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Abstract 

The groundwater reservoir beneath the Nile Delta is among the largest 

fresh-water underground reservoirs in the world. It fills a vast under
ground bowl situated between Cairo and the Mideterranian Sea . If it 

weren't for the presence of a saline wedge of sea-water along the bottom 

of this bowl, the Nile Delta aquifer could be easily exploited for the 

best interest of Egypt. But the threat of salt water intrusion has lim

ited pumping activities of this aquifer. A conceptual understanding of 

the behavior of the Delta aquifer has been built with the aid of develo

ping, constructing and calibrating some analytical and numerical models. 

These models assume a sharp fixed interface between fresh and salt water. 
A new modeling approach is presented by modifying available models to 

handle the sea-water intrusion problem in a coastal leaky aquifer as a 

movable interface. The newly constructed model has been applied to the 

Nile Delta aquifer with the purpose of clarifying the anticipated respo

nses of the sharp interface under different withdrawal conditions . The 

present methodology could be considered as a tool to identify the behav

ior of the sea-water wedge due to any excitation of the fresh g.roundwater 
system. The proposed model is recommended to be used in the desicion 

making process to compare between different groundwater extraction plans 
and projects. 
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Introduction 

Simulation models usually solve the problems of groundwater management. 

An available model was selected as a basis to simulate a coastal ground

water system of the same character as the Nile Delta aquifer. The selec

ted model, AQUIFEM-1 (Townley and Wilson (1980)), was modified to fit 

with the given physical system. This model simulates a two-dimensional 

horizontal flow in an aquifer of extensive area. Its formulation is 

based on the following equation (Bear (1979)) : 

3(Tx 3h/3x)/ 3x + 

where , 

3(Ty 3h/ 3y)/ 3y + Q + K'/B'(ha- h') s 3h/ 3t 
(1) 

Tx,Ty transmissivity in the x and y - directions respectively 
Q net flux into the aquifer 

K' ,B' vertical permeability and thickness of the leaky semi-pervi

ous layer respectively 

depth-averaged piezometric head in the semi-pervious layer 

and the aquifer respectively 

S aquifer storativity coefficient 

The assumptions implicit in this equation are : 

a) water is considered to be a homogeneous fluid with constant density 
b) Darcy's law is valid ; 

c) Dupuit assumption (horizontal flow) is valid ; 

d) vertical flow is only considered in the semipervious layer. 

The following two concepts are considered the main constraints hindering 
AQUIFEM-1 application : 

horizontal flow assumption i.e. Piezometric head is averaged along 
the whole depth of the aquifer ; 

constant density fluid assumption i.e. one fluid of constant salinity 
is contained in the aquifer. 

These constraints occur in cases of coastal aquifers where the flow is 
not horizontal and the aquifer contains two miscible fluids of different 

salinities and densities. However, AQUIFEM-1 can be used in this case 

if the fresh-salt water interface is assumed to be stationary and simul
ated as the bottom of the modeled domain. Such assumption does not match 
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with the groundwater utilization which results in the movement of that 

interface. This movement is considered the main criterion of the opera
tion problem. An appronriate simulation model should oermit the movement 

of the interface. 

2 Simulation approach for sea water intusion 

Two types of modeling approaches have been used to simulate the sea 

water intrusion phenomenon in coastal aquifers. The first type is called 
the fully mixed modeling approach (Sada Costa and Wilson (1979)) which 

requires coupling of the groundwater flow equation with the mass transp
ort of convective-dispersion equation. Although this approach is the 

best to describe the saline intrusion shape, yet the solution of the 

system is associated with numerical difficulties. Moreover,in most cas

es, it is impossible to calibrate the physical parameters of the aquife~ 

For these reasons, the second type, which is the sharp interface (polo 
and Ramis (1983)) is used in the present work. It is based on the assum
ption that fresh water and salt water are two immiscible fluids, avoid-

ing the difficulties raised by the first approach. 

