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Numerical models in designing tube-well irrigation 
and drainage of an aquifer with a fresh I salt interface 

W.K. BOEHMER* 
W. MUHLENBRUCH* 

ABSTRACf 

This paper describes the determination of the drainable surplus and the design of a field of skimming 
wells pumping fresh water for irrigation, in combination with deep wells pumping saline water for drai
nage, in a part of a large irrigation scheme in the Indus basin of Pakistan. Groundwater th_ere occurs 
in highly permeable alluvial deposits more than 1000 m thick and filled with saline water, partly replaced 
down to a depth of 300 m by fresh water in strips 5-15 km wide along both sides of the Indus and 
Panjnad rivers. Irrigation with river water and seepage from irrigation canals causes severe problems of 
water logging and salinity. 

Groundwater is being abstracted by more than 600 deep tube wells to lower the water table. This has 
resulted however in fast deterioration of the groundwater quality due to upconing of the fresh-/saline
water interface to within filter depth of the tube wells. The authors carried out a model study to 
optimize the abstraction of groundwater in order to meet the drainage requirements and the greater 
demand for irrigation water, while maintaining an acceptable quality of fresh groundwater for irrigation. 

This study was carried out with two numerical models. First the drainable surplus and its division over 
the irrigation area under historical and future irrigation regimes was determined using a one-layer finite 
difference model. This model was calibrated using historical series of water-level and water-balance 
data. 

In a second study the Badon groundwater model was used to determine the effect of pumping on the 
fresh-/saline-water interface and to find an optimum division of the drainable surplus between skimming 
wells pumping fresh water and deep wells pumping saline water for drainage. 

The model was built up using the calibrated aquifer characteristics, water-levels and water-balance data 
of the first model study, and was calibrated using data on water quality from different times and a map 
of the interface derived from well data and a goo-electrical survey. It proved possible to reproduce 
quality and interface data properly after the calibration process. 

The second model study led to a new well-field design. This design includes the installation of more 
high-capacity drainage wells in the saline-groundwater zone, no pumping in the transition zone between 
fresh and saline groundwater, reduced pumping by shallow, low-capacity skimming wells in the area with 
a shallow fresh-groundwater zone, and increased pumping and export of water through the irrigation 
canals in the northern part of the area with a deep fresh-water zone and high seepage rates from the 
canals. 

* W.K. Boehner Ph.D and W. Muhlenbruch M.Sc., Euroconsult, P.O. Box 441, NL-6800 AK Arnhem, The 
Netherlands. 
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I. INTRODUCTION 

The Indus basin of Pakistan is very large and 
deep alluvial basin formed by the Indus river and 
its tributaries. Irrigated agriculture in the Indus 
plain has dominated the economy of the country 
since a very long time. Originally irrigation was 
limited to strips on both sides of the rivers. 
Water for irrigation entered the area only during 
the summer months when river levels are high 
through a network of partly natural channels. In 
the ninteen thirties irrigation increased enormous
ly with the construction of barrages in the rivers 
and networks of irrigation canal transporting the 
river water far inland. 

More recently even more water for irrigation 
became available for irrigation with the construc
tion of large dams and reservoirs in the river 
system. The application of more water for irriga
tion caused a general rise of the water table in 
the irrigated areas resulting in large-scale water
logging and salinization of the soils. Since the 
nineteen seventies large drainage projects are 
under construction in order to lower the water 
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tables and reclaim the saline soils. In many cases 
drainage by tube wells is the most economic 
solution due to the very high transmissivity of 
the alluvial aquifer. 

Groundwater in the Indus basin is saline with the 
exception of 5 to 15 km wide strips on both sides 
of the rivers where fresh groundwater is found 
on top of saline water up to a maximum depth of 
300 m near the river. Water abstraction from 
wells in the fresh-water zones has led in many 
cases to pumping of brackish water due to upco
ning of the fresh/saline interface. The ground
water-model studies described in this paper were 
aimed at optimizing the amounts of fresh and 
saline water pumped up for irrigation and drai
nages while maintaining an acceptable water 
quality for irrigation. 

