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Abstract 

Over-exploitation of the fresh groundwater on Bahrain island has resul

ted in salinity problems, due to seawater intrusion and upward leakage 

of brackish water. A series of groundwater simulation models was cons

tructed to analyse the problem and to assist in planning future water 

supplies. From the results of the initial, regional model, a large and 

immediate reduction in abstraction from the main Khobar limestone aqui

fer was recommended. For further study, a detailed model of groundwater 

flow and salinity changes in northern Bahrain was devised, using a fine 

grid and dividing the aquifer system into seven layers. The model allo

wed for variable density of groundwater and, due to the rapid flow in 

the fissured aquifers, salinity calculations were based on a mixing cell 

principle. A rigorous calibration procedure was carried out, comparing 

the simulated values of piezometry and salinity with observations since 

the 1940s. 

Several prediction runs were made for comparison of various development 

options. With current levels of abstraction, rapid intrusion of seawater 

will continue. With decreased pumping, recovery will also be rapid and a 

rise in water levels will be accompanied by the retreat of the saline 

front. Refinement of the model calibration when the database is improved 

was recommended. 
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1 

1.1 

Introduction 

General background 

Bahrain island lies in the Arabian Gulf between Saudi Arabia and Qatar. 

The climate is hot and arid and only groundwater provides natural supply 

of fresh water for the island. This resource is strictly limited and 

throughflow from the Saudi Arabian mainland is the only significant 

source of fresh recharge. 

Historically, Bahrain has utilised this supply for both agricultural and 

municipal requirements, originally from natural land and sea-bed 

springs. Increasing abstraction from boreholes, both on the island and 

the mainland, has led to declining heads, accompanied by a decrease in 

spring flow and increases in salinity, due to seawater intrusion and 

upward leakage of brackish water from deeper aquifers. These processes 

have been accelerating with the continually growing demand. 

Geologically, Bahrain is an elongated dome of Cretaceous-Tertiary sedi

ments, overlain by younger flat-bedded strata which have been eroded 

away in the central area exposing a core of Rus limestone (Figure 1). A 

series of fissured aquifers has developed in the carbonate strata, nota

bly the Umm er Radhuma, Khobar and Alat limestones, which are hydrauli

cally separated by the intervening shale and marl aquitards. Although 

vertical leakage through the aquitards does occur, the salinity of the 

groundwater is highly stratified (Figure 2), varying from 2.3 g/1 in the 

Khobar to 115 g/1 in the Aruma. 

1.2 Regional Groundwater Model Studies 

In 1980, the Umm er Radhuma study, covering a vast area of eastern Saudi 

Arabia was completed by Groundwater Development Consultants 

(International) Limited (GDC). The large scale groundwater model of the 

regional Umm er Radhuma and Dammam (Khobar and Alat) aquifer systems 

gave useful information on the throughflow from the mainland to Bahrain 

and the consequences of abstraction in coastal Saudi Arabia. 

The Bahrain Assignment of the same study included a more detailed model 

for investigation of the Alat and Khobar aquifers of Bahrain and the 
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Damman area of Saudi Arabia. The effects of a variety of different 

abstraction rates were tested. On the basis of the results, a considera

ble and immediate reduction in pumping from north-eastern Bahrain was 

recommended to forestall imminent salinisation of the main wellfields, 

although the rate of seawater intrusion could not be forecast accurately 

with this model. 

To assist in the planning of Bahrain's future water supplies, additional 

groundwater studies were undertaken to provide a detailed assessment of 

the rate of saline intrusion, optimum size and timing of the reductions 

in abstraction of fresh groundwater and effects of pumping from alterna

tive sources. The possibility of using brackish groundwater from the Umm 

er Radhuma aquifer to supply a reverse osmosis desalination plant was of 

particular interest. 

In conjunction with field investigations, a series of groundwater models 

were constructed, designed to combine the diverse objectives and detai

led coverage of different zones of interest with maximum economy and 

efficiency. 

The suite of models can be summarised as follows: 

a) the Bahrain regional model, a modified version of the previous model 

extended to include simulation of the Umm Er Radhuma aquifer; 

b) the Aquifer C (Rus/Umm Er Radhuma) abstraction models for accurate 

prediction of water quality changes within the Umm Er Radhuma 

aquifer; 

c) the Khobar intrusion model which simulates, in detail, changes in 

piezometry and salinity in the Dammam aquifers (Khobar and Alat) of 

northern Bahrain. 

Although each model could be run individually they were interdependent. 

Figure 3 shows schematically how the results from one model were often 

required as input data to another. 
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1.3 Objectives of the Khobar Saline Intrusion Model 

The objectives of the model can be summarised as follows: 

a) to provide a detailed simulation of groundwater flow in the Dammam 

aquifers of northern Bahrain; 

b) to assess the response of the Khobar aquifer to changes in abstrac

tion from the Khobar and Umm Er Radhuma aquifers; 

c) to investigate the rate of saline intrusion and timing of salinity 

changes with various abstraction patterns, from both seawater intru

sion and upward leakage of the more saline Umm Er Radhuma waters; 

d) to update the data base used for previous modelling by including data 

collected since 1979. 

