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Analysis of Salt Water Intrusion in Coastal Aquifers
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ARSTRACT. The position of salt watcr-freshwater interface in coastal aquit-
ers is analyzed. Governing partial differential equations are formulated by
combining Darcy’s Law and continuity equation and by using Ghyben-
Herzberg Principle and Dupuit assumptions. For the solution of the govern-
ing equations Finite Difference Method is used. A computer program based
on two-dimensional steady-state mathematical model is utilized. As suffi-
cient and reliable ficld data are usually not availablc, the program is tested
using two simplified flows for which analytical solutions arc available or ob-
tainable, namely, a one-dimensional flow in a strip aquifer with two diffe-
rent boundary conditions and an axi-symmetric radial flow in a circular
aquifer. The results revealed that there is a good agreement between
analytical and numerical solutions. Finally, after sensitivity analysis and
calibration, the model is applied to the lower valley of Wadi Hali on the
coastal plain of Saudi Arabia. The application is intended to be an example
of a management scheme. The results are discussed and some conclusions
are drawn. Limitations of the model arise from the assumptions on which it
is based. Therefore, the application of the model is limited to steady, two-
dimnensional flows in homogeneous and isotropic aquifers in coastal reg-
ions.

Introduction

In coastal regions, aquifers generally constitute a substantial part of water supply.
With increasing urbanization, agricultural, industrial and other activities, the need
to develop the groundwater aquifer increases. However, inadequate data and often
hasty decisions in the development process of the aquifer results in surpassing its safe
yicld. This in return results in sea water intrusion which is one of the major problems
with regard to water quality in such areas.
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In coastal areas, if the aquifer is in hydraulic contact with the sea, the lighter fresh-
water overlies the heavier salt water. Under normal conditions, there exists an
equilibrium between these two liquids which differ in their densities. The movement
of the freshwater, with a seaward gradient of water table, towards the sea acts as a
barrier to the intrusion of the saline water into the aquifer (Henry 1959). In general
the hydraulic gradient is modified either by natural hydrological events such as in-
adequate recharge by infiltration and excessive evapotranspirationor by man’s inter-
vention such as overdrafting by excessive pumping and artificial recharge. If the nor-
mal seaward gradient of the groundwater table is flattened or reversed to landward
gradient, the seawater intrusion occurs.

As a result of hydrodynamic dispersion, generally, a transition zone develops bet-
ween fresh and saline waters. However, this zone is quite narrow as compared to
other dimensions of the aquifer. As a consequence, for most practical purposes the
problem is usually approached by assuming a sharp interface. When this interface
advances and reaches pumping wells, the quality of the freshwater in the vicinity is
deteriorated and becomes unsuitable for the purpose of water supply. The contami-
nation of the freshwater by sea water intrusion manifests itself primarily through the
change in the chloride icn content. The chloride ion of freshwater is generally less
than 100 parts per million (ppm). As it increases beyond 400 ppm, the utility of the
water decreases. Sea water commonly has 19000 ppm of chloride. Therefore once
the sea water infiltrates a well, the quality of the water pumped will deteriorate
rapidly, often within a short period (Keith 1977).

In the light of the above discussion, it is apparent that the prediction of the position
and movement of the salt water-freshwater interface which results from natural and/
or man-induced events mentioned above is invaluable to the proper management
and protection of the coastal aquifers.

Theoretical Background

1. Literature Review

The earliest work related to sea water intrusion problems was undertaken by
Badon-Ghyben (1888) and Herzberg (1901). Their work has been known as Ghy-
ben-Herzberg Principle and it marks the beginning of quantitative analysis to locate
the salt water-freshwater interface in coastal aquifers. Since then, numerous investi-
gations have been carried out and therefore a considerable amount of references are
available in the literature. For a comprehensive literature review on quantitative
analysis of salt water-freshwater relationships in groundwater systems, the reader is
referred to, for example, Reilly and Goodman (1985).

From the methodological point of view, techniques used so far have been experi-
mental, analytical and numerical. Each group has advantages and disadvantages.

Experihental methods usually consist of physical models such as the Hele-Shaw
apparatus or the Sand-Box [Bear and Dagan 1964a, Dagan and Bear 1968, Collins
and Gelhar 1971]. Their use is primarily directed to the understanding of the
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mechanism of the salt water intrusion and to the verification of the analytical and
numerical solutions.