The sharp interface slopes landward and advances or recedes in response 
to changes in the hydraulic gradient of the fresh groundwater flow. Adv

ance and retreat of the interface commences at the toe point (T.P.) 
which moves too much faster than the motion of the top tip point (T.T.P.) 

(Wilson et al. (1979)). 

By adding the following two hypotheses to the assumptions of Equation(!) 

soil and fluid properties are constant with time ; 
storage coefficient and hydraulic conductivity are uniform in a vert

ical direction. 

Yields 

Where 

a(Tf ahfl ay)l ay+Qf= sf ahfl at- 8 ahil at (2) 
y 

a(Ts ahs 1 ay)l ay+ Qs= ss ahs 1 at + 9 ah il at (3) 
y 

(4) 
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hs and zb are described in Figure 1. 
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Figure 1. Vertical cross section showing the main parameters. 

Equations 2 and 3 are the flow equations for fresh water and salt water, 

respectively. Equation 4 is the common boundary condition concerning the 

equality of pressure on both sides of the interface. 

3 Proposed solution 

Under different initial and boundary conditions, AQUIFEM-1 can solve the 
following differential equation : 

a(Tx ah; ax)/ ax + a(TY ah; ay)/ ay + Q s ah;at (5) 
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which is similar to Equation 1. A numerical algorithm is developed to 

determine the position and shape of the sharp interface in coastal aqui

fer using the available software package AQUIFEM-1. The sharp interface 

model, as given by Equations 2, 3 and 4, can be rewritten in a conven

ient approximate form that allows the use of AQUIFEM-1 package iterativ

ely to achieve the required goal. 

4 A two-dimensional steady state model (SWIST-2) 

Under steady state conditions, the right handside of Equations 2 and 3 

will be equal to zero, and the sharp interface model will then be given, 

beside Equation 4, by : 

f ah f ax) I a(Tf ah f 1 ay)l Qf a(Tx I ax + y ay + 0 (6) 

a(Ts ahs I ax) ax + a(Ts ahs I ay)l ay + Qs 
X y 0 (7) 

For steady state Equation 5 becomes 

a (T ah 1 ax) ax + a(TY ah 1 ay)l ay + Q 
X 

0 (8) 

Therefore, Equation 6 is equivalent to Equation 8, and AQUIFEM-1 package 

can be used to solve Equation 6 of the sharp interface provided that the 

hi surface is known. A computer code, SWIST-2, is thus developed based 

on the proposed solution strategy which will work out according to the 

algorithm of Figure 2. The basic idea of this algorithm is to iterate 
using AQUIFEM-1 package till the interface is adjusted such that a bala

nce between fresh and salt columns of water is achieved on the interface 

4.1 Input data 

The input data given to SWIST-2 is in two separate files. The first file 

groups the input data required by AQUIFEM-1 (Townley and Wilson (1980)). 
Additional new data required by SWIST-2 is grouped in the second file , 

(SWI data) which defines the aquifer actual bottom, Ghyben-Hertzberg 

constant, accepted accuracy, maximum number of iteration, and top tip 

point of the interface. The SWI data is grouped in a logic order which 
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corresponds to the order of processing the data in the program (Farid 

(1985). 

R!AO INITIAL DATA 
0 

IB j, B; I 

COMPUTE HEAD VIA 
AQUIFEM-1 MODEL t H~l 

CHECK DEVIATION BETWEEN COMPUTED 
AND INITIAL I NTERFAC E9tB r AND a? I 

Figure 2. An algorith~ for simulating fresh/salt water interface in 
steady state. 