We used the first model study for determining the 
drainable surplus and its division over an irriga
tion scheme of 678.000 ha, known as SCARP VI, 
under present and future irrigation conditions. 
The irrigation area lies in the south of the Punjab 
region at the left bank of the Indus and Panjnad 
rivers, bounded to the east by the Cholistan 
Desert, as shown in fig. 1. 

l'llNJNAO BARRAGE 

BOUNDARY SCARP VI 

ROAD 

RAILWAY 

CANAL 

RIVER 

LOCATION OF UNIT I 

Fig. 1. Layout of the study area. 
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The area has been divided into 5 development 
units, Unit I to V, separated from each other by 
main irrigation canals. We shall confine ourselves 
to the results of the model study for Unit I. 
Unit I, with an area of 88. 000 ha forms the 
northern tip of the irrigation scheme. It is 
bounded to the west by the Panjnad river and on 
the three other sides by main irrigation canals. 
Seepage from the canals and the river causes 
extra severe drainage problems that can only be 
solved by the installation of a large number of 
irrigation and drainage tube wells. Pumping of 
the required quantities of water for drainage have 
caused a considerable deterioration in water 
quality in a large number of wells. This is due 
to the limited depth of the fresh-water layer 
causing saline water from below the fresh-water 
zone to enter the well due to upconing. 

The second model study, applied on Unit I only, 
was carried out in order to : 

- simulate the effect of pumping on the fresh 
groundwater body; 

- find out how the water to be pumped for con
trol of the water table can best be divided into 
fresh groundwater suitable for irrigation and 
brackish groundwater .for drainage; 

- determine the optimum filter design and ab
straction rates of skimming wells pumping water 
only from the fresh-groundwater zone. 

BOONSTRA & DE RIDDER (1981) described the 
finite difference model applied for the determi
nation of the drainable surplus under the diffe
rent development alternatives of the first model 
study. VERiWIJT (1985) described the basic 
equations and principles on which the Badon 
groundwater model presented here was developed. 
Badon was used to simulate the movement of the 
fresh/saline interface during the second ground
water-model study. 

One of the test cases for the Badon model was 
the proper simulation of skimming-well behaviour. 
Skimming wells are wells designed to abstract 
fresh water from an aquifer in which the fresh 
water is underlain by saline water. The existen
ce of saline water below the fresh water implies 
that tube wells installed for extracting fresh 
water may quickly become saline because of the 
saline-water upconing from below and entering the 
filter. 
The depth and discharge of skimming wells have 
to be limited in accordance with the thickness of 
the fresh-water layer, the salt content of the 
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fresh and saline water, the radial and vertical 
permeability and the vertical recharge of the 
aquifer. The relationships between the different 
parameters are complicated and no reliable analy
tical solution is available. BENNETT et al. (1968) 
made an electric-analog simulation model for a 
fresh-water aquifer of varying depth with uniform 
but varying vertical recharge for wells with 
varying penetration depth. They developed a 
rather complicated and laborious trial and error 
solution with graphs for the design of skimming 
wells. BOUMANS (1984) processed these graphs 
into a number of empirical equations and a compu
ter program with which the maximum permissible 
discharge and drawdown of skimming wells can be 
easily calculated with similar accuracy and for 
more situations. 

As stated before, this skimming-well problem was 
one of the test-cases for the Badon program 
developed and applied to the second model study. 
The results of both methods are in close agree
ment with each other, from which we concluded 
that reliable results may be expected from apply
ing the Badon groundwater model in optimization 
of fresh-groundwater abstraction from an irriga
ted area with a fresh-groundwater body underlain 
by saline groundwater. 

2. HYDROGEOLOGY 

The study area is part of the Indo-Gangetic 
plain, formed by the filling up of a geosyncline 
created during the orogeny of the Himalayan 
mountains. Most of the alluvial material carried 
down by the rivers was deposited during the 
Pleistocene in a marine environment. 

2.1. Lithology 

Logs of 36, 100 to 400 m deep test wells and 
hundreds of production wells show that the 
alluvial deposits are for 70 to 90 % composed of 
medium-sized sand. Very fine sand, silty clay 
and loam are found as discontinuous layers or 
lenses especially in the upper part of the geolo
gical profile. Coarse sand is also found in lenses 
mainly at greater depths in the borehole logs, 
which may indicate that the alluvial deposits 
become coarser with depth. This tendency has 
been confirmed by the results of pumping tests 
where drawdown data from shallow observation 
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wells yielded lower permeabilities than from the 
deeper ones, as well as by the permeability 
values resulting from the calibration process of 
the groundwater model, which were usually found 
to be higher than the values derived from pum
ping tests. 
The total depth of the alluvial deposits has never 
been determined by drilling. Analyses of pum
ping tests by the Hantush method for partly 
penetrating wells (HANTUSH, 1961) revealed an 
average thickness of 965 m. 

In general the topography slopes from north to 
south obliquely away from the river. Levees, 
bars, channel infills, basins, meander scars and 
backswamps, the typical landforms of a river 
landscape, are very important for the local topo
graphy. The combination of very thick and 
permeable alluvial deposits and the topography 
determine to a great extent the division of the 
drainable surplus over the area. 

2.2. Aquifer 

The absence of continuous clay layers in the 
geological formation indicates that the alluvial 
deposits form an unconfined aquifer as far as the 
regional behaviour is concerned. In some places, 
however, semiconfined conditions may prevail due 
to the presence of clay layers. The following 
hydraulic characteristics have been derived : 

- Permeability values of the aquifer, derived from 
analyses of pumping tests on partially penetra
ting wells by the Hantush method and the 
interpretation of sieve analysis from test wells, 
lie between 17 m/d and 65 m/d. 

- The thickness of the aquifer derived from the 
pumping-test analysis lies between 836 m and 
1087 m with an average value of 965 m. 

- The storage values derived from the pumping 
tests are in the order of 0, 03. They are much 
lower than the specific yield values expected 
from the soil descriptions and used in the 
groundwater model. Specific yield values 
derived from soil descriptions increase with 
depth, e.g. 14 % from 0,5 - 5 m, 18 % from 5 -
12 m and 27 % for depths greater than 12 m. 

- Pumping-test results also revealed an anisotropy 
of 25 for the upper section of the aquifer. 
This value is of no importance in the groundwa
ter-model study but is of great importance in 
drainage design. 
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Before full-scale operation of the irrigation system 
started in the. 1940s, the groundwater table was 
virtually in equilibrium, showing only seasonal 
fluctuations. The depth of the water table in
creased gradually in an easterly direction from 2 
to 3 m near the river, 6 to 10 m at the eastern 
border of Unit I to more than 15 m in the Cholis
tan desert. At that time recharge occurred 
mainly from the rivers and during summer by 
seepage from inundation canals and irrigation 
losses. Abstraction from open wells during 
winter and natural groundwater flow were suffi
cient to keep the water table at depths below the 
surface, which prevented waterlogging. Since 
the large SCARP VI irrigation scheme came into 
operation in 1940 and large quantities of irrigation 
water entered the area from the Panjnad barrage 
the water table rose in approximately 25 years 
time by up to 2 m in a 15 km wide strip along the 
river and by more than 6 m at the eastern border 
of Unit I. This has resulted in very high water 
tables with depths of less than 1 m in approxima
tely 40 % of the area and between 1 and 2 m in 
the rest of Unit I. Infiltration is caused by very 
high seepage losses from main irrigation canals 
and field losses of irrigation water. Installation 
of more than 600 large tube wells pumping at 
rates between 30 and 75 1/s has caused some 
decline of the water table during the last three 
years. The much bigger rise of the water table 
near the desert than along the river during the 
last decades has resulted in a change of the 
original flow direction from southeasterly obliquely 
away from the river to a more southerly direction 
parallel to the river, resulting in a decrease of 
natural drainage towards the desert. 

2.3. Water quality 

Fig. 2 shows that Unit I can be roughly divided 
into two groundwater-quality zones, a narrow 
zone west of the railway line, where water is 
unfit for irrigation because of its high salinity 
and the other zone east of the river and the 
Panjnad irrigation canal, where fresh groundwater 
is found up to varying depths. Some brackish to 
saline patches are found in the central part as 
well. Normally, fresh groundwater in Unit I has 
electrical-conductivity (EC) values between 0, 7 
and 1 mS/cm. Fresh groundwater with EC values 
less than 0, 5 mS I em is found in the western part 
of the area as seepage water from the canals. 
The fresh-groundwater layer is of limited depth, 
and saline groundwater is always found under the 
fresh-water. layer. The saline water forms a 
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hazard for the quality of irrigation water that is 
pumped up by irrigation tube wells in the fresh
water zone, if it reaches the well by upconing of 
the fresh/saline interface. After the installation 
of 623 high-capacity tube wells between 1976 and 
1978 the water quality deteriorated considerably. 

Fig. 3 shows the EC map of January 1980 after 3 
years of operation of the wells. During this 
period water quality deteriorated considerably in 
the central area, and 100 of the tube wells were 
pumping brackish or saline water unfit for irriga
tion. Here the fresh/ saline interface lies between 
50 and 100 m as deduced from a geo-electrical 
survey (see fig. 4). The interface lies at a 
depth of more than 120 m in the western part, 
where no problems with the quality of well water 
have occurred yet. Electrical-resistivity logs 
(fig. 5) of two wells pumping brackish water 
show the fresh- and saline-groundwater zones and 
the position of the interface. The peaks of 
higher resistivity occurring at regular intervals 
are the positions of joints between different 
screen sections. Decrease of the filter length by 
partly filling the well and lowering the pumping 
rates are the only remedy for these wells to 
produce fresh water again. 
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3. DETERMINATION OF DRAINAGE 
REQUIREMENTS 

3.1. Conceptual model 

Hydrogeologically, the alluvium in the Indus basin 
forms a very thick anisotropic phreatic aquifer. 
We have schematized it as a one-layer homogene
ous phreatic aquifer because on a regional scale 
anisotropy is of little influence on the ground
water flow. The deeper part of the aquifer is 
composed mainly of medium-sized and coarse sand 
but the upper 20 m contains finer sand fractions 
becoming finer and containing more silt and clay 
closer to the surface. Therefore the specific 
yield of the aquifer depends on the kind of 
alluvium at the depth of the water table. In 
order to simulate this we included three storage 
values and depth ranges at any point in the 
model corresponding with the lithology at the 
particular point in the area. 

CONTOURS OF .. T£RfllCE BELOW! NSI. 1111) .-to-

O. -40 ffiml 
40 -110 r:::::l 
110-120 

)o 120 m 
Fig. 4. Depth of fresh/ saline interface in 1980. 
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Fig. 5. Electrical-resistivity logs of wells pumping brackish water. 

3.2. Numerical model situation is simulated by monthly recharge on 
polygons along the \vestern border of the model. 

The model used to describe the groundwater flow 
is a one-layer numerical model based on the 
finite-difference method. BOONSTRA & DE 
RIDDER ( 1981) describe the mathematical equa
tions used in the model including the assumptions 
specific to this modelling technique, which are not 
repeated here. For modelling purposes we divi
ded the total area of 678.000 ha of SCARP VI into 
169 rectangular polygons, 20 of which fall fully or 
partly within the area of 88. 000 ha of Unit I. 
The influence of the river on the groundwater 

We calculated the monthly recharge using an 
empirical formula derived by previous studies on 
river recharge carried out on the rivers in the 
Indus basin and river levels of the periods con
cerned. The external boundaries of the river 
polygons are closed, the three other boundaries 
of the model are open and head-controlled. 

We selected two historical periods for calibration 
of the model, the periods 1947-1949 and 1970-

1972. During the first period (1947-1949) the 



groundwater table was at a depth of 3 to 4 m 
below the surface, which means that evaporation 
of the groundwater can be ignored. Pumping 
from tube wells was absent as well. For this 
period we calibrated the model on the geohydrolo
gical parameters. For the second period (1970-
1972) we calibrated the model in finding an ac
ceptable procedure to introduce the very impor
tant evaporation factor. Calibration occurred on 
monthly water balance data. Fig. 6 shows sche
matically all water-balance factors of the aquifer 
taken into account in the model study. 

Table I shows the explanation of the symbols used 
in brackets. The table also shows the water 
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balance for two representative reference years 
1949 and 1972 of the two calibration periods after 
completion of the calibration, and the water 
balance under future irrigation conditions. 

We derived the values for all water-balance fac
tors in columns A and B from historical data on 
irrigation, cropping patterns, seepage from canals 
and water levels measured in more than 100 
observation wells from the 1940s onward. The 
recharge values in column C have been calculated 
using data on the future availability of river 
water, seepage from enlarged irrigation canals, 
and expected losses of irrigation water under 
planned cropping patterns. The discharge values 

Table I. Calculated water-balance components in Unit I, 
for 1949 and 1972 and under future irrigation conditions 

(in million cubic metres - MCM - per year). 

Recharge 

Subsurface inflow from the river (RR) 
Subsurface inflow (SI) 
Recharge from main + branch canals R(MB) 
Recharge from distributaries, 
minor watercourses and fields R(DMWF) 
Recharge from precipitation (RP) 

Total recharge 

Discharges 

Abstractions : open wells , tube wells 
Evaporation from fallow lands (Ev) 
Subsurface outflow (So) 

Total discharge 

Change in storage 

1949 
A 

28,6 
27,7 

242,6 
133,5 

15,1 

437,5 

114,7 
43,5 

242,6 

400,8 

36,7 

1972 
B 

20,0 
19,2 

241,2 
154,5 

440,4 

119,7 
137,0 
176,2 

432,8 

7,6 

future 
c 

20,0 
39,1 

365,7 
314,1 

14,8 

753,7 

* 689,4 
30,3 
40,7 

746,7 

7,0 

*Divided over 438,6 MCM/yr of fresh water pumped for direct irrigation (Qp), 114 MCM/yr of fresh 
water to be pumped into main irrigation canals ( Qe), and 136,8 MCM/yr of brackish water pumped into 
drains ( Qd) • 
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so 

Fig. 6. The water balance of the aquifer. 

are the well abstractions required for drainage 
and irrigation. 

Comparison shows a four-fold increase of the 
evaporation of groundwater between 1949 and 1972 
due to the rising water levels. Natural ground
water outflow decreased during the same period 
by 66 MCM/yr due to a more rapid rise of the 
water table in the adjacent desert than in the 
irrigated area and consequently a decrease in 
slope of the water table. The considerable chan
ge in storage in 1949 is due to the rising water 
levels caused by part of the infiltrating irrigation 
water being stored in the aquifer. The very low 
change in storage in 1972 indicates that maximum 
water levels had been reached by that time and 
that most of the water was lost by evaporation. 

The third column shows the water balance under 
future irrigation conditions. Discharge by evapo
ration has decreased again to pre-1949 levels due 
to deeper water levels of between 1, 80 m and 2 m 
below the surface, maintained by increased pum
ping by tube wells for irrigation and drainage. 
The average drainable surplus in Unit I is 2, 5 
mm/d, but it varies from 8 mm/d in the northern 
tip near the Panjnad barrage, where seepage from 
two main irrigation canals is very high, to less 
than 1 mm/d on the natural levee on the east 
bank of the river. The intake of river water for 
irrigation into the canal system increased from 
4400 MCM/yr in 1949 to over 4900 MCM/year in 
1972, and will increase further to 6500 MCM/yr in 
the future. 

4. OPTIMIZATION OF FRESH-GROUNDWATER 
ABSTRACTION 

4.1. The Badon model 

The program Badon is based on a finite-element 
model for interface problems in groundwater flow 
developed by VERRUIJT (1985). The model can 
describe the flow of fresh and saline groundwater 
separated by a sharp interface; this may be 
either in a single aquifer or in a system of a 
shallow fresh-water aquifer separated by a semi
confining layer from a deeper aquifer with fresh 
water underlain by saline water. In this study 
use has been made of the single aquifer option, 
as schematized in fig. 7. 

Fig. 7. Aquifer with fresh and saline 
groundwater. 
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In this case, like in most practical problems, the 
dimensions in the horizontal plane are much larger 
than in the vertical plane. Therefore flow can be 
assumed predominantly horizontal, which justifies 
the Dupuit assumption that the pressure distribu
tion in a vertical direction in the aquifer is 
hydrostatic everywhere : 

ap 
- = - p.g (1) 
az 

in which 

p = the density of the fluid, .p f for the fresh 
water and p for the saline water; 

g = the constants of gravitation. 

The flow in the fluids in the x,y plane is gover
ned by Darcy's law 

+ 
q =- (tc/J,I).V.p (2) 

in which tc is the permeability of the porous 
medium and ll is the dynamic viscosity. 

The combination of Darcy's law, taking into 
account the Dupuit assumption, with the equations 
of continuity for the fluids (eq.3a and 3b) leads 
to the following system of two simultaneous dif
ferential equations, in the variables h and q : 

fresh s.:: = If - V. {(h + 41) .~} - S.~ (3a) 

Bh 2 saline - S.at = 1
5 

- V. {(Ht - h).~} (Jb) 

In the above equations of continuity S represents 
a storativity factor (effective porosity), l.f and I 
are supply functions, representing 11 surf"ace flu:l 
of saline and fresh water into the aquifer, while 
k is the hydraulic conductivity in terms of the 
fresh water. 

Two storage components are taken into account. 
In the first place the storage due to the motion of 
the interface ( a h/ at) , and in the second place 
phreatic storage due to the presence of a free 
surface as an upper boundary ( a ~ I dt) . Elastic 
storage due to soil compression is disregarded. 
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This system of equations should be solved, sub
ject to an appropriate set of boundary conditions 
and inital conditions. For a complete deduction of 
the equations, see VERRUIJT (1985) and MOH
LENBRUCH (1986). 

4.2. Conceptual model 

Although the aquifer is composed mainly of me
dium-sized to coarse sand with finer fractions 
nearer to the surface, we schematized the aquifer 
as a one-layer homogeneous phreatic aquifer with 
an average value for the storage, almost equal to 
the storage factor of the thick main layer consis
ting of coarse and medium-sized sand. We assu
med a constant aquifer thickness of 1000 m be
cause differences in aquifer thickness of approxi
mately 20 m over the area and changes in water 
level of several metres during the calculations are 
practically of no influence on the groundwater
flow and water-level calculations in a 1000 m thick 
aquifer. 

The results of a geo-electrical survey indicate at 
many places a transient zone of brackish water 
between fresh and saline groundwater. In the 
model we neglect this transient zone and assume a 
sharp interface between fresh and saline ground
water. We justify this simplification by the 
relative small thickness (usually less than 10 m) 
of this transition zone. 

4.3. Numerical model 

4.3.1. Model description 

The method used for the analysis is the finite
element method, using a mesh of quadrangular 
elements as described in detail by VERRUIJT 
(1985). 

The program starts from a certain initial state, in 
which all groundwater heads and the position of 
the interface are given, and then calculates the 
head and the position of the interface as a func
tion of time, under the influence of certain boun
dary conditions or the supply or abstraction of 
water. 

Water may be abstracted from or infiltrated into 
the aquifer in the nodes of the finite-element 



Numerical models of an aquifer with a fresh/salt interface 

network (simulating wells) or distributed over the 
elements (which represents infiltration due to 
precipitation or leakage of irrigation canals). 
The hydraulic conductivity and effective porosity 
are introduced as constant values for each ele
ment. 

In this study the densities of both fresh and 
saline groundwater have been calculated using the 
electrical conductivities and temperature of the 
groundwater found during a geo-electrical sur
vey. 

Tube-well abstractions and the screen length of 
tube wells are introduced in the nodes of the 
network. Then, with the help ~f the present 
position of the fresh/ saline interface the division 
of the abstraction in a fresh-water and saline
groundwater component is calculated. Evaporation 
is taken into account as a function of the water
table depth and the soil. All other water-balance 
components presented in fig. 6 have been intro
duced in a similar way as in the previous model 
described above. Free inflow and outflow occurs 
at the boundaries where the fresh-water head is 
controlled. 

4.3.2. Network design 

The following factors have been accounted for in 
the construction of the nodal network for the 
Badon groundwater model : 

- topographical map of Unit I, 
- EC map of the area in 1977, see fig. 2 (several 

nodes have been placed on the ·contour lines), 
- location of tube wells, 
- layout of the irrigation system, 
- boundary conditions. 

The nodal network of the Badon model consists of 
164 nodes and 148 quadrangular elements. The 
ideal solution, in which every node represents 
one of the 623 tube wells, is impractical due to 
excessive calculation times. Therefore, each of 
the 63 nodes in the well field represents approxi
mately 10 wells. In some places this leads to a 
higher upconing of the fresh/salt interface at the 
node than would have been the case if every node 
represented one single tube well. 63 extra nodes 
are for refinement of the network for a better 
simulation of the' electrical conductivity map of 
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1977, and the fresh/ saline interface. River 
recharge from the Panjnad river takes place in 8 
nodes at the northwestern edge of the model, see 
table I. 22 external nodes with a constant fresh
water head and interface depth throughout the 
calculation period, simulate the inflow and .outflow 
over the boundaries of the model · as given in 
table I and determined by the first model study. 

4.4. Calibration 

From the beginning, the Badon groundwater model 
of Unit I reproduced the same water-level beha
viour and water balance as the first groundwater 
model, owing to the use of the same input data 
like aquifer geometry, aquifer characteristics and 
water balance. Therefore calibration of the model 
had to be aimed only at a proper simulation of the 
fresh-/ saline-water interface and the division of 
pumping over fresh and saline groundwater to 
reproduce the historical salinity maps.· We used 
the period 1977-1980 for calibration of the model, 
for the following reasons 

- tube-well extractions are known; 
- an interface-depth chart of 1980 (see fig. 4) is 

available; 
- three EC-maps are available, two of which are 

shown in figs 2 and 3 . 

The interface depth of 1977 before pumping 
started, which is very important for the calibra
tion, is unknown but was reconstructed using 

- the interface-depth map of 1980; 
- the change in groundwater salinity over the 

period 1977-1980 in the upper 50 m, known from 
the three EC maps; 

- the pattern of tube-well abstraction, the filter 
positions of the tube wells and the layout of the 
irrigation canals. 