Numerous analytical studies have been carried out to study the freshwater-salt
water interface [Bear and Dagan 1964a, Glover 1959, Henry 1959, Henry 1964, Bear
and Dagan 1964b, Rumer and Shiau 1968, Hantush 1968, Mualem and Bear 1974,
Strack 1976, Kishi and Fukuo 1977, Van der Veer 1977, Isaacs and Hunt 1986]. Al-
most all of these studies are based on simplifying assumptions, which, in practical
problems, are not always justifiable. Hence, numerical models are the only way to
handle such cases.

Many investigators, consequently, have worked on the sea water intrusion using
sharp interface approach and employing numerical techniques. In these works, the
problem is treated in either horizontal or verti¢al plane. Some authors used finite dif
ference method [Shamir and Dagan 1971, Fetter 1972, Anderson 1976, Ledoux et al.
1990]. Some others employed finite element method [Sa da Costa and Wilson 1979,
Layla 1980, Sa da Costa 1981, Contractor 1981, Contractor 1983]. Boundary Integral
Method has also been used to solve the same problem [Taigbenu et al. 1984, Liu and
Liggett 1978].

Several authors addressed the problem of salt water intrusion using miscible flow
approach that takes into account the effect of the diffusion-dispersion phenomenon.
The governing differential equations are generally solved by numerical methods
[Pinder and Cooper 1970, Pinder and Page 1976, Kono 1974, Lee and Cheng 1974,
Segol et al. 1975, Andersen ez al. 1988].

Numerical methods have the general advantages of accuracy and flexibility, but
are complicated to apply [Isaacs and Hunt 1986]. Further, if they are sophisticated,
although theoretically sound and pleasing, they become too cumbersome for routine
use by the practicing professionals. In addition to these, the models mentioned in the
literature are mostly unavailable or very poorly documented [Sa da Costa and Wil-
son 1979].

In the light of the foregoing discussion, it becomes apparent that there is a need for
a simplified yet accurate simulation model. This model should make a compromise
between oversophistication and oversimplification.

2. Governing Equations

In coastal aquifers where the thickness of freshwater is usually thin compared with
the lateral extent, and the slope of water table is small, the groundwater flow in the
aquifer generally assumed to be horizontal under normal conditions. In such a case
the equipotential surfaces are vertical and the velocity is uniform over the depth of
the flow. Groundwater problems in such aquifers are almost always approached
using these approximations (Fetter 1980). They are referred to as Dupuit-For-
cheimer assumptions.

In addition to the above, in this study, the following simplifying assumptions are
used in the mathematical formulation: the aquifer is both homogeneous and isot-
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ropic; fresh and salt waters are immiscible and a sharp interfce exists between them
and there is no flow across this interface; fresh and salt waters are slightly compressi-
ble and their viscosities are constant; sea water is stagnant and tidal action is negligi-
ble; vertical flow is only considered for accretion.

The mathematical model describing the position of the groundwater table and the
depth of the salt water interface, both with respect to the mean sea level, may be de-
rived using simultaneously: a} principle of conservation of mass, b) Darcy’s law, ¢)
Ghyben-Herzberg principle.

Typical cross-section of a coastal unconfined aquifer is depicted in Fig. 1. The gov-
erning partial differential equation which describes the unsteady position of the
water table, A, for this flow system 1s:

0 oh d ah ;_ Jdh
K(1+8)lg(ha)+K(l+6)[a_y(h5)] FW=saenS ()

with § = yf/(yj - yf). The symbols used are as follows: K-hydraulic conductivity
[L/T], h-water table elevation [L], W-recharge rate [ L/T], S-specific yield, dimen-
sionless, x-space coordinate [L], y-space coordinate [L]. f-time [T}, y-specific
weight of water [WLZ]. The subscripts f and s refer to fresh and salt waters, re-
spectively.

Ground surface

MSL Water table

e Gl - N
Freshwater
Interface
. .

SEA
Salt water

F1G. 1. Typicai cross-section of a coastal unconfined aquifer.

The depth of interface with respect to mean sea level is then given by Ghyben-
Herzberg relationship.

n = &h (2)

where n-depth of interface with respect to mean sea level [L].
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Details for the derivation of the above equations may be found elsewhere (Onder
1989). Slightly different derivation is given by Bear (1979).

When the flow is steady, the flow parameters remain constant with respect to time,
i.e., the right hand side of Eq. | becomes zero, and it takes the following form:

a . o g . oh _
K(l+6)[§;(ha—;)+l((1+8)[a—y(h@)]+Wf0 (3)

When it is further manipulated, it becomes

212 21,2
Fh PR -2W 4)
ax’ ' K(1+8)

When A’ in Eq. 4isreplaced by a new variable v it would easily be recognized as the
Poisson Equation.

For a complete mathematical description, these equations must be accompanied
with a set of appropriate boundary and initial conditions. They are dictated by the
particular problem under consideration.

The solution of the resulting equations by using an appropriate technique gives the
elevation of the water table with respect to mean sea level. The depth of the interface
is then easily obtained using Ghyben-Herzberg principle (Eq. 2).

3. Numerical Model

For the solution of mathematical model, a well known numerical solution
technique, namely finite difference method, is adopted. Using central difference ap-
proximation, Eq. 4, at any nodal point (i, j) may be approximated as:

+V,-‘,-+1V,-4L]-+ Vf,,'-1_4"’:,j: B ZWH (5)

(AxY) KQ+8)

wherey, .= e ;- The remaining symbols are as follows: Ax is space increment in x di-

rection, K is hydraulic conductivity, W is net recharge rate, and & is a constant. The
increment in y direction is taken to be equal to Ax.

Vivt

Applying Eq. 5 to all nodal peints will give a system of approximating algebraic
equations. This set of n equations in 7 unknowns can be written in indicial notation
as:

a ;v = b, (6)
where v, i iandj=1,2,---, nare unknown parameters; b, ,i=1,2, -, nare known
values; a;, i = 1,2, .- , m are known coefficients.

Equation 6 can also be rewritten in matrix form, using capital letters to denote
each array, brackets to denote a square matrix, and braces to denote a column mat-
rix.
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(Al{V}={B} (N

In general, linear algebraic equations are solved by iteration or direct methods. In
this work, the set of linear algebraic equations given by Eq. 7 is solved by Gauss
Elimination Method, which is a feasible direct method, when matrix equation con-
tains less than 1000 unknowns,

The listing of computer program used in the solution of Eq. 7 and the details of it
may be found in Onder (1989).

Verification of Numerical
Model with Analytical Solutions

Due to lack of adequate and reliable field data, comparison of numerical results
with actual field observations may not be possible. An alternative way of verification
is to test the numerical model against known solutions to the partial differential equ-
ation. This is the case in the present work.

In this context, to demonstrate the accuracy of the solution technique employed in
the numerical model, three analytical solutions are used, two of which are for one-di-
mensional steady flow in an infinitely long strip aquifer and the third one for axi-sym-
metric radial flow in a circular island.

Steady state numerical model developed in this work have been applied to the
problems mentioned above. It has been observed that there is a very good agreement
between analytical and numerical solutions. The results are presented and compared
in graphical form,

Cross-sectional view of the flow system in an unconfined coastal strip aquifer bet-
ween sea and a freshwater lake along the width is depicted in Fig, 2. The width of the
aquifer in x-direction is L, and the aquifer has an infinite length in y-direction. In the
absence of point source (recharge well) or sink (discharge well), the flow is practi-
cally one-dimensional in x-direction. The computed values, by numerical method, of
the water table elevations and the depth of interface at nodal points lying on the x-
axis are plotted in Fig. 3. On the same figure corresponding analytical results are also
shown. It is seen that the agreement between numerical and analytical results are al-
most perfect. '

A sketch of a vertical cross section of an unconfined coastal strip aquifer bounded
on one side by the sea and on the other by an impervious formation is depicted in Fig.
4. Let the origin x = 0 be located at the intersection of the interface with the no-flow
boundary of the aquifer. Seaward freshwater flow at this section is zero. The values
of the water table elevations and the depth of interface at nodal points laying on the
x-axis are plotted in Fig. 5. On the same figure corresponding analytical results are
also shown. It is seen that there is a very good agreement between numerical and
analytical results.

The vertical cross-sectional view of an unconfined aquifer beneath a circular isiand
along the diameter is given in Fig. 6. The computed values of the water table eleva-
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Fi;. 2. One-dimensional steady flow in an unconfined strip aquifer between sea and a freshwater lake.
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FiG. 4. One-dimensional steady flow in an unconfined strip aquifer between the sca and an impervious
boundary.
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tions and the depth of interface at nodal points laying on the diameter are plotted in
Fig. 7. On the same graph corresponding analytical results are also shown. It is seen
that there is a very good agreement between numerical and analytical results.

Wix,t)

Sea Fresh water

FiG. 6. Axi-symmetrical flow beneath a circular island.

The analytical solutions for these three flows together with the data used are given
in Appendix.

Other analytical solutions may be obtained to check the numerical output of the
program. However, the satisfactory agreement obtained in these three flow cases in-
dicated that the basic numerical technique and procedure are sound.

Appliéation of Numerical Model to Wadi Hali

1. Description of study area

Wadi Hali, one of the longest wadis in the Kingdom, is located in the Southwestern
Region, It starts from Jabal Sawdah in the Abha Region and reaches the Red Sea 60
km to the south of Al Qunfidhah. Figure 8 represents the location of the region. It
can be divided into three parts: The upper drainage basin, the middle valley, the
lower valley in the coastal plain. The lower valley can be further divided into three
main zones, going from cast to west: A zone of cultivation, a low zone covered by a
very intense vegetation, and the sabkha which is a 3 to 5 km wide coastal strip (SOG-
REAH 1970).
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FI1G. 7. Variations of water table elevation and intcrface depth along diameter (Comparison of analytical
and numerical solutions).

The significant formations in the coastal plain, from the most recent to the earliest,
are as follows: 1. The Alluvia consists of gravel, sand, clayey sand and clay series. Its
thickness is variable. 2, The Bayd Formation does not crop out in the coastal plain. It
is at shallow depth in the eastern part of the delta and very deep towards the sea. 3.
The Basalt Formation forms the Al Birk plateau and stops on the left bank of Wadi
Hali on the coastal plain.

Boundaries of the aquifer

The boundaries of the Wadi Hali aquifer on the coastal plain are same as those of
the delta. It is limited in the south, by the northern limits of the basalt outfilows of the
Al Birk Plateau, in the north, by a vast sandy plain. The water table aquifer occupies
a sector of a circle whose center is in the Khay-Kiyat area and its periphery along the
coast. Its radius is of some twenty kilometers and its apex angle is 70 degree. Up-
stream of this portion is a long alluvial channel (corridor) limited to the main bed of
the wadi between the mountains and Kiyat.

Static water levels

The only available data related to the water levels are based on afield survey made
during May 1967, January 1968, July 1968, January 1969 and April 1969. This survey
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of over two years indicated that the variation in the water surface elevation is usually
in the order of decimeters, except in one or two wells. In other words, over these two
years the piezometric surface of the Wadi Hali water table remained almost invari-
able. Fig. 9 presents static water level contour map of the aquifer (SOGREAH 1970,
Fig. 2306-4). This figure has been used in the calibration of the steady-state numeri-
cal model.
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Fii. 9. Piczometric surface map of Wadi Hali.
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Hydraulic properties of the aquifer

Resuits of pumping tests carried out by SOGREAH (1970) in the Wadi Hali delta
are summarized in Table 1.

TabLE ! Hydraulic properties of Wadi Hali coastal plain.

C Hydraulic
Transmissivity .. Storage
(m?/5) conductivity coefficient
i {m/s)
1% 107 4 x 1077 4% 1072
3x 107 1% 107° 9x 107

The results obtained from field investigations indicate that the aquifer is
heterogeneous. Consequently, the pumping test results are only valid for the area
immediately surrounding the pumping well. For this reason average values are used
in the calibration.

The basic source of the replenishment of the coastal aquifer is the inflow from the
narrow gorge and vertical recharge. This amounts to 25 x 10° m® per year (SOG-
REAH 1970). In other words the aquifer is recharged almost exclusively by the seep-
age from Wadi Hali.

Surface water reaches the sea, only during exceptionally large floods and with no
benefits to the aquifer. During the low flow the stream does not reach the sea and all
the water seeps down into the ground in the middle valley before it reaches Kiyat.

To the west of the line joining Makhchouche and Qunfidhah the intrusion of the
scawater is felt. This can be seen from the geophysical measurements. The electric
sounding at a point (D5) located on the line menticned above showed that the thick-
ness of the fresh water layer is 150 m. This is confirmed by a test borehold (FR 56)
made at the same location. The electric scunding at point L4 about 4 km further west
indicated that the thickness of the freshwater layer is S0 m.

2. Model application

Wadi Hali coastal aquifer is discretized by superimposing a finite difference grid
over the map of the aquifer system (Fig. 10). The actual boundary of Wadi Hali was
closely approximated. Figure 11 shows the numbering of nodal points.

The input data consisted of the following: Number of columns and rows in finite
difference grid; Uniform spacing of grid points; Boundary nodes and boundary con-
ditions; Well locations and rate of pumping in the wells; Rates of recharge and evap-
oration; Average hydraulic conductivity; Specific weight of fresh and salt water.

