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Changesin ground-water resources: determining the limits of rational exploitation

The study was carried out on a digital ground-water simulation model which made it possible
to integrate all the data and to check their consistency. The model was subsequently used to
simulate a number of sets of alternative operating conditions so as to be able to select the
optimum.

2. BRIEF SURVEY OF THE BASIC DATA

The region covered by the study is shown in Figure 1. It is an area of about one hundred square
kilometres, bounded to the north and west by the sea, to the south by an arbitrary line running
at right angles to the sea, and to the east by the outcrops of the low-permeability formations
which limit the Cenomanian limestone water-bearing strata.

The geological configuration is shown in Figures 1 and 2. The most important water-bearing
formation is that represented by the well-defined, often karstified Cenomanian-Turonian lime
stone which is clearly separated from the underlying Jurassic formations by the Lower Cre
taceous. The Quaternary sand formations of the coastal plain are in more or less direct com
munication with the Cenomanian-Turonian, which also form a water-bearing stratum, but to a
lesser extend than the Cenomanian.

The two water-bearing strata, the Cenomanian and the Quaternary, are more than 400 meters
thick; they probably become decreasingly pervious with increasing depth. The two strata form a
water table aquifer whose deeper layers contain salt water owing to the presence of the sea.

The transmissivities in the Cenomanian are high (2 m2/s) in the Hadeth Hasmyieh area, where
the pumping sites for the Beirut water supply system are situated; they are lower in the lime
stone areas to the north and south (10~2 r/s) and relatively low in the Quaternary plain (10~2
to 10"3 m2/s).

The storage coefficients range from 10 to 15 percent in the Quaternary and 1 to 3 percent
in the Cenomanian. Storage is effected by varying the level of the water table.

Infiltration to the aquifer amounts to some 300 mm a year. On the hill flanks to the
east, the ground water receives some recharge from the Albo-Aptian formations. In addition,
the ground water is sometimes recharged artificially by drawing off water from the Nahr Beirut
River.

The aquifer discharges to the sea, but the main discharge occurs through the large number
of wells, which have an outflow ranging between 0.33 and 0.61 m3/s., depending on the season.

The River Nahr Beirut replenishes the aquifer during the early summer when its flow has
not yet fallen to zero.

The ground water has a high salt content at depth; it changes quickly from a salinity of
less than 1 gram per litre to 20 grams per litre.

It was assumed in the study that there' was an "interface" separating a surface fresh water

phase, with a density near to 1, from a deeper salt water phase, with a density of 1.025.
Depending on the season, this interface is situated at a depth ranging between 100 and 400
metres in the Hadeth Hasmyieh area; near the coast the interface is located at a depth of only
a few metres.

The hydrodynamic pattern in the aquifer is summarized in Figures 3 and 4. The two factors
outlined below make this aquifer eminently suitable for artificial replenishment. These are;

1. The presence of the Quaternary, with its low permeability, and, above all, the un
conformity between the Cenomanian and Quaternary formations, which ensures that the
Cenomanian is isolated from the sea;

2. The presence of salt at depth, which inhibits the flow of the freshwater "bubble"
towards the sea, so that freshwater is stored in two ways during the rainy season:

a. by the rise in the level of the water table; and
b. by the fall in the interface level (or rather by the decrease in salinity in

the deeper layers).

Water storage will be enhanced by the artificial recharging operations carried out in the
Hadeth Hasmyieh area. The digital model study has made it possible to determine the optimum
conditions for using the Cenomanian water-bearing stratum as a natural reservoir.
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f Beirut and surrounding area.Figure. 1. Geological cross-section o
legend).

(1 km; (see Figure 2 for

221



t
o

K
>

W

j§
5

|
Q

ua
te

rn
ai

re
-N

eo
ge

ne
(Q

N)

iri
}i

Pi
-|

C
al

ca
ir

e-
M

io
ce

ne
m

oy
en

(m
2)

•^
>\

M
arn

es
bl

an
ch

es
-S

en
on

ie
n

(C
s)

pf
f

*
A

lt
er

na
nc

e
de

m
ar

ne
s

e
t

de
ba

nc
s

ca
lc

a
ir

es
.

A
lb

ie
n

(C
3)

A
lt

er
n

an
ce

de
te

rr
a
in

s
a
rg

il
o

-s
a
b

le
u

x
e
t

ba
nc

s
c
a
lc

a
ir

e
s.

