
ABSTRACT 

AQUIFER MANAGEMENT IN THE CONTEXT OF SALINE INTRUSION 

D A NUTBROWN 
1 

An approach to the problem of saline intrusion is to modify the aquifer pumping 
regime to reduce the extent of saline intrusion. This has been studied on a 
regional scale for the Chalk aquifer of the South Downs, England (which covers 
an area of 700 km2) using a novel mathematical approach. Exploitation of the 
entire aquifer to the same level of development has been examined and possesses 
considerable benefits over local~ more intensive development as at present. 
However,-pipe-line links between different parts of the aquifer would be 
necessary to facilitate the movement of water. This new approach, which has 
wide applicability, allows sensitivity analysis to be carried out economically. 

As demands for water increase, so does the necessity for wide-ranging and 
comprehensive me.thods of developing water resources to meet this need. A time 
comes when a collection of different sources, possibly used as isolated units 
satisfying local demands for water, ought to be considered for development in a 
unified way. Thus the problem facing the resource planner is to determine the 
best way of developing a collection of different sources within the variety of 
constraints to which the water resource system may be subject. Of particular 
interest in coastal regions where groundwater is a major resource is the limit 
to full development which can result from the problem of saline intrusion o 

This paper describes a study which has been carried out on the water resources 
of the South Downs, England, employing a numerical description of the behaviour 
of the system to analyse various development options. The systems approach to 
planning will not be described .in any detail but a schematic representation is 
given in Fig. 1 - the 11flow" in this diagram is downwards, with data being fed 
in at the top and results finally appearing at the bottom. Figure 2 shows a 
map of the region under consideration, with a regular five-kilometre mesh, used 
in the quantitative analysis, superimposed. This region, with an area of 
approximately 3,000 km2 is dominated both geologically and in resource terms by 
the Chalk in the south. -

The exposed area of the Chalk is over 700 km 2 and extends 90 km along the coast 
westwards from Eastbourne. Geophysical logging in boreholes along the coast 
suggests that the effective thickness of saturated flow in the aquifer is about 
100 m, with flow taking place predominantly through fissures. The Chalk is 
intersected by four main rivers running in a north-south direction, which are 
the rivers Cuckmere, Ouse, Adur and Arun. These rivers, which are tidal to 
points north of the Chalk, together with a groundwater divide in the west, 
allow definition of five Chalk 'blocks'. From east to west, using the major 
local demand centres. as labels, these blocks will be referred to as the 
Eastbourne, Seaford, Brighton, Worthing and Chichester blocks, as shown in 
Fig. 3" Under the hydrogeological conditions which prevail in the study area, 
these blocks are effectively independent water resource units. The two western 
blocks are partially covered by Tertiary sands and clays lying in the 
Chichester Syncline. 

1 Central Water Planning Unit, Reading, United Kingdom. 
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Figure 1. Schematic representation of the systems approach to planning 
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Figure 3. The five Chalk blocks and the aSsociated demand centres 
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The average annual rainfall in the area varies from 900 mm in the west to about 
700 mm in the east, around Hastings. Some care must be taken in assessing the 
proportion of precipitation that infiltrates into the Chalk. Generally , 
conditions are such that in the summer months evaporation allows no effective 
infiltration, and natural recharge takes place only during the winter months. 
On the demand side, the public water supply sector is by far the largest - the 
industrial and agricultural sectors being comparatively small. The present 
population of the area is in excess of one million, of which 60 per cent live 
in urban complexes along the coastal margin. In the future the size and 
distribution of population 9 and therefore of demand, will change due to 
variations in the local rates of growth " PrBdicting the precise nature of 
these changes is extremely difficult but, in any case, is outside the scope of 
this study. For the present investigation, estimates were obtained on the 
likely future levels of demand in a number of sub-regions within the study area 
from an analysis of trends in public water supplies. For example, with 
reference to demand centres situated on the Chalk~ demand is estimated to rise 
from about 70 million m3/year in 1975 to 100 million m3/year in 1995o In 
addition there is also a marked fluctuation of demand throughout the year , 
rising to a peak in the summer months, especially in the coastal resorts. 

Given that the coastal resources should be used mainly for the benefit of the 
coastal demand centres, the study examined the ways in which the five 
independent sources (namely the Chalk blocks) might be developed in the future , 
subject to the limitations imposed by saline intrusion. There has not been a 
unified development policy for the five blocks because, until recently, each 
area was supplied by a separate undertaking . Instead, the quantity of ground
water pumped from each block has been used to satisfy local demandj resulting 
in relatively small transfers between blocks. Moreover, since about 45 per 
cent of the population of the Chalk is concentrated in Brighton and its 
environs, this pattern of abstraction had led to widely different degrees of 
exploitation of the individual blocks . From the planning viewpoint it i s 
important to determine the effects on groundwater levels of pursuing the 
alternative 'policies' of: 

ao continued exploitation of the Chalk to a degree governed by local 
demand levels, and 

b. exploitation of all blocks to the same level (as a fraction of average 
annual recharge), necessitating the construction of inter-block links . 

