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ABSTRACT 

Over the past six years, model studies have beim undertaken on coastal portions 
of the major Chalk and Triassic aquifers in Britain. Initially, the aquifer 
conditions were treated as isotropic and the short-term response of the water 
table and related saline interface (s) were studied in relation to various per
mutations of fully - and partially-·penetrating pumping wells, both with and 
without natural replenishment and artificial recharge. 

Work is currently proceeding on the Triassic Sandstone of the Wirral Peninsula 
on a more realistic basis with regard to abstraction rates and prevailing 
hydrogeological conditions. The response of ground-water levels with two 
interfaces related to recharging estuaries is being studied with a view to deter
mining the optimal pumping regime for maximising potable water abstraction 
commensurate with stabilisation of saline--water intrusion . 

INTRODUCTION 

The value of the Hele-Shaw or viscous-flow model in the investi
gation of problems of ground-water flow, particularly with respect 
to the interface between saline - and fresh-water bodies, was well 
proven in the Netherlands in the 1950's and in Israel and the USA 
in the 1960's. The overriding advantage of the technique over the 
once more-favoured electrical analogue is the possibility of repre
senting, and therefore studying, the specific problems inherent in 
two-phase flow where liquids of differing density share a common 
interface. 

It is somewhat surpris-ing therefore, that an island country such as 
Britain should have made only limited use of this type of viscous
flow analogy despite having so many aquifers in hydraulic contin
uity with the sea. Historically, this may have reflected the con
cern in Britain with ground-water resource schemes in inland areas 
as alternatives to surface water reservoirs. Electrical R-C ana
logues figured predominantly in such schemes until replaced by the 
new mathematical models utilising sophisticated computers. When 
interest finally came round to coastal aquifer conditions, the 
mathemat.ical model was regarded as the most applicable technique 
and adopted in Britain without as yet having gained the success 
they have provided for essentially single-phase flow. 

Against this background, a concious decision had been made in the 
lat~ 1960's by the senior author to concentrate the interest of his 
res~~rch unit on the study of saline ground waters and related 
problems. To this end the Hele-Shaw model was accepted as being 
the most suitable tool available at the time and the Hydrogeology 
Laboratory at University College London now possesses two such 
instruments which between them are considered sufficiently adaptable 
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to allow modification for most of the modelling purposes envisaged 
in the near future. At the same time it is necessary to emphasise 
that, in common with all models, the Hele-Shaw model has limit
ations, some of which may be quite severe, so that meaningful in-. 
terpretation of the results requires a full understanding of. any 
variatibn in the prototype conditions~ · 

PREVIOUS WORK 

A summary of the characteristics of prototype and model simulated 
for specific conditions in the major Chilk and Triassic aqtiifers ~n 
Britain'(Fig. 1) is provided in Table 1, and illustrates the use of 
both the large and small instruments referred to previously. 

1) Brighton, Sussex 

-The area of Chalk represented was adjacent to the English Channel 
in the vicinity of Brighton. The local water undertaking had been 
meeting the seasonal variation in demand due to the influx of 
summer holiday makers by careful operation· of an inland and a 
coastal line of wells, and monitoring the movement of the saline 
interface. The section modelled was at right angles to the coast
line on a line parallel to the direction of ground water flow and 
represented an unconfined aquifer with the complic.ation of a 
sloping impermeable base and a thin, generally impermeable, 
'Plenus Marl' layer" Various schemes were simulated to take account 
of the presence or absence of natural replenishment, the location 
and degree of partial penetration of pumping wells and the signifi
cance of localised artificial recharge. The larger Mark I instru
ment was used and, in order to provide responses of adequately long 
duration, the saline .and fresh waters were simulated by .two oils 
selected so as to duplicate the viscosity and density ratios of the 
prototype waters. Considerable experience was gained in the choice 
of appropriate oils, operating temperatures and data recording 
systems over the simulated single year of pumping at artificially 
high abstraction rates from the 3 m. width of aquifer represented 
in the model. 

It was observed that the pumping of. simulated wells at a distance 
greater than li km from the coast did not significantly affect the 
interface, whereas pumping of wells nearer the coastline in com~ 
bination with those further inland produced a movement of the inter
face as far as the nearest pumping wells within a ye~r of operation. 
The introduction of injected oil to simulate artificial recharge of 
partially-treated sewage was an interesting exercise that produced 
a hinge-line effect whereby the upper· part of the interface moved 
seawards while the lower part was partly pulled and partly pushed 
farther inland than had been the case without artificial recharge. 

The study demonstrated that a considerable increase in abstnaction 
could be allowed so long as the pumping wells were situated further 
inland from the coast than li km, and that this abstraction could 
be further increased by the injection of partially treated water 
nearer the coastline. 
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Figure 1 Distribution of major Chalk and Triassic 
aquifer outcrops with locations and prototype conditions 
of areas modelled. 

62 

'So• 



TABLE 1 Characteristics of prototypes and models. 

Parameter CHALK 
Mark I 

PROTOTYPE CHARACTERISTICS:·-

Thickness (m) 533 

Length (m) 7000 
.. 

Strip width (m) 3 

Specific yield 0.1 

Hydraulic 

conductivity (cmjs)l.3xlo-2 

MODEL CHARACTERISTICS:-

Depth (m) 

Length (m) 

Slot width (mm) 

Hydr. Cond. ( cmjs) 

Temperature (oC) 

Viscosity ratio 
oils 

Time ratio 

Discharge ratio 

REMARKS:-

1 year in proto
type 

Aquifer nature 

of 

0.9 

3.1 

1.3 
3 . 4xl0-l 

22.2 

1. 075 
3.6xlo-5 

7xlo-5 

18.7 min. 

homo
geneous 

TRIASSIC 
Mark II 

800 

9500 

6 

0.2 

5xl0-3 

0.8 

1.8 

1.1 

1.5xl0 -1 

20.8 

1.089 

6.7xl0 -6 

2.6xl0 -5 

3.5 min. 

homo
genous 

TRIