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ABSTRACT 

Connectlna the Medlt trranean and the Dead Sea with a canal. utlllzlnM the cllfferrnce In seM 
levels to produce enern, Is fraught with side effects , such as the wrHdual noudlng of t<lstln~ 
structures and the ralslna of the salt water front which has started to regrrss ut 1 he no rthern 
and southern ends of the Dead Sea. In addition. the canal would displace the fre~h-salt water 

Interface at t:,e eastern edae of the Dead Sea landward alon& about 80 km . Such an alteration 
would have anve consequence~ fnr Jordan's 11roundwater resources. This dlspiHcrment wnuld 
amounl to replaclnl 6 . 1 • I O'm' of fresh Kroundwater wnh wuter I rom 1 hr l>r•d St·s dur lnN lhr 
lnlllal atqe, and an additional 4 .5 > tO'm ' durlnw the later sta&e until a dynamic e4ulllbrlum b 
achieved. 

INTRODUCTION 

Generally, any change In sea watt:r level Is followed by a transition period, dur
In& which the flow In the coastal aquifer is unsteady, and where the Interface seeks a 
relevant equilibrium condition. The Mediterranean Dead Sea Canal, as currently 
planned, will transport water from the Mediterranean to the Dead Sea and rai se the 
level of th~ Dead Sea hy I 0 m., fr .:: m - 400. ~ m . to - HO. 5 m. within I 2 to I 5 )'ears 
of its completion, which is expected in 1990 ·(M.D. Project). The tran~lt I on pnlod 
will prevail not only until the planned water level of -390.5 m. is reached, hut 
rather It will last until a new equilibrium In the hydrodynamic process Is achieved . 

* Associate Professor, Dept. or Geoln~y and Mlncrolo~y, Faculty of Sckncc , Ph ll . , Muo k h ll n htf\11> 
1974. 
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HTecu or ralaln11 lhe Uead Sea w111er level on Jordan'l 11roundw111rr resources 

l"he Interface conflKuratlon 

The Interface conl111urutlun of suit und fresh water starts at the shores or beneath 
the Deud Seu (.Fig. 1 ), with a relatively high gradient of Inclination. The Interface 
then nattens out landwurd where It tends to become horizontal or to end at an 
aquiclude (Salumeh & Khudler, 1983), Fig. 2. The nearly horlzontullntcrfucc Is the 
depth to which precipitated water percolates, mixes within the dispersion zone with 
Intruding Dead Sea wulcr, and then rises ulong faults to the surface at the western 
slope of the Deud Sea (Salameh & Khudler, IIJI! 3). The lntt:rfucc conllgurat I on is iJ 

function of tht: densities of the two nuld phases (Dead SCI> and fresh groundwater), 
the lnlund dlstunc<· from the shorelines and the hydraulic gradient, as well a s the 
amount of discharged groundwater (Ghyben-Herzberg, 1888; Glover 1959; Bear, 
1972). 

The densities of Dcud Sea water and fresh water, und the fresh water level at 
certain distances from the Dead Sea shores are already known(Neev & Emery, 
1967; Salameh & Khudler, 1983). The hydraulic gradient within the Zarqa-Ma'ln 
area and along Its longitude Is 4% (Salameh & Udluft 1984). To the west it In 
creuses gradually to give the pattern shown In Figure 2. The amount of fresh 
groundwater In hydraulic equilibrium with Dead Sea water which nows to the Dclld 
Sea Is calculated to 6 mJ /s (Salameh Udluft 1984). 

ConOiuratlon of the Interface 

From the known methods for calculating the Interface configuration of Sllit and 
fresh water, with the available data, the approximation of Ghyben-Herzberg ( 18 88) 
and the method from Glover ( 19 59) proved appropriate for this pnper . 

As a result of rulslng the Deud Sea's water il'vd by 10 m .. from 400.5 m . to 
- 390 . 5 m. (M . D. Project), the Interface will adjust Itself to the new potenllal by 
moving landwurd to achieve a relevum state of e4ulllbrlum wi t h u statlonury 
Interface and a fresh water now to the Dead Sea. 

The Gyben-Herzberg approximation was developed for the calculation of the 
Interface connguratlon In coastal phreatic aquifers. It assumes a static equilibrium, 
hydrostatic pressure distribution of the fresh water, and stationary sea water. The 
Ghyben-Herzberg equation for the above conditions Is: 

hs 

hi 

where: hs = depth of the salt water column to the Interface. 

hi = depth of the fresh water column to the Interface. 

y s = density of the salt water. 

)' r density of the fresh water. 

For oceanic wuter with a density of 1.025, t = 40 . 
hs 

For the Dead Sea water with a density of 1.255, hf = 4.44. 

This shows thut the depth of the Interface of Dead Sea fresh water Is only about 
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To of the Interface depth of oceanic fresh water. 

Uslna the Ghyben-Herzbera approximation for the special case of the Dead Sea gives 
the followlna equation (Fla. 2): 

Ylldy
1

,. Ylld Yf+ (400.S +Yfl) Yr 

where: Ylld depth of point XI at the Interface below Dead Scu level. 
Yll - depth of point XI at the Interface below sea level. 
~ltd • Yll - 400.S m. 
Yfl = elevation of point XI at the fresh groundwater table with respect to 
sea level. 
y 1 .. density of Dead Sea water, 1. 2 2S g/cm 3. 
y r = density of fresh water, 1 g/cm 3

• 

400.5 m = Dead Sea level below sea level. 

By rearranalna and substituting the dens It les 

488.6 + y fl 
Yll = Is obtained 

- 0.225 
The Interface on flaure 2 Is plotted using the above calculated depths, Yli. 

The plot of these values shows that the Interface configuration flattens rapidl y 
landward. 

Another methoii for the calculation of the Interface conflguratlon was approximated 
by Glover (1959) and Kremer (1977). This approximation Is given ~ n the follo wing 
equation: 

z 

where: 

I 2q X q l 
= V + (Langguth 1980) 

(y~-y~k (y.-y~Zkl 

z"" the depth of the Interface In a landward lying point (X) In respect to sea 
water level. 

q = the quantity of fresh groundwater flowing to the sea per unit length 
(m1/s). 

k .. the permeability of the aquifer for fresh water (m /s). 

The Intersection of the Interrace with the sea bottom occurs at point X a 

q 
Xo :a------

2 (y 1 - Yr) k 

At the shore line. X = 0, the depth of the Interface equals 
q 

z 0 -------

(y a - Yr) k 

Since the main Interest In this study Is concerned with the landward movement or 
the Interface and not the Interface configuration Itself and because of the complexity 
of the boundary conditions accompanying the solution of the partial differential 
equations of continuity, the Ghyben-Herzberg approximation and the Glover 
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I!ITecls ur ralslna~ lhe Dead Sell waler le~el un Jurdun:s 11round\\1Uer resources 

equations are applied to the present state of Dead Sea level of - 400.5 m. and for the 
raised level of - 390.5 m. 
The area between the two Interfaces gives the amount of fresh water which will be 
substituted by Dead Sen water. 

lkeaust: the ralcul ~ tlons Involve the den sities of the water, some considerations 
concernln" the density of tht: added Mediterranean water should be made . After 
connecting the Medlteranean Sea and the Dt:ad St:a by a conduit and transferrin!! the 
w11ter to the Dcut.l Scu the level of the latter, according to published data 
(M.D.ProJJ cl), will be raised to an elevation of - 390.5 111. within 12-15 yeurs. 

The evaporation fr om the water brought to the Dead Sea equals 1600mm. (Bentor 
, 1961, Neuman In United Nations 198 2). If 15 years Is assumed to be rhe filling 

period, then the accumulative evaporation equals 1.600m. x 15 = 24m. of Mc 

dltt:rranean Sea water with 11 salinity of 3.8% and a density of 1.0 25 g./cm 3
• The salt 

content of the 24m. water column will be etTectlvely concentrated In the remaining 
1Om., which represent the rise In the Dead Sea level. This makes the density of 
these 10m. t:qual: 

24 t I U 
1 + ( 1- 1.025) = J.OH5 j!. /~.:m ' 

10 
An additional pr~:1.sure of 1 OK 5 g/cm 1 at the presem level of the Dead Sea will result 
after 15 years when this level Is rai sed by I Om. This leads to a lund ward movement 
of the salt-fresh water Interface which, In turn leuds to a rise In the fresh 
jJroundwater level. 

The Interface movement 

The volume of the portion of the aquifer which will be occupied by Dead Sea 
water after raising, considering the eastern shore of the Dead St:a with u length of 1!0 
km. as the site of Intrusion and taking I 0 km. as the width at which the Interface is 
bounded by an Impervious bottom (this assumption Is justified when one considers 
the different geological cross sections of Quennell (1959) and Bender (1968) , can 
be approximated according to the Ghyben-Herzberg equation. This Increase In 
pressure Is 1085 g/cm 1 corresponding to a fresh water column of 10.85 m. The vo
lume of the: portion of aquifer = 80 x 10 3 x 104 x 10.85 = 8.68 x 10~ m3

• 

The Interface goes down to about 2000m !lnd the shore Is enlarged by an average 
of 333m giving an aquifer volume Intruded by Dead Sea water due to horizontal shift 
of80 x 103 x 2 x IO j x 333 = 53.28 x 10m3 addedcogether glveavolumeof61.96 x 
lOY m 1 • 

The poruslty of the aquifer uverages 17% (Salameh und Udulft 1984). According 
to Schneider et . at., (1983), It ranges from 25 to 30%, and, du to pore space 
reduction, from 15-24%. To be on the safe side a porosity of 10% Is used in this 
paper. The volume of water fllllng the above calculated volume of the aquifer portion 
cquuls 61 .96 x 1 o• x 10% = 6. 196 x I oK m1. The same boundary conditions as 
above are used to calcultate the Interface depth accordln~ to the equut ion de veloped 
by Glover (1959): 

z 
~---------------

..; _ 2q X + ( q ) 2 

(y s- Yr)k (ys - Yr)k 
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where: Z Is the depth of the interface at point X, measured landward from the 
shore line. 

In the case of the Dead Sea the coordinate origin Is taken along the ra ised level for 
the X-coordlnate and alona the present shore line for the Z-coordlnate (FII!. J 1. 

For calculatln& the aquifer area which will be occupied by lntrudlnl! Dead Sea water 
due to the shill In the Interface, the above equation from Glover (I CJ 59) should be 
uccommodated to the geometry of the s horelines and Integrat ed accordingly. The 
present depth of the Interface (Fig . 3) c4uals : · 

r ~=--"iQX"--+----7------, + R 

(ys - Yr)k (y s - Yrl l k l 
And for the raised level (Fig. 3): 

j 2q (X-Xr) 

+ 
(Y,-Yr (ys - Y~~k ~ 

where: Xr equals the average width of the coast which will be covered due to the 
rising sea level. R Is the emount by which the sea leve l will he raised. 

Aller Integration: 

Jzp dx + + R X 
3 X 2q 

and 

3 X 2q 

- -·----·· - - ------- -·-·----"! 
~~ 2qX 2qXr q 1 

, 

(~- Yr)k - (ys - Yr)k + (y s- Yrllk,) + XrX 
Jzr dx 

To calculate Xr the avera&e slope along the eastern shore of the Dead Sea Is measured 
from available topographic maps and found to be 3%. 

Xr 
lOrn. 

3% 
- 333m. 

The limits of lntesratlon of X are chosen as 333m., new shoreline, and IO,OOOm . , 
the boundary at which the Interface Is bounded by an Impervious bottom. 

The area between the X-coordlnate, Y "" 0, and the present Interface from x = 333 to 
x = IOOOOm Is 

AI 
2(y • - Y r>k 

6q 
+ 
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UTecls or ralslnll lhe Uead Sea water level on Jordun'• 11roundwatcr resources 

2( y. - y f )k 

6q 

2.53987 x to• m 1
• 

+ 

The area between the x-coordlnate, y = 0, and the shifted lnterfuce from x = 3 3 3 to x 
to•m Is: 

2(ys - yf )k I[- 2Q X 
10' 

--1 
24 )( JJJ 

q J A2 = + ( )
1 +10 1 

3 X 2 Q (ys - yf)k (ys yf)k (ys yf)k 

2(ys -yf)k 2q X 333 ; -- - iq X 43 

Cys - yf)k 
+ ( )2 Q J +333Xr 

3 X 2q (ys yf)k (ys yf)k 

= 1,77219 X 1 0" 
AI - A2 = 766 X 10 ) m! 

The volume of the aquifer at a length of I!Okm. equals: 61.28 x 1 o• m ' 

Using the above given porosity of 10%, the volume of fresh water which will be 
substituted by -sea water Is 6. 128. 108 m'. The Ghyben-Herzberg approximation 
gave 6.198 x 101 m ) , this Is a very good correspondence with a difference of only 
1.1%. 

Effects on aroundwater resources 
The raising of the Dead Sea level, leading to the landward movement of the 

Interface, must be balanced In the fresh water area by a higher wuter level. Since 1 he 
additional pressure at the surface of the Dead Sea as calculated above equals 1085 
&fcm 1 , the equivalent rise In the fresh water level must equal 

1085 
= 10.8.5 m. 

100 

The aquifer at the present sites of discharge Is highly leached. The smaller 
particles of the semi-Indurated sandstone are loosened and removed by the action of 
hot water dls1:hurges . LarKe, widened water paths developed along ns!>ures und 
joints. All thl!> resulted In high permeablllly of lhe aquifer at the water tuble level 
and above lt. This elevated premeablllty will not allow the water level In the aquifer 
to rise. The additional 11mount of groundwuter will leuve the aquifer at its saturated 
top. Therefore, no equilibrium corresponding to the above calculated interface will 
be achieved, and the Interface will move further landward until a new equilibrium 
corresponding to the Initial fres;. water level In the aquifer &nd to the raised Dt:ad 
Sea level Is reached. If this situation Is Illustrated by a communicating vessl!l 
scheme ~tnd using the Ghyben-Herzberg approximation, then the following equation 
descrlb'es the two equilibrium states (Fig. 4): 
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2. h
1

, yf + h
3
rys = h 1ys + 10 x 1.085 lifter raising . 

3. h ,- h
1
, = h

3
, - hr (for ·nomenclature· refer to Figure 4) . 

After rearranaina, subtractln& eq . I from eq. 2 and substituting eq. 3 In the result, 
we obtain 

h
3

, - h3 (ys - yf) = 10.85 · 

and hence h,3, - hJ = 49.32 m . 