First, the EC value of the well water was deter
mined by combining the EC values of both fresh 
and saline water, the location of the interface and 
the depth of the well screens at every nodal point 
in the model. Then, the result of the calcula
tions was compared with the available EC maps 
and interface map of 1980. This type of calibra
tion, using only one set of historical data, was 
possible only because · all other input parameters 
of the model, with the exception of the interface 
depth, had already been determined in the cali
bration runs of the finite-difference model. 
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Furthermore, interface changes proceed very 
slowly, so that the interface-depth situation of 
1977 yielding the EC map of that time (fig. 2) 
could be reproduced (fig. 8) after only a few 
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calibration runs. Furthermore, the calculated EC 
map of 1980 of .fig. 9 compares very well with the 
observed EC map of fig. 3. 

c:::J OD•I.5mllcm 
t::::l 1.!1•10mllcm 
ED ,. li.Omllcm 

Fig. 8. Calculated electrical conductivity of groundwater in July 1977. 
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Fig. 9. Calculated electrical conductivity of pumped groundwater in July 1980. 



Numerical models of an aquifer with a fresh/salt interrace 

ICHANIELA • 

o ~----~~----~~~o~--~~~•--__:20'~ 
SCALE 

CJ :~;:A~:~~R 
C!} ~~~~::A!~J:R 

171 NC:IIY ANNUAL ABSTRACTION 
IN MILLION C:UIIC 
METRES PER YEAR 

1~9 

Fig. 10. Well-field layout designed with the Badon groundwater model. 

4.5. Salt-/fresh-water abstraction and 
tube-well design in unit I 

After calibration of the model by using available 
data of the period 1977-1980 a supplementary 
study was carried out to test the model for 
design purposes. The following design criteria 
for irrigation and drainage of the area, used also 
in the first model study, were taken into ac
count : 

- a fixed layout of the irrigation network; 
- future aquifer recharge and well-abstraction 

data as presented in column C of table I; 
- a minimum depth of 2 m for the groundwater 

table at the eastern boundary of Unit I where 
shallow groundwater is brackish; 

- a groundwater table of 1,80 m below surface 
level in the rest of the area where shallow 
groundwater is fresh; 

- EC values of the water pumped from the wells 
used for irrigation purposes must not exceed a 
value of 1,5 mS/cm. 

The following options have been calculated with 
the Badon groundwater model, with the following 
results. 

(1) Replacement of the wells, especially in those 
areas where pumped water became brackish 
after two years of pumping, by a larger 
number of tube wells with shorter filters and 
smaller pumping rates but with the same 
total abstraction of fresh groundwater by the 
well field. 

The calculations showed that the use of tube 
wells with shorter well screens and lower 
pumping rates does not prevent the deterio
ration of the water quality of the pumped 
water. Only the moment of deterioration is 
retarded. It should be noted, of course, 
that if each node would represent one well, 
the results would differ somewhat from the 
present results. 

(2) The combined installation of deep wells, 
pumping saline water from below the fresh
water layer, and small-capacity shallow tube 
wells pumping fresh water in the same well 
field. 

High-capacity deep tube wells pumping saline 
water from below the fresh-water body, with 
the shallow wells simultaneously pumping 
fresh water, leads to an even earlier deteri-
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oration in the water quality of the shallow 
wells than in the first alternative, when no 
deep wells are installed. This can be ex
plained by the increase of the total abstrac
tion rate and an extra lowering of the water 
table, resulting in an increased inflow of 
saline groundwater towards the well field. 

(3) The third option, which proved to be the 
only one satisfying the design criteria, 
involves the following well-field design (see 
also fig. 10) : 

- installation of more high-capacity deep tube 
wells for drainage in the saline-groundwater 
zones in the southern and eastern part of 
the area with a total capacity of 303 MCM/ 
yr, in order to keep the water table at 2 m 
below the surface; 

- two zones without tube wells in the transi
tion zone of the central part between fresh 
and saline groundwater, with EC values 
between 1, 5 and 3 mS I em, achieved by 
putting the existing wells out of action; 

- replacement of the high-capacity tube wells 
with filters of 55-75 m and pumping capaci
ties of 40-80 1/ s by low-capacity shallow tube 
wells of 15-30 1/ s and . screen depths of 
42,5-47,5 m together with a substantial 
reduction of the total well abstraction from 
275 MCM/yr to only 56 MCM/yr in the central 
part of the area, where the depth of the 
interface is between 70 and 100 m; 

- installation of more high-capacity deep tube 
wells in the northern tip of Unit I and 
increase of the annual abstraction in this 
area from 162 MCM/yr to 281 MCM/yr. AI 
the extra fresh water pumped must be 
exported out of the area by pumping it into 
the irrigation canals. Abstraction of fresh 
water for irrigation in the western part of 
the area remains as it was at 180 MCM/yr. 

5. DISCUSSION 

In the original irrigation and drainage design 
(table I, column C), well abstraction was deter
mined so that groundwater levels matched the 
criterion of 1, 80-2,00 m below the surface. 
Pumping in the fresh-groundwater zone yielded 
some 439 MCM/yr of water for irrigation, and 
excess fresh water of 114 MCM/yr was pumped 
into irrigation canals and exported outside the 
area. Furthermore, 137 MCM/yr of brackish 
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water was pumped into drains. 

Field experience with tube wells as well as the 
second model study with the Badon groundwater 
model showed that indiscriminate pumping in the 
fresh-groundwater zone leads to deterioration in 
the water quality in large areas of that zone. 
The first model study yielded the pump require
ments and well field for_ drainage and irrigation 
needed to achieve a water-table depth of 1,80 m 
in the fresh-groundwater zone and 2 m in areas 
with saline groundwater. The second model 
study, with the Badon groundwater model, resul
ted in the redesign of this well field taking into 
account the depth of the fresh/saline interface, 
water quality and filter depth in combination with 
pumping rate and recharge. The Badon ground
water-model study showed that a solution cannot 
be obtained by (1) pumping of the same quantity 
of water in the same area, but divided over more 
smaller tube wells with lower pumping rates, nor 
by (2) the combined pumping of fresh water from 
shallow small-capacity wells and saline water from 
deeper tube wells in the same area. Only the 
redesign of the tube-well field as described in the 
third option and shown in fig. 10 yields a solu
tion. We found that 

pumping of saline water for drainage remains 
limited to the southern and eastern part of the 
area, but must be increased from 136,8 MCM/yr 
in the first model study to 303 MCM/yr; 

- pumping of fresh water must be stopped in the 
transition zone between fresh and saline 
groundwater, and reduced from 275 MCM/yr to 
only 56 MCM/yr in the area with a shallow 
fresh/saline interface, using shallow tube wells 
of low capacity ( 15-30 11 s). Pumping in the 
western part remains the same at 180 MCM/yr; 

- finally, the abstraction of fresh groundwater in 
the northern corner of the area should increase 
from 162 MCM/yr to 281 MCM/yr, which increa
ses the quantity of fresh water to be exported 
by pumping into the irrigation canals from 114 
MCM/yr to 233 MCM/yr; 

- this brings the total abstraction of fresh water 
to 469 MCM/yr, which is slightly higher than 
the 439 MCM/yr of fresh water pumped in the 
first model study, while pumping of saline water 
for drainage of 303 MCM/yr is much higher than 
the 136,8 MCM/yr found during the first model 
study. This higher abstraction rate results in 
deeper water levels than 2 m in the western 
part of the study area. 
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6. CONCLUSIONS 

Irrigation and drainage with tube wells in an area 
underlain by fresh and saline groundwater is a 
complex groundwater problem requiring a special 
well-field layout and well design taking into 
account the geohydrology and irrigation and 
drainage requirements of the area as well as the 
salinity of the groundwater and the depth of the 
interface between fresh and saline groundwater. 

This complex groundwater problem can be solved 
in phases by the application of a one-layer 
groundwater model for simulating the groundwater 
system and determining the drainage requirements 
and water balance of the area, followed by a 
groundwater-model study with the Badon ground
water model for well field and well design and 
optimization of fresh-groundwater abstraction for 
irrigation. 

After calibration of the model, using the aquifer 
characteristics and water-balance data found by 
the calibration of the first model, a reasonable 
similarity was obtained between the water-quality 
maps calculated with the Badon groundwater model 
and the historical water-quality maps of the area. 

Calculations with the Badon groundwater model 
showed that 

- the original well-field design as ~alculated with 
the first groundwater-model study would lead to 
a rapid deterioration of water quality and the 
termination of pumping in large areas of the 
tube-well field with a relatively shallow depth of 
the fresh/ saline interface; 

- redesign of the original 
including : 

no pumping in the 
brackish groundwater 
ce; 

well field is needed, 

transition area with 
and a shallow interfa-

decrease of pumping to only 20 % of the 

1)1 

original design yield of the well field by 
low-capacity shallow wells in the fresh
groundwater zone with an intermediate depth 
of the interface of less than 80 m; 
increased installation of and pumping by 
high-capacity tube wells of fresh groundwa
ter for irrigation, and export of water 
through the irrigation canals in the northern 
corner of the area with large seepage losses 
from main irrigation canals, and of saline 
groundwater for drainage in the eastern and 
southern part of the area with saline 
groundwater. 

- the alternative well fields investigated lead to a 
rapid deterioration of the fresh-groundwater 
situation in the well field. 
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