Special attention was given to the areas where salinity hazards have had 

or are likely to have a serious effect on agriculture and water supply. 
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The most seriously affected areas are Sitrah and the adjacent north-east 

of Bahrain, but Muharrraq and Manama where present abstraction is 

concentrated, are under serious threat of deterioration in water 

quality. 

2. 

2.1 

Construction of the Khobar Saline Intrusion Model 

Physical Features of the Model 

For the purposes of model construction, the complex aquifer system of 

northern Bahrain was divided into a series of aquifer layers, separated 

by aquitards or leakance interfaces. Horizontal flows were simulated in 

the aquifer layers, which were modelled two-dimensionally. Vertical flow 

was assumed to take place in the aquitards and at conceptual leakance 

interfaces of negligible thickness. The conceptual layers of the model, 

(Figure 4), do not always coincide with conventional aquifer boundaries; 

in particular, the Khobar aquifer was subdivided into three layers to 

allow accurate representation of the vertical distribution of salinity, 

permeability and piezometry. In addition to vertical stratification, all 

aqifer parameters, salinity and piezometry were allowed to vary 

laterally. 

Ground surface 

UER Controlled pressure reservoir 

Figure 4. Conceptual basis of Khobar Saline Intrusion Model 
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The model was based on the integrated finite difference method (IFDM), 

using equations for flow of groundwater with variable density. 

2.2 Modelling Approach 

The sophistication of the adopted modelling approach was to a large 

extent determined by the quality and availability of data. Data on the 

geological and hydrogeological characteristics required for simulation 

of groundwater movement in the aquifer system was defined to a degree 

which allowed a relatively high level of sophistication. Data on the 

hydrochemistry in areas, where saline intrusion was observed to be most 

marked, was not well defined and did not justify a sophisticated simula

tion approach to solute transport. 

The approach adopted may be summarised as follows: 

Groundwater flow was simulated using a fully implicit IFDM approach 

with one yearly time steps for transient model runs. 

Boundary conditions were partly determined from supporting models. 

Flow in aquifer layers was assumed to be horizontal, while flow 

between aquifers was assumed to be vertical. 

Groundwater flow is governed by Darcy's equation taking into account 

both piezometric and density gradients. 

Groundwater density was related to total dissolved solids and tempe

rature by using an empirical formula. 

Solute transport was simulated using an explicit mixing cell 

approach. Salinity values and resulting density values were calcula

ted at the end of each time step using the flow balance components 

computed for the time step. 

Use of the IFDM required the division of both space and time into small 

discrete elements. The model network was based on repeated subdivision 

of a basic square mesh, resulting in a grid of 265 nodes covering the 

whole of norther Bahrain except the Rus outcrop (Figure 5). 

The choice of boundary conditions is also illustrated in Figure 5. The 

inflows across the arbitrary western and northern boundaries were obtai

ned from the results of the regional model and changed with time during 
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the calibration period in response to variations in abstraction. 

2.3 The Model Database 

The database for the model was derived from existing boreholes and pre

vious reports, supplemented by the results of recent drilling and 

monitoring of head and salinity. The initial values of piezometry and 

salinity for the steady state run were based on observations in the 

1940s and early 1950, when conditions had changed very little from the 

equilibrium that existed prior to development. The initial salinities in 

the southeastern region, where the saline front was located, are 

particularly important. The salinity distribution was based on the 

steady state piezometry and the Ghyben Herzberg relationship, using a 

density ratio of 1 I 1.033 for the fresh and saline water. 

The distribution, quantity and reliability of data for the Alat aquifer 

are not good. The results of specific capacity tests on existing bore

holes indicted a fairly uniform permeability, but much lower values than 

the upper Khobar. 

The Khobar aquifer has a reasonable database in most areas, although 

most boreholes were only drilled into the upper very permeable layer. 

Fully penetrating exploratory boreholes have shown that the upper Khobar 

is very much more permeable than the lower layers. The upper Khobar 

permeability values used in the model were in the range of 100 to 5 000 

m/day; the middle and lower layers were set at 20 m/day for most of the 

region, reducing to 5 m/day in the south-eastern area. 

Values of hydraulic resistance were input to the model for the three 

aquitard units and the two leakance interfaces within the Khobar. Core 

measurements cannot produce realistic values for the limestones where 

flow is concentrated in fissures. The vertical permeability of each 

Khobar layer was therefore deduced from the relevant horizontal permea

bility by assuming an anisotropy ratio of 1 : 100. Core measurements 

were used for the aquitards although adjustments to the Rus aquitard 

were varied according to the percentage of anhydrite and shale in each 

section. 