The considerations which lie behind these alternative schemes concern, on the 
one hand, intense development in certain blocks, possibly leading to problems 
of saline intrusion, and, on the other hand, the operation of all five blocks 
as a single water resource unit, switching abstraction from east to west and 
vice versa as the hydrogeological conditions dictate. 

Having identified the sources of water under study, collected the relevant data 
and decided on suitable mathematical descriptions of their behaviour, the next 
stage involved their calibration and validation. Two of the major blocks 
(Brighton and Worthing) have already been the subject of more detailed studies 
(Nutbrown, Downing and Monkhouse, 1975). These detailed models have been 
calibrated and validated using data pertaining to the two-year period October 
1971 to October 1973. Using monthly computed distributions of infiltration 
(taken as precipitation less potential evaporation less soil moisture deficit) , 
pumping rates at the various public supply wells (monthly figures furnished by 
the water undertakings concerned) and the corresponding wate~ level 
fluctuations , an automati c method of calculating both storage coefficient and 
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transmissivity was used to perform the calibration (Nutbrown, 1975). These 
values were transferred to the less refined models used in this study by a 
process of averaging. A similar approach, not however, utilising the automatic 
method, was adopted to calibrate and validate the models of the remaining 
blocks. These blocks are relatively unexploited and the present water levels 
are considered to be closer to their natural values. 

Several simulation runs were then performed, both to assess the effects of 
different development strategies 9 and to test the sensitivity of the more 
important output parameters to variations in the system constants. In anal
ysing a water resource system to estimate its optimum safe yield, some form of 
critical drought sequence must be employed. Based on records of well levels 
extending back 100 years at Chilgrove in the Chichester block, it was assumed 
that infiltration values pertaining to the winters of 1971/1972 and 1972/1973 
constituted a 2-year drought period with a 1 in 50 likelihood of occurrence. 
Extrapolating these values to the other blocks implied that, during the test 
drought, infiltration was reduced to 45 per cent and 30 per cent of the 
corresponding average values in the first and second winters respectively. Of 
course, the assessed likelihood of occurrence of this test drought could well 
change in the light of the very dry conditions experienced subsequently but the 
principles of the approach remain unaffected. 

As far as the demand values are concerned, the system could be tested at any 
level, without reference to the year in which such a level might be attained. 
However, for planning purposes, it was necessary to include a prediction of the 
growth rate of demand in the region. The figures used were compiled within the 
Central Water Planning Unit and pertained to demand levels in the years 1976, 
1986 and 1996. These figures, originally broken down into the previous 
statutory water undertaking areas? were further sub-divided into separate 
demand centres on the five-km mesh according to the present spread and 
estimated local growth rate of population. This resulted in total demand 
levels of 71.4~ 87.5 and 103.8 million m~/year in the three years. These 
figures were further distributed over twelve months according to the observed 
fluctuation of demand in the Brighton and Worthing areas, with peaks in the 
summer months. For comparison, the estimated average total recharge of the 
Chalk aquifer is 285.6 million m3fyear. The problem is, of course, to decide 
how much of this can be safely exploited, without inducing significant saline 
intrusion. 

The first simulations with the five Chalk blocks involved their future develop
ment under the two choices already outlined. In the 'local' policy, each 
demand centre was supplied water, under average conditions, only from the block 
on which it was situated. This policy was pursued until, during the drought 
years, the outflow from any block was reduced to a level where saline intrusion 
was likely to occur. At these lower levels, ~ater was taken from neighbouring 
blocks. Thus, particularly at the higher levels of development even the local 
policy required some inter-block transfers to be established. Although this 
policy does not reflect precisely the present use of the blocks, the general 
philosophy is mirrored. On the other hand, the 'unit' policy treated all five 
blocks as a single unit and developed them solely on the basis of their 
potential. Since, under the local policy, the Eastbourne, Brighton and 
Worthing blocks are more fully exploited than the others, in the unit policy 
the Seaford and Chichester blocks are typically exporters of water. However, 
in practice, some caution must be exercised in the fuller development of the 
Chichester block, where certain local and amenity considerations must be taken 
into account. A few major streams in the block, particularly the Lavant, are 
dependent on the Chalk aquifer for their flow - for 'example there are approx-
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imately 2 million m3/year licenced for watercress cultivation , coming from 
springs and artesian boreholes in the blocko Whereas this represents only 
about 2 per cent of the annual recharge of the Chichester block , such interests 
must be protected in some suitable way. 