A
p

ti
en

(C
2

)
G

re
s

-
ba

se
du

C
re

ta
ce

(C
j)

:<
^t

Ca
lc

ai
re

s
et

ca
lc

ai
re

s
m

ar-
-—

^-r
-

C
al

ca
ire

s
-

Ju
ra

ss
iq

ue
(J

)
r

^
rV

1
ne

ux
al

te
rn

an
ts

-C
en

o
m

an
o

-
T

u
ro

n
ie

n
(C

5-
C

4)

F
i
g
u
r
e

2
.

G
e
o
l
o
g
i
c
a
l

c
r
o
s
s
-
s
e
c
t
i
o
n

o
f

t
h
e

H
a
d
e
t
h

a
r
e
a
.

D
P
/
S
F
/
4
4

L
e
b
a
n
o
n
)
.

(
S
o
u
r
c
e
:

F
i
g
u
r
e

N
o
.

2
9

o
f

r
e
p
o
r
t

V I 1 c C
r

3 5' o o 3 6
L



Voiume J. Concepts, problems, and methods ofanalysis

ALIMENTATION PAR INFILTRATION DES EAUX DE PLUIE
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Figure 3. Diagrammatic representation of the ground-water layer at high-water periods.

m

POMPAGES

Terrains post-turoniens tertiaires et quaternaires

Terrains cSnomaniens-turoniens plus ou moins karstifies

V///J Zone aquifere sal§e

Figure 4 Diagrammatic representation of the ground-water layer at low-water periods.
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Changes in ground-water resources: determining the limitsof rational exploitation

3. THE MODEL

The digital model used is based on the use of differential equations which express the elemen
tary physical laws governing flow in a permeable medium. The equations used take account of
the mass conservation (continuity), Darcy's law and the hypothesis of Dupuit. These equations
are as follows:

For the fresh water phase,

3h a 3h 3h 3pa an a <Jn «"> w

£ [Kd'h +P> 3? +3y" (Kd <h +P} # " S*Tt +S«5. +'

For the salt water phase,

a 3 Yd Ys - Yd 3 » Yd Us - Yd aP
£ fKs(D-p)ar (Yih--^i— p)) +s7 [ks<d-p) a? <?! h" "-_— p,) " *• 37

Kd, Kg » permeability coefficients of the fresh water (d) and salt water (s) phases

Sd, S„ • storage co-efficients of the fresh water and salt water phases

Yd, Ys • the fresh water and salt water densities

h • the height of the water table in relation to sea-level

p » the depth of the interface in relation to sea-level

D = the depth of the impermeable substratum in relation to

sea-level

I • recharge (discharge) for the region as a whole, per unit

of surface area

These equations are discretized according to the method of finite differences. It should
be noted that the equations are not linear but are linearized at each time step by taking for h
and p the values calculated at the previous time step. These discrete-representation methods
have now become common practice, and we shall not go into the formulation of the discrete equa
tions. After the space to be represented has been discretized into a number of cells, we obtain
a system of linear equations consisting of two equations per cell. This system is solved im
plicitly at each time step.

The model used, consisted of 97 square (two-dimensional) cells with 1-km sides. The number
of cells had to be severely limited so as to enable the model to be run on a very small computer

(an IBM 1130, with a 16 K core memory).
After the model had been designed and constructed, it had to be calibrated, i.e. the para

meters introduced had to be adjusted so as to reproduce the piezometric trends observed over
the previous four years. Calibration proved to be a long and difficult exercise because of the
rather approximate nature of the data.

4. RESULTS AND CONCLUSIONS

The model was then used for a number of sets of alternative recharge and operating conditions,
taking into account the discharge available in the Nahr Beirut for injection purposes and the
amounts of water needed to supply Beirut during the dry season. Operating case N° 1 is shown
in Figures 5 through 9.

where:
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Recharge (t/s)

0
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Figure 5. Case No. 1, average year: recharge 16.5 million cubic meters; operation 24 million
• cubic meters.
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Figure 6. Case No. 1, Potentiometric Map
for an Average Year (May).

Figure 8. Case No. 1, Potentiometric map
for an average year (October).
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Figure 7. Case No. 1, Map of Interface Depth
for an Average Year (May).

Figure 9. Case No. 1, Map of interface depth
for an average year (October).
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The conclusion reached in the study was that it was possible to inject the following quan
tities of water in the Hadeth area:

November: 0.38 m3/s.
December: 0.50 m3/s.
January to May: 0.77 m3/s.

making a total of some 12 million cubic metres a year spread over seven months.
It would be possible in the same area, to extract the following amounts of water from the

aquifer:

June to August: 1.16 m3/s.
September: 1.38 m3/s.
October: 1.23 m3/s.

or a total of some 15.8 million cubic metres a year spread over five months.

~_
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