Therefore, the Interface landward movement should account for a water head of 
49 . 32m . , and not only 10.8Sm. as calculated above . Thi s head of water multi pli ed 
by the extensions of the Interface and the porosity of the aquifer should give us th e 
amount of water which will be forced to leave the aquifer due to rai sing of Dead Sea 
level, and it equals: 

head x length x width x porosity 
49.32m. X 80km. X 10km. X 10% = 3.95 X 109 mJ 

If the Glover equation (developed above) is used for the same condi tions. then the 
amount of water Is calculated according to the following equations: 

---=--::-::---- -----::----:::----· . ---- ---, 

f 2(yx - yf )k r: 2qX 2qXr q 1 
) 

(Zr + 49.32)dx = - V t( + · 
3 x 2q (ys - yf)k (y s - yf )k (-ys - yf )1 k1 

In correspondence with A 2 calculated above: 

f x= 104 

A 1eq = x= J3 3 (Zr + 49 )dx = 2.85108 x to• - 0.49 32 x to• ,= 2. 3S 78R x 

10 6 m 2 

A , - A 
2 

eq = 2.96268 x 106 
- 2. 35788 x 106 = 6.048 x 10 5 m 2 

The volume of water= cross sectional area x length x porosity = 6 .048 x 1 o ~ x 8 x 
to• x 10% "" 4.838 x 109 m3 

The difference between the amount calculated using the Ghyben-Herzberg ap
proximation of 3.95 x 109 m 3 and that calculated by Integrating the Glover equ atio n 
of 4.838 x lO"ml Is attributed to the more accurate non-linear approa1:h of Glover. 
The above calculated quantity of fresh groundwater Is going to now out of the 
aquifer during and beyond the ri s ing phase due to the Idleness of the system. Ac
cordlna to Schneider et. al., ( 198 3), the porosity of the sequence dec rease s with 
Increasing depth, and reaches 10% In the Cambrian sandstones. Therefore, It Is not 
expected that an equivalent amount of Dead Sea water will now Into the aquifer. 

Den11ty lncrea1e due to evaporation: 

The quantities of water added to the Dc11d Sea, with a density of I .OB 11./c m ', 
will be calculated after the raising period to a density of 1.085 g./cm 3 as calculated 
above. The concentration process will continue after this period due to the 
evaporation of the Mediterranean water employed to sustain the raised Dead Sea 
level. The added J Om. of Mediterranean Sea water will reach the preser.t 
concentration of the upper portion of Dead Sea water of 1. 22 g./m 3 after s 4 years: 

(1.025 - 1) x =- (1.22 - 1.085) 10 x = 54 years. 
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Further, this Increase will cause another landward movement of the interface and, 

hence, additional discharge of fresh groundwater. 
using the same condluons as above with an end density of 1. 22 g. /em .. for the rai sed 
10m. after (54 -t- 10) = 64 years results In a total amoum of discharged water of: 

(ys - yf)h,r - h ,= 1.22 x 10 

h ,r - h 
1 
= SS.S m press ure head 

A 
1 

aftt:r 64 years = S (Z, t 55.5)d1. = 

2(y S -- ..,l)k f( : 2qX 

, 6q (ys - yf )k 

2qXr 
----- --
(ys - - y f )k 

A , -- A 
1 
{64) 6 . b b b x 10 ' m

1 

Q = 6 . 660 X 10 1 
X I! X 10

4 
X 10% 

5.33 x 10' m 3
• 

CONCLUSIONS 

1. The raising of the water level of the Dead Sea will not only flood exist ing 
structures, such us the potash work s . Hoads, and tourist facilities of the Dead 
St:a area, but It will also have bad consequences on Jordan's l!tuumlwatcr re -

sources. 
2. Increasingly, sallnt: water will Intrude landward along the Dead Sea fres h 

Kroundwater lntcrfact:, and as a result, more fre sh water will be discha rged 

from the upper portions of lht: aquifer. 
3. ln general, tht: whole operation will Involve the substitution of fr esh 

groundwater for hypersaline Dead Sea water. 
4. The actual groundwater resources of Jordan will decrease by approxima tely 6 . 1 

x 10' m1 until an hydrostatic equilibrium Is achieved, and an additional 4.5 x 

10' mJ until a density equilibrium Is reached. 
5. Contemporaweous to raising the Dead sea level, consideration should br give n 

to utlllz1n& the additional discharges from the groundwater resources, and not 
letting these discharges flow unutlllz.ed out of the aquifer and evaporate or flow 

Into the Dead Sea. 
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Effects of the Mediterranean-Dead Sea Canal 
P roject on Jordan'~ Groundwatca· Rcsout·ccs 

,. by Elias Salameh 

The conduit between the M~diterranean and the Dead Sea has hc:t·n a to('tC nf 
interest to many people in the last few year~, and there ha ve hc:en ~.:\ cral 
attempts to set up a water balance fort he Dead Sea. Thc~l· auemph were ma,k 
by non-specialists who reproduced numhers and ideas puhli~hcJ hy ot ht:r~ 

without any interest explaining till: real conditions . Thi~ i~ apJ"':IITtlt from 

Israel's failure to cooperate with the UN delegations and indicat,-~ 1 hat thtx 
balances are built on misleading figures and assumptiom rewiring i11 inco rrect 
conclusions . Their aim was only to attract the attention of the local ma~~ meokl 
and puhlic concern. 

The fact that about 17 billion cubic metres of fresh water were d1vencd ai1d 
prevented from reaching the Dead Sea in the last two decades meam th ,tt tl :n 
arc lost to the Dead Sea through evaporation. But the Dead Sea fo~t nn h· ablll;, 
6 billion m 1• From what source have the remaining lo~~cs been r't'CO\,-e rnP 

This fact, which has not been considered in any of the atlernpt s to ~c: t up a 
water balance, shows the findings to be misleading. It al \o drmo11~ tl att: '. that 1 
water balance is not as ea\y to achieve a\ many nain· peo pk im1gi1ll' 

Generally, any change 111 se.:1 water level is followed by a trart ~ l!Hlll.tlpnt llli, 

during which the flow in the coastal aquifer is unsteaJy an d t hL· im cr l:.u.:c 'l'd ;<, .1 
relevant equilibrium condition. The Meditcrran..:an - lkad Sea ( ·anal '' 
planned to transport water J'rorn the Mcditcrrant·an to the Dead Sea , rh c· l k.td 
Sea level being raised by 10m, from 400 .5 to 390.5 within 12 1u h year' ot 
completion, which i ~ cxpt.:ctcd 111 llJlJU. 

The transitional period will prevail not only until the plan cd \\' .lin In ,·) pi 
'N0.5 is reached, hut will L'llrllrnut.: until a new equilihri11111111 lhl' hydr nd\'lt:lllll c 
process is achieved . 

The /mcrface Configuration 
The interface configuration of -alt and fresh water > tart~. o n th l.' ·; h"'"'· c•r 

beneath the Dead Sea (r ig . I) with a relatively J·n~~h gradic·nt oflll<.:i. n;n, .. ll J , 
then evens out landward where it tends to become horizontal, or ro L'lld at an 
aquiclude (Fig. 2). The nearly horizontal interface is the dert h to which 
precipitated watt>r perculatcs, mixes within the dispers ion zone with intrudin j! 
Dead Sea water and then rise~ along faults to the surface on 1 he w("-tc rn ~ lope~ 

of the Dead Sea. 
The interface configuration ts a funct ion ol the dens ities of the two tlu id 

phases (Dead Sea and fn·sh groundwater), the inland istance from the 
shorelines and the hyJraultc gradient, a~ well as the amount of dt \ Litargl'd 
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The densities ofthe Dead Sea water and fresh water and the fresh water level 
at certain distances from the Dead Sea shores are already known. 

The hydraulic gradient within the Zerka Ma'in area and along its longitude is 
4%. To the west it increases gradually to give the pattern shown in Figure 2. 

The amount of fresh groundwater in hydraulic equilibrium with Dead Sea 
water which flows to the Dead Sea is calculated as 6m '/s. 

Configuration of 1~ Inter/ace: 
Prom the known methods for the calculation oft he interface configuration of 

salt and fresh water with the available data the approximation of Ghyben -
Herzberg (1888) and the method after Glover (1959) proved to be approximate 
and are used in this paper. 

As a result of raisin~ the D o: ad Sc:a level hy I Om, from 400. S tu 390 . ') hdow 
seal level, the interface adjusting itself to the new potential will move landward 
to achieve a relevant state of equilibrium with a stationary interface ami a fresh 
water flow to the Dead Sea. 

The Ghyben- Herzberg approximation was developed for the calculation of 
the intet face configuration in coastal phreatic aquifers . It assumes static 
equilibrium, hydrostatic pressure distribution of the fresh water and stationary 
sea water. The Ghyben - Herzberg equation for the above conditions is : 
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hs 
= Yfi'Ys - 'Yf) 

hf 

where, hs = depth of salt water column to the interface. 
hf = depth of fresh water column to the interface. 
Y"' = density of salt water. 
Yf = density of fresh water. 

h~ 

for occuni · wurrr with u dt·nsiry of Ul2'i,-
Ill 

40 

hs 
For the Dead Sea water with a density of 1.255, 4.44 

hf 

This show the depth of the interface of Dead Sea fre sh water is only around 
one tenth of the interface depth of oceanic fresh water. 

U!>ing 1 he (I hyhcn - I krzhcrg approximation for the special case of the Dead 
Sea gives the: following equation (Fig . 2) . 

Yiid Ys ::: Yiid Yf + (400.5 + Yfi ) Yf 

where, Yiid depth of point Xi at the interface below Dead Sea 
kvd . 

Yii 
\' iiJ 

= depth of point Xi at the interface helow sea level. 
Yii- 400.5m . 

