQ project, and the help of project 405 

managers Geoff Parkin and Amjad Aliewi is gratefully acknowledged. 406 

407 



Hydrogeology Journal 2009 17: 1579 - 1587 

 15

References  408 

Aliewi A, Assaf K (2007) Shared management of Palestinian and Israeli groundwater 409 

resources: a critical analysis.  In: Shuval H, Dweik H (eds.) Water Resources in the 410 

Middle East, Springer-Verlag, Berlin. doi: 10.1007/978-3-540-69509-7_2 411 

Aliewi A, Muath AS, Abbas K, Messerschmid C (2005) Steady State and Transient 412 

Flow Models of the Western Aquifer Basin. SUSMAQ Report #49, Sustainable 413 

Management for the West Bank and Gaza Aquifers, Palestinian Water Authority 414 

(Palestine) and University of Newcastle upon Tyne (UK). Available online from 415 

http://www.hwe.org.ps; accessed January 2009. 416 

Allan JA (1996) The Middle East water question: hydropolitics and the global economy.  417 

I.B.Tauris & Co Ltd, London. 418 

Burke J, Moench M (2000) Groundwater and Society: Resources, Tensions and 419 

Opportunities. United Nations Department of Economic and Social Affairs (DESA), 420 

New York. 421 

Calow RC, Allan JA, MacDonald AM, Merrett S, Saleh K, Shalabi Y, Parkin G, 422 

O’Connel E (2003) Water Security and Links with Water Policy in Palestine. SUSMAQ 423 

Report #14. Sustainable Management for the West Bank and Gaza Aquifers, Palestinian 424 

Water Authority (Palestine) and University of Newcastle upon Tyne (UK). Available 425 

online from http://www.hwe.org.ps; accessed January 2009. 426 

CH2MHILL (2002) West Bank Integrated Water Resources Management Plan. West 427 

Bank Integrated Water Resources Programme Phase 3, Final Report, Ramallah 428 

Chermak JM, Patrick RH, Brookshire DS (2005) Economics of transboundary aquifer 429 

management. Ground Water 43: 731-736 430 

Driscoll FG (1986) Groundwater and Wells.  Johnson Screens Ltd.  St Paul. Minnesota. 431 

Hughes AG, Mansour MM, Robins NS (2008) Evaluation of distributed recharge in an 432 

upland semi-arid karst system: the West Bank Mountain aquifer, Middle East. 433 

Hydrogeology Journal 16: 845-854 434 

Hydrological Service of Israel (1999)  Development of utilisation and status of water 435 

resources until fall 1998.  State of Israel Ministry of National Infrastructure Water 436 

Commission, Hydrologic Service, Jerusalem 437 



Hydrogeology Journal 2009 17: 1579 - 1587 

 16

Koundouri P (2004) Current issues in the economics of groundwater resource 438 

management. Journal of Economic Surveys 18: 703-740 439 

Mathias SA, and Butler AP (2006)  Linearized Richards' equation approach to pumping 440 

test analysis in compressible aquifers Water Resources Research, 42, W06408, 441 

doi:10.1029/2005WR004680 442 

Medzini A, Wolf A (2004) Towards a Middle East at Peace: Hidden Issues in Arab-443 

Israeli Hydropolitics. Water Resources Development 20: 193-204 444 

Meier PM, Carrera J, Sanchez-Vila X (1998) An evaluation of Jacob's method for the 445 

interpretation of pumping tests in heterogeneous formations. Water Resources Research 446 

34: 1011-1025 447 

PEC (2005) Energy costs. Palestinian Energy and Environmental Research Central.  448 

Ramallah, Palestine. 449 

PWA (2004)  Hydrogeological map of the West Bank.  Scale 1:250 000.  Palestinian 450 

Water Authority, Ramallah 451 

PWA (2000) National Water Plan, Palestinian Water Authority, Ramallah 452 

Shapland G (1997) Rivers of Discord: International water disputes in the Middle East. 453 

C. Hurst & CO Ltd, London 454 

Snow DT (1968) Rock fracture spacings, openings and porosity.  Journal of Science 455 

Mechanics, Foundation Divisions, Proceedings of the American Society of Civil 456 

Engineers, 94: 73-91 457 

SUSMAQ (2002)  Compiled Base Data for the Numerical Groundwater Flow Model of 458 

the Western Aquifer Basin.  SUSMAQ Report #07. Sustainable Management for the 459 

West Bank and Gaza Aquifers, Palestinian Water Authority (Palestine) and University 460 

of Newcastle upon Tyne (UK). Available online from http://www.hwe.org.ps; accessed 461 

January 2009. 462 

Zeitoun M, Messerschmid C, Attilli S (2009)  Asymmetric abstraction and allocation: 463 

the Israeli-palestinian water pumping record.  Ground Water 47, 146-160 464 

 465 

 466 

 467 



Hydrogeology Journal 2009 17: 1579 - 1587 

 17

 468 

 469 

Figure 1 Groundwater basins in the West Bank and the outline of the Western 470 

Aquifer Basin 471 

472 



Hydrogeology Journal 2009 17: 1579 - 1587 

 18

 473 

Figure 2  Schematic cross section of the Western Aquifer Basin from approximately 474 

Ramallah to Tel Aviv (see Figure 1).  The Coastal Aquifer Basin is also shown 475 

476 
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 477 

Figure 3  Some of the input data required to generate groundwater cost maps for the 478 

Lower Aquifer.  The data are derived from input data to the groundwater flow model for 479 

the area 480 
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 483 

Figure 4  Groundwater development costs in the Upper Mountain Aquifer 484 
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 486 

Figure 5  Groundwater development costs in the Lower Mountain Aquifer 487 
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