Sensitivity analysis

Prior to calibration of the model, in order to determine how variations in hydraulic
conductivity ( K), net recharge rate (W), and density of the salt water (p,) affect the
elevation of water table and the depth of interface, sensitivity analysis are carried
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out. It is thought that these are the most influential parameters affecting the aquifer
behavior.

The range of variability of the above parameters encompasses most possible values
for the chosen aquifer. Table 2 gives the values of the parameters mentioned above.

Results of these analysis indicate the following: a) The sensitivity increases, as the
value of hydraulic conductivity decreases. Furthermore, when the hydraulic conduc-
tivity is low groundwater mound occurs in the aquifer. b) The variations in the values
of net recharge rate produces proportional variations in the water table eclevations
and in the interface depths. c) The effect of errors in the salt water density will not be
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F1G. 1. Numbering of unknown nodal points.

very significant on the aquifer behavior, i.e., the water table elevation and the inter-
face depth.

Figure 12 provides an example which demonstrates the results of sensitivity
analysis for recharge rates.

Calibration

Given the input data discussed previously, it is possible to generate a solution for
the heads at each nodal point. However, in order to verify the accuracy of the solu-
tion, it is necessary to match the computed heads and interface depths with those
measured at a number of points in the field. Invariably, the computed values from
the first runs of the model will not match the field values. Calibration consists of ad-
justing the input data until computed values of head and interface depth match the
field values. In other words, calibration means that, given a certain combination of
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Tantr 2. Values of parameters used in sensitivity analysis.

Runno K W Density
' (m/d) (m/d) (kg/m')
RSAOL 8.64 5% 107! 1030
RSA02 43.2 Sx 107 1030
RSAOD3 86.4 5% 107? 1030
RSA04 43.2 1x107? 1030
RSADS 432 §x10°° 1030
RSA06 432 Ex 1077 1030
RSAD7 43.2 5% 107} 1025
RSA08 432 5% 1072 1029
RSA(9 43.2 5% 107 1033

Water Table and Interface
SENSITIVITY TO RECHARGE RATE

FIG. 12. Sensitivity of water table and interface to recharge rate (Section A-A of Fig, 11).

parameters and boundary conditions, the model will produce field measured values
of head at certain points in the grid. However, we have no guarantee that the combi-
nation of parameters found by trial and error is unique (Wang and Anderson 1982).
It is not unreasonable to adjust the input data because these data are imperfectfly
known, and there will be a certain range of values that may be valid. During calibra-
tion process, around forty trial and error simulations have been made, and the results
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of sensitivity analysis have been fruitful in reaching the final adjustment. The results
of calibration are shown in Fig. 13 and 14.

Field data used in Fig. 13 and 14 are taken from SOGREAH (1970). The determi-
nation of the interface depth has been done through electric logging carried out in
boreholes. Also, sampling in wells and boreholes was done and electric conductivity
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measurements were carried out to determine the salinity.

Results of simulation

The main goal of the groundwater hydrologist, water resources engineers, or plan-
ner, who deals with a groundwater system, is the management of the groundwater
system. In this context the purpose of computer simulation is to predict the effect of
some proposed management scheme on the groundwater system.

To demonstrate the applicability of the model as a tool in the management ac-
tivities, the following scenarios are considered as examples.

Let us assume that a series of wells are planned to be placed in the cultivation zone
on a line extending from south to north. Suppose that this is a requirement of a possi-
ble future agricultural expansion plan. Let Q, the discharge per well is 99 m*/day and
the number of wells is 17. The groundwater resources manager, or planner would
like to know what the new configuration of the water table and the interface depth
would be? To answer this question, the calibrated model is run with this information
as input. The results indicated clearly the difference between present situation and
the one after the development and a decline of up to 0.25 m in the water tablg is pre-
dicted by the model (Fig. 15). This decline is zero in Kiyat area and maximum toward
the sea. The present and future depths of the interface are also calculated by the
model. Figure 16 indicates that the salt water interface rises up to 8 m after develop-
ment.

Mocdel Prediction
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Model Prediction
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FiG. 16. Rise in interface depth (Scenario 1).

Letus consider aslightly different scenario, in which the wells are located more up-
stream toward Kiyat in the eastern part of cultivation zone. Let the number of welis
be only three (at nodes 35, 65, and 95 of Fig. 11). Assume that the wells arc pumping
a total amount of 6003 m*/day. Assume also that a total amount of 1717 m*/day is re-
charged back into aquifer from excess agriculture irrigation water. The results for
this case showed that maximum lowering in the water table elevation is 0.75 m (Fig,
17), while maximum rise in the interface depth is approximately 24 m (Fig. 18). A

more important point to be noted is that salt water wedge advanced approximately
one km more toward inland.