Yfi elevation of point Xi at the fresh ground water tahk 
with re~ pect to sea level. 

Ys = density of Dead Sea water 1.225g/cm 1
. 

'Yf = density of fresh water lg/crn3
. 

400.5m = Dead Sea level below sea level. 

By rearranging and substituting the densities 

4H8.6 + Yfi 
Yii = ----- is obtained. 

- 0.225 

The imerface on Figure 2 i:. plottcJ u ~ ing the above calculated depth~ , Yii . 
The plot of these value':> ~hows that the interface contiguration tlatr ~1 s 

rapidly landward . 
Another method for tht: calculation of the interface configuration was 

approximated by Glover ( 1959) and Kremer ( 1977) . This approximation is 
given in th<: following equations: 



Elias Sa/ameh 

~ 
Pre'sent incc-rface 

(]]] Area I 

y 
~Areal 

Fie. J: Movement or lnttr(ace lifter raisin~ thr Dead Sea It vel <showin~ the Ot"W art: a 
oc:cuplc4 by .. 11 ••ttr lntruolono. 

ff q2 
Z= +-----
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where, Z =the depth of the interface in a landward lying point (X) in respect to 
sea water level. 

q = the quantity of fresh groundwater flowing to the sea 
per unit length (m2/s). 

K = the permeability of the aquifer for fresh water (m2/s). 

The intersection of the interface with the sea bottom occurs at point X0 . 

q 

2 ('Ys - Yf) K 

.j ~ 
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S~lt water 

prC"u·nl and fut urC" IC"vcl I or l(ruund ...... 

hlr 

prct~C'nl inu:rfa"·c 

fi1 . f : A. model r~:pre10ntln1 rai•ina of Dead Sea level and interface movement by 
conatanl frc•h water lcvcl. 

At the shoreline, X = 0 the depth of the interface equals 

q 
Zo = 

(Ys - Yf) K 

Since the main interest in this study is in the landward movement of the 
interface and not the interface configuration itself and because of the 
complexity of the boundary conditions accompanying the solution of the 
partial differential equations of continuity, the Ghyben- Herzberg approxima
tion and the Glover equations are applied to the present state of Dead Sea level 
of -400.5m and for the raised level of - 390.5. 

The area between both interfaces gives the amount offresh water which will 
be substituted by Dead Sea water. 

Because the calculations involve the densities of the water, some 
considerations concerning the density of the added Mediterranean water 
should be made. After connecting the Mediterranean and the Dead Sea by a 
conduit and transferring the water to the Dead Sea, the level of the Dead Sea, 
according to published data, will be raised to an elevation of -390.5m within 
12-15 years . The evaporation from the water brought to ir equals 1600mm. 

Taking 15 years as the filling period, then the accumulative evaporation 
equals 1.600m x 15 ·"' 24m of Mediterranean Sea water with a salinity of 3.8% 
and a density of I .025g/cm3 • 

The salt content of the 24m water column will be effectively concentrated in 
the remaining 10m which represent the rise in De~d Sc:a level. This makes the 
density of these I Om equal: 
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(l - 1.025) "' 1.085 g/cm 1 

An additional pressure of l0.8Sg/cm1 at the present lcvd oft he Dead Sea 
will result after 15 years when this level is raised by 10m. This lead~ tn a 
landward movement of'the ~alt fresh water interface, which, in turn, leads to a 
rise in fresh groundwater level. 

~ 

The Interface Movement 
The volume of the portion of the aquifer which will be occupied by Dead Sea 

water after raising, considering the eastern shore of the Dead Sea with a length 
the vertical component = 80 x 103 x 104 x 8.68 x 10~m 1 . The interface 
is bounded by an impervious bottom (this assumption is justified when one 
considers the different geological cross sections of Quennell ( I 959) and Bender 
( 1968) can be approximated according to Ghyben - Herzberg equation. The 
increase in pressure is 10.85g/cm2 corresponding to a fresh water column of 
10.85m. 

The volume of the portion of aquifer into which salt water intrudes due to 
the vertical component = 80 x 101 x IO.R'l = R.6R x 109m 1. The interface 
goes down to about 2000m and the shore is enlarged by an average of 1\Jm. 
This gives an aquifer volume with an intrusion of DeaJ Sea water due to 
horizontal shift of SOx JOl x 2 x 101 x 333= 53.28 x 10m 1 added together, givmg 
a volume of 61.96 x 109m' · 

The porosity oft he aquifer has an average of 17% according to Schneider et al 
( 1983), it ranges from 25 to 30% and due to pore space reduction from 15-24%. 
If kaoline commentation takes place it is reduced to Jess than 5%. 