5 Steady-state calibration of SWIST-2 for Nile Delta aquifer 

What is required to be simulated as a steady-state calibration of S~JIST-

2 model for Nile Delta aquifer are the piezometric heads, toe point of 

the interface and the fresh water thickness. 
To simplify the calibration process of SWIST-2, AQUIFEM-1 is first cali-
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brated to a steady state using data of 1979. The adjusted parameters 
and boundaries are considered the best estimate for the input data at 

the start of the calibration process for the SWIST-2 model. 
Several calibration runs were carried out using SWIST-2. The calibration 

procedure compares the hand-contoured maps of the calculated steady-sta
te heads and fresh water thickness of SWIST-2 output, with the hand-con

toured maps of observed heads and freshwater thickness of field data for 

April 1979. A comparison was made to check the calculated location of the 
T.P. locus line with that obtained from field data. Fi9ure 3 shows the 

layout of the modeled area where, the northern boundary is chosen as a 
nO-flow boundary coinciding with the locus line of the T.T.P. This line 
was defined using Revelle ratio (Farid (1980)) and was calibrated by 
Amer et al. (1981). It was found to be about 30 km inland from the shore 

line (Farid (1980)). Wilson et al. (1979) proved that the movement of 

T.T.P. is too slow that its locus line can be considered stationary. 

The western model boundary is a no-flow boundary according to Farid(1980) 

too. This boundary lies approximately along the Cairo-Alexandria desert 

highway road. 

The southeastern boundary is a no-flow boundary as well, being geologic

ally characterized as a faulty area. The boundary is chosen to coincide 

with the major fault in this area. 

The southern boundary is assumed to be a constant head boundary to acco

unt for the inflow and/or outflow to or from the aquifer due to the con

nection between the Nile Delta and the Nile valley aquifers (Farid etal. 

(1983)). The shorelines near Alexandria and Suez Canal are considered 

zero head boundaries 
The calibration runs show that more adjustment is required for the geom

etry and hydraulic conductivity of the aquifer in order to satisfy the 

balancing Equation 4. Adjustment of pumping and of the vertical hydrau

lic conductivity is also required yet to a minor extent. 

It was found that SWIST-2 model is sensitive to changes in geometry, 

hydraulic conductivity and pumping from the aquifer system. The result 

of calibration is shown in Figure 4. 
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Figure 4. Observed and calculated locus lines of toe point (T.P) 
{Steady state). 

6 Behavior of sea water wedge under different extractions 

Assume hypothetically the present pumping from the Nile Delta aquifer 
was changed to be double, triple, and zero, having a recharge of the 

same amount. Run SWIST-2 for each case to determine the shape and posit
ion of the interface, and consequently the toe point. Figure 5 shows the 
movement of the toe point in the horizontal plane. It also shows the 

easier directions for intrusion. Intrusion through direction of nodes 

number 104-112 and 157-145 is more likely than other directions. This 

fact indicates that such directions are more sensitive to intrusion and 

precautions should be taken to decrease pumping there. 

7 Upconing due to excessive local pumping 

The developed models do also respond to the upconing phenomenon ( Amer 
et al. (1981)). To illustrate this response, another hypothetical exam-

ple is given. The present pumpage at element No. 131 is assumed to be 
increased tenfold (Figure 3). Run SWIST-2 to determine the shape and 
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- EASIER DIRECTIONS FOR S.W.J 

Figure 5. Movement of toe point (T.P) due to pumping 

position of the interface in general and around this element in particu
lar. Figure 6 shows the model's response in plan. 

It is clear that the maximum rise of upconing occurrs near node 78 alth

ough it does not lie in the centre of the element where pumping is exce

ssively increased. This is attributed to the fact that this node is 

closer to the T.T.P. Consequently, the closer the pumping to the T.T.P. 

the higher is the upconing. 
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Figure 6. Upconing due to local excessive pumping (In horizontal plane) 

8 Conclusions 

The developed SWIST-2 model can be used to identify the sea water

fresh water interface in coastal leaky aquifers under steady state 
·condition. 

The proposed model operates effeciently with merely data on the actu

al aquifer bottom, Ghyben-Hertzberg constant and top tip point of the 

interface. 
The developed model might be beneficial in evaluating different 
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proposed management policies and their corresponding effects on the 

shape and position of the salt-fresh water interface. 
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