Finally one more case is considered. It is hypothetically assumed that there is no
underflow from Kiyat area toward the coastal plain. Since the underflow is the only
source of replenishment for the aquifer, in the long run, the aquifer would be in-
vaded completely with salt water. In effect the results of the model confirmed this by
producing zero water table elevations and zero interface depths.

Discussion and Conclusion

Numerical simulation of groundwater flow systems depends, to a large extent,
upon the availability of field data. The data related to the salt water interface prob-
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lems in available technical report is, however, very scarce. This is one of the major
difficulties that the authors have faced.

The inaccuracies in aquifer hydraulic properties and boundary conditions together
with the difficulties and uncertainties in the determination of the exact subsurface
geometry of the aquifer introduce some errors in the simulation results. On the other
hand, since Dupuit-Forchheimer assumptions and sharp interface assumption of
Ghyben-Herzberg are used in the present numerical model, additional errors are
also introduced. However, it is believed that the former overshadows the latter.

The two-dimensional numerical model, in spite of its inherent restrictions, is a use-
ful tool for the prediction of the water table elevation and the interface depth. When
steady-state local conditions are of interest, it can be successfully used in the manage-
ment of the groundwater resources (Bear et al. 1985). When the flow is time depen-
dent, it can be approximated by successive steady states, and the proposed model can
still be used for simulation purposes. Particularly, when the model is suitably
linearized, it can be very helpful for incorporation into a management model of an
aquifer in which the location and the discharge rates of the pumping wells are deci-
sion variables.

The depth to salt water interface is sensitive to hydraulic conductivity, therefore
the determination of field hydraulic conductivity values should be given due atten-
tion.

The model takes into account the spatial variability of the recharge and evapora-
tion rates. The rates of evaporation and recharge are controlled by the vegetation
cover and surface soil characteristics. This aspect is important when these paramet-
ers vary spatially.

Careful placement of the recharge or extraction wells and proper selection of their
rates is essential for the management of groundwater resources.
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Column matrix of unknowns.
Elements of column matrix V (v = &),
Net recharge rate (accretion).

Space coordinate in x-direction.
Spacc coordinate in y-direction.

Ax  Spaceincrement in x-direction.

5=y /(v,-¥)

¥, Specific weight of freshwater.

v, Specific weight of salt water.

7 Depth of salt water-freshwater interface below mean sca level.
p,  Densityof freshwater.

p/\ Density of salt water.

.

List of Symbols
A Coefficient matrix.
a,, Elements of coetficient matrix A.
B Column matrix.
b, Elements of column matrix B.
h Elevation of water table above mean sealevel.
K Hydraulic conductivity.
I Width of the strip aquifer.
@  Discharge.
§  Specific yield.
! Time.
1%
V’.
w
X
¥y

Appendix
Analytical Solutions

The analytical solutions for the flow cases described in third section of the text (Verification of Numeri-
cal Model with Analytical Solutions) are provided by the following equations. In these equations the vari-
ation of the water table clevation, k, with respect to mean sea level is given as a function of the linear dis-
tance, x, or the radial distance, r. The symbols are defined in the List of Symbols. For details see Onder
{1989). 2nd Onder and Hassan (1989}).

Strip aquifer
a) Strip aquifer between sea and a freshwater lake:
2 w ;B WL
h = Tl S e _
R T R A St (A-D
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b) Strip aquifer between sea and an impervious boundary:

_ w_ 2 2
h_K(1+6)(L_x) (A-2)
Circular aquifer
v _ p?%
h_ZK(l+8) (r* - R9 (A-3)
Data
Strip aquifer

The following data is considered for both cases: For a case given above the water level elevation in the
lake is taken as 1.5 m,

Width of the strip aquifer 400 m

Hydraulic conductivity 1 m/day

Net recharge rate 0.0001 m/day
Density of the freshwater 1000 kg/m®
Density of the salt water 1025 kg/m*
Mash size 100 m by 100 m
Circular aquifer

The following data is considered.

Diameter of the aquifer 960 m
Hydraulic conductivity 20 m/day
Netrecharge rate 0.0002 m/day
Density of the freshwater 1000 kg/m’®
Density of the salt water 1025 kg/m*

Mash size 80m hy 80 m
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