To be on the safe side, a porosity of 10% is used in this paper. The vo lume of 
water filling the above calculated volume of aquifer portion equals 61.95 x I QY x 
10% • 6.2 )( 109m 1 • 

. ,
1 

Th~ ~aple \J:OUPP.~ conditio~s as above are used to calculate the interface 
depth aceording to the equatiOn· developed by Glover ( 1959) · 

I; I I ' I ' ·. I . .. . ~ . . . 
' I . . . ·, 2qX . G q )l I. jllj, 

I' ·• 4"" + 

I •' I :; ,,· ,<"fs, - 'Yf)~ ('Ys - Yf)K I 
I •: 

' where: Z is th~ depth oftht: interface at point X, rrieasured landward from the 
shore lip.e. 1 

•1 • • • • 

In tihe case of tho Dead Sea the coordinate odgin is taken along the raised 
level ' for 'the X .. <L:eiOrdinatc and along the pr~~ent shore line for the Z
Goor<:\i~ate (;Fig. 3). · 

For ¢alc:ulating tl)e aquifer area which will be occupied by intruding Dead 
Sea water due to the shift in the interface, the ahovc equation nfter Glover 
(1959) should be accomodated to the geometry of the shorelines and integrated 
accordingly. The present depth of the interface (Fig. 3) equals : 

h' • 

' I 
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Zp -I 2qX + q2 + R 

'vfNs - Yf)K (Ys - Yf)2K 2 

anct for the raised level (Fig. 3). 

2q (X - Xr) q2 
Zr .: +-----

where, Xr cquab 1 he avaage widrh of t he coa~ t which will be covaed due to sea 
kvcl raisin~ . H 1\ the amoun t by which th~· sea kvcl will he rui,nl. 

After iutcgrauun : 

J 2 (ys- yg) K 
ZpdX = -·---

bq ( 

2qX q1 
) ) 

-----+ +RX 
(ys - yf)K (ys ~ yf)2K2 

and 

f 
2(Ys- Yr)K 

Zrdx= ----
1 X 2q 

f 2qX 

\,(Ys - Yf)K 

2qXr qJ )l 
+ + XrX 

(Ys - Yf)1K2 (Ys - YflK 

To cakulate Xr thL· average slope along the casrern shore of the Dead Sea is 
mea~ured from avatlablt: topographical maps and it i' found to be 1%. 

!Om 
Xr --=333m 

3% 

The limits of integration of X are chosen as 333m, the new shoreline, and 
IO,OOOm, the limit at: which the interface i~ bounded by an impervious bottom. 

The area hct ween the X -Coord inate , Y = 0 and the present interface from x 
= 333 to x = lOOOOm i' 

AI= 
2CY' - Yf)K '( 2q X 10·1 

6q \:(Ys - Yt )K 

2(Ys - YOK h( 2q x 333 

6q J\ (Ys - YJ)K 

= 2.539870 x J()<>m 1 

2q ) I 
+ + l~x 10 

(Ys· - Yf) 2K2 

+ +331x 10 
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The area between the x- coordinate, y = 0 and the shifted interface from x = 
333 to x • 104m is: 

A2= 
2('Ys - 'Yf)K [ 2q x 1 o·• _ 2q x 333 

~'Ys - Yf) K ( ys - 'Yf) K ( 
q ] ' 1 - - -- + 10' 

+ (Ys - Yt)K 

3 X 2q 

= 1.77219 x 1()6 m2 

""[ 2q X 333 

('Ys - Yf)K 

A1 - A2"' 766 x 105m2. 

2q X 333 ( q ) 2] 3 
(Ys - Yf)K + Cis - 'Yf)K 

The volume of the aquifer by a length of 80km = 61.28 x JOYmJ 

+ THXr 

Using the above given porosity of 10%, the volume of fresh water which will 
be substituted by sea water is 6. 128. 109m '. The Ghyhcn - Hcrzhcrg 
approximation gave 61.98 x 109m2, which represents a very good 
correspondence with almost no difference. 

Effects on the Groundwater Resources 
The new potential created by raising the Dead Seal level , which leads to the 

landward movement of the interface, must be balanced in the fre~ h water arcn 
by a higher water level. Since the additional pressure at the surface: of the Dead 
Sea, as calculated above, equals 10.85g/cm2, the equivalent rise in fres h water 
level must equal 

10.85 

100 
10.85m. 

The aquifer at the present sites of discharge is highly leached . The smaller 
particles of the semi-indurated sandstone are loosened and removed by the 
action of hot water discharges. Large widened water paths developed along 
fissures and joints. All this resulted in high permeahilitics of the aquifer at 
water table level and above. These elevated permeabilities will not allow the 
water level in the aquifer to rise. The additional amount of groundwater will 
leave the aquifer at its saturated top. 

Therefore, no equilibrium corresponding to the above calculated ihterface 
will be achieved and the interface will move further landward, until a new 
equilibrium corresponding to the initial fresh water level in the aquifer and to 
the raised Dead Sea level is reached. 