Figure 4 shows the main results of these simulations. It gives the storage 
above sea level in October of the relevant year, as a fraction of the 
corresponding natural values (computed using the same method), for each block 
in the years 1976, 1986 and 1996 o The values relating to each type of devel
opment are shown. The upper unbroken lines give the October storage value 
corresponding to average infiltration conditions, and the lower broken lines 
give the October value at the end of the test drought. Thus the uneven devel
opment pattern of the blocks can be seen in the upper graphs, whereas the lower 
graphs, corresponding to the unit 'policy', show the more uniform pattern. 
Unfortunately , judging by the experience gained with more refined groundwater 
models, the present analysis is not able to detect all occurrences of saline 
encroachment due to its rather co~se mesh" In the more detailed models, when 
intrusion did occur, it was only over fronts of 1 or 2 km o The five-kilometre 
grid of the present study therefore necessitates some interpretation of the 
results in Fig. 4o In fact, in the more detailed models it was noted that the 
occurrence of saline intrusion set a limit to the development of both the 
Brighton and Worthing blocks when storage of groundwater above sea level in 
October of the final drought year was about 30 per cent of the natural value in 
each case . 

The saline intrusion limit to storage decline is also shown in Fig 4. It is 
noticeable that, under the local policy, the storage values in the Eastbourne , 
Brighton and Worthing blocks all fall below this critical value at the end of 
the test drought before the 1986 demand level is reached. However, under the 
unit philosophy, only the Seaford block apparently suffers from saline 
encroachment problems up to the 1996 level. Even this problem may be removed 
by slightly modifying the distribution of pumping from each block o Since ? 
under the unit 'policy ~ , the greatest volume of water is taken from the 
Chichester block and the least from the Seaford, it is in fact possible (though 
not necessary) to remove all pumping from the Seaford block and increase the 
exploitation of the Chichester block by a corresponding amount. With this 
modified approach, the value of groundwater storage above sea level at the end 
of the test drought would still exceed 40 per cent of the natural value at the 
1996 development level. 

These simulations provide a great deal of quantitative information about, inter 
alia, the number and position of well sites required at each level of devel
opment, details of optimum pumping regimes and the magnitudes of transfers 
necess~ry between each block . The general conclusion to be drawn from them is 
that, if the Chalk of the South Downs is to be exploited to its full potential , 
the levels of development of the separate blocks must be more uniform than at 
present. If substantial inter-block links were established, the Chalk could 
provide water to centres on the catchment, without inducing saline intrusion on 
a marked scale, at least until the year 1996 (based on current demand fore
casts). To achieve this, taking the most extreme case; at the end of the test 
drought at the 1996 level, the Chichester block would be required to export at 
least 85 Ml/day, half to Worthing and half to Brighton demand centres. This 
figure reduces to about 70 Ml/day under average conditions. As with all 
predictions, these results must be viewed with some caution. Fortunately, 
within the systems approach, it is possible to estimate the sensitivity of such 
results to variations in the s ystem constants , some of which may not be close 
to their t rue values . 
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Sensitivity analyses were carried out , centred on the 1986 development level , 
under average conditions and adopting the unit policy . Ten per cent variations 
were imposed on the values of natural recharge, storage coefficient, transmis
sivity and total demand. For the first three, only the overall scale was 
changed and no attempt was made to increase or decrease values at particular 
locations. In the case of total demand some allowance was made for the 
different population growth rates over the region,. These four variables might 
be termed the 'explicit' variables (that is those whose values were changed at 
the start of the sensitivity study). The 'implicit' variables (that is those 
whose sensitivities to changes in the explicit variables were examined at the 
end of the study) were: 

ao a linkage cost variable , related to the magnitude of inter-block 
transfers , 

b o a pumping cost variable~ related to the energy cost of pumping from 
the water table to the ground surface in an average year, and 

c . a storage variable , equal to the total amount of groundwater storage 
above sea level at the end of the summer period" 

Figure 5 shows the results of this exercise and some interesting points can be 
noted: 

a. Linkage costs appear to depend only on the level of demand, nearly 
proportionately, and are relatively independent of the other explicit 
variables" 

b . Pumping costs show, more or less, the expected dependencies 9 except , 
perhaps for the case of storage coefficient. In fact it can be 
demonstrated that the lack of dependence of average pumping costs on 
storage coefficient is a general feature of unconfined aquifer 
systems. Although it will not be shown in detail in this paper, it 
follows from the groundwater flow equations and the recurring nature 
of water levels under average conditions. 

c . The final implicit variable, the total storage above sea level at the 
end of the summer period, is the most important one in an aquifer 
susceptible to saline intrusion. Again the dependencies are roughly 
as expected, with variations in natural recharge, storage coefficient 
and transmissivity being most important . Clearly, secure predictions 
of optimum development levels cannot be made without reliable 
estimates of these variables . 
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