Under the equilibrium conditions that existed prior to 1925, discharge 
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from springs accounted for almost all of the losses from the Bahrain 

aquifer system. Traditionally the agricultural areas of Bahrain were 

irrigated by land springs. Although inventories of their flows have been 

made on several occasions over the last 60 years, many of these studies 

were incomplete, thus underestimating the total discharge. A detailed 

reassessment was made for this model from land use maps, assuming 

cropped area evapotranspirative losses of 1 000 mm/year. These values 

were then compared with recorded measurements and the higher figure was 

input to the model. Past flow from offshore springs were calculated from 

the decline in piezometric head, and compared with measured values where 

available. 

2.4 Model Calibration 

The model was calibrated in three distinct phases: 

a) steady state calibration with flows occurring due to differences in 

groundwater heads only; 

b) steady state calibration with density differences and salinity mixing 

taken into account; 

c) transient state calibration. 

The first calibration produced a modelled piezometry which approximated 

to the known pre-development values after refinement of the horizontal 

and vertical permeability estimates. 

The second series of steady state calibration runs, taking density into 

account, determined the position of the theoretical saline interface/ 

mixing zone in the south-east part of the model. Adjustments to the 

Khobar permeabilities in the Sitrah area were necessary to accurately 

simulate the pre-development position of this zone. Checks were then 

made by running the model for a 20 year period of steady state condi

tions to ensure the mixing zone position remained constant. 

It must be stressed that adjustments of the various parameters were not 

done in isolation from the general hydrogeological situation and the 

results of the regional model proved invaluable in the determination of 

plausible ranges for little known variables such as leakance 

coefficients. 
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The aims of the transient calibration were to simulate known historical 

changes in salinity and piezometry, reproduce their present distribution 

and, during this process, to refine the values of boundary inflows, 

transmissivity, leakance coefficients, distribution of abstraction and 

porosity. The simulated piezometry proved to be sensitive to the 

boundary inflows and their distribution was adjusted, while maintaining 

the same overall flow as the regional model. 

Simulated piezometric gradients and the rate of saline intrusion were 

very sensitive to transmissivity variations. Careful appraisal of the 

data was made, and following adjustments to transmissivity and leakance 

coefficients in a few areas, the steady state calibration was rerun 

before completion of the transient phase. 

The saline intrusion rate depended on, besides transmissivity, the 

effective interconnected porosity of the aquifers. An initial estimate 

of 10% did not allow a realistic simulation of changes in the Sitrah 

area, but adopting values of 7.5% for the Upper Khober and 20% for the 

lower part of this aquifer produced a good representation of the obser

ved movement of the saline interface (Figure 6), without further altera

tions to transmissivity. The final agreement between modelled and recent 

observed salinity and piezometry distribution was good except for a few 

locations with special conditions. 

3 Predictive Operation of the Model 

It is always difficult to decide on the best option to use in predictive 

runs to fully interpret the system behaviour. However, in this case, the 

results of the regional model allowed a narrowing down of the options to 

the following: 

a) continuing the present high rate of abstraction from the Damman 

formation to the year 2 000 as a worst case condition; 

b) reducing Darnrnam abstraction over the period 1984 to 1988 from 161 

Mm3/year to 90 Mm3 year, this being the optimum condition derived 

from the regional modelling to effect a reversal of the saline 

intrusion; 

c) option (b), but with mainland abstraction increased by 50 Mm3/year 
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from the 1979 level; 

d) option (b), but with mainland abstraction decreased by 50 Mm3/year 

from the 1979 level; 

With rapid implementation of pumping reductions, the present rapid 

advance of the intruding seawater would be reversed and by 2000 the 

interface would return to approximately its 1955 position as shown in 

Figure 7. The positions of the saline front in 2000 for all the options 

are shown in Figure 8. If no cuts in abstraction were made, the water in 

the main abstraction areas in Manama and Muharraq would become saline 

and salinity levels throughout northern Bahrain be too high for 

agricultural or domestic use. 

4 Conclusions 

The saline intrusion model has proved to be an effective tool for 

prediction of future trends and water management. It should now be used 

to identify the best way of distributing the recommended reductions in 

abstraction and to assess the impact of increased pumping from the new 

wellfields on the west coast of Bahrain. 

In conjunction with monitoring of the extensive network of observation 

boreholes, the model can be used to interpret current changes in the 

aquifer behaviour and predict the future consequences of the present 

distribution of pumping. Ideally the model's calibration would be refi

ned and updated using the results of monitoring and any recent drilling, 

especially for the period 1983 to 1988 when the most rapid saline advan

ce is expected. 

Construction of the model has identified weaknesses in the database, 

which may be remedied by future field work prior to recalibration. 

Development of the model also clarified general understanding of the 

system's behaviour and helped to explain some of the localised varia

tions. Simulation of such changes could be incorporated into a refined 

version of the model. 
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Figure 5 Hodel network 

- 1 0 g/1 salinity contour 

Figure 7 Simulated retreat of 

saline front (option b) 

-1 0 g/1 salinity contour 

Figure 6 Simulated saline intrusion 

in Upper Khobar 

.-1 0 gil salinity contour 

Figure 8 Simulated position of 

saline front - 2000 
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