If this si~uation is illustrated by a communicating vessel scheme and using 
the Ghyben- Herzberg approximation, then the following equation describes 
the 

1
{\fO equilibrium states (Fig. 4). 



ls1 
eJ; 

11 
JrT 

~II 

~~~ 

w. 
th· 

Tl 
In 
Fe 
At 
cal 

inc 
D< 

pal 

Ab 

Eg: 
(M 
anc 
Sin 
the 

1\ u 

1 at 

t&Ui 

Un 
gnu 

~ 

42 Israel & Arab Water 

1. h,- h ,r == h ,r- h, (for nomenclature refer to Figure 4) 
Aft« tea<<angong, '"""""'"" cq I huon tq . 2 and '""'tituting eq. 3 in the 

result, we ohtain 

h3r- h3 ('Yf- 'Ys) == 10.85 

and hence h3r - h3 == 49.32m. 
Thorefote, the int"!ooe landwatd movoment <hould ao<ount lot a woter 

head of 49.32m, and not only 10.85m as calculated above. 
This head of wat« multiplied by the extensions of the intorfa« and the 

poro,ity oft he aq u ifcr <hoo ld give us the amount of w~t~r which will be foteed 
to leave the aquifer due to the vortical component of rOISI ng the Dead Sea level, 

and it equals: 
head • length • width • poro<ity" 49.32 • 80km • 10% " , .95 x Hl'm' 

If the Glove< equation (developed above) i' u"d for the <am< conditions, 
then the amount of wat« i' calculated according to the following equations' 

f 
2('(x - Yf)K ( 

2
qX 

(Zr + 49.32)dx = -3 x 2q (Ys - yf)K 

In correspondence with A 2 calculated above: 

f
-x== lQ4 A,eq " (Zr + 49)tbt • 2.85108 • 10'- 0.4932 x Ill' " 2.35788 • IO'm' 

X= 333-
A

1 

- A
1 

e~:: 2.96268 x 106 - 2.35788 x 10
6

:: 6.043 x 10sm2 

The volume of water:: cross sectional area x length x porosity:: 
6.048 X 105 X 8 X 104 X 10o/o:: 4.838 X 109ml 

The difference between the amount calculated using the Ghyben - Herzberg 
appwximation of 3.95 x lO'm' and that calculated by integrating Glover 
equation of 4.838 x IO'm' i' atttibuted to the mote accurate non-lineat 

approach uf Glover . The aboVO calculated quantity of! rc> h gmund wat« i' going to !low out of 
th< aquif" Juring and beyond the rai,ing phase due to the vortioal ,hift and 

idleness of the system. According to Schneider et al ( 1983), the porosity of the sequence dec, eases 
with incn:asing depth and reaches 10% in the Cambrian sandstones. Therefore, 
it is not expected than an equivalent ·amount of Dead Sea water will flow into 

the aquifer. 
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Density Increase due to Evaporarion 
The quantities of water added to the Dead Sea with a density of 1.025g/cm 1 

will be calculated after the roi~ing period to a density of I.ORSg/ cm\ as 
calculated above. The concentration process will continue aftc:r this penod due 
to the evaporation of the Mediterranean water which will be brought to sustain 
the raised Dead Sea level. 

The added lOrn of Mediterranean Sea water will reach the present 
concentration of the upper portion of Dead Sea water of 1.22g/ em 1 after 54 
years: 

(1.025- 1) x = (1.22- 1.085) lOx = 54 years . 

This density increase will also cause a further landward movement of the 
interface and hence additional discharges of fresh groundwater. 

Using the same conditions as above with an end density of I . 22g/ em 1 for the 
raised !Om after (54+ 10) = 64 years results in a rota! amount of dischaq~cJ 
water due to vertical shift of: 

h1r- h1 = 55.5m pressure head 

A7 after 64 years = 

f 
2(ys-yf)K 

(Zr + 55.5) dz = ----1 
6q 

= 2.29608 )( 106 

A1-A2(64) = 6.666 ><105m2 

( 

2qX 

(ys- yg)K 

. -' Q = 6.666·)( 10~ )( 8 )( 104 ><10% 
• 5.33 )( 109m 

2qX r 

(ys- yf)K 
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Conclusions 
I. The raising of the Dead Sea level not only involves flooding the potash 
works, roads, rouri~ti..: facilities, ami some agricultural lands, bur above all it 
affects the groundwater resources of Jordan. 
2. Saline water will intrude more and more landward along the Dead Sea 
fresh groundwater interface and this will result in more fresh water being 
discharged from the upper portions of the aquifer. 
3. In general, the whole operation involves the substitution of fresh 
groundwater hy hyper~uline dcud Seu wutcr . 
4. The actual groundwater resources of jordan will decrease by some 6.1 x 

J09rn1 until hydrostatic equilibrium is achieved and additional 4.5 x l09m1 until 
density equilibrium is reached. 
5. While considering the raising of the Dead Sea level, attention should abo 
be given to utili.zing th.: additional discharges from the groundwater resources, 
and not letting these discharges flow unutili.zed out of the aquifer and evaporate 
or flow into the Dead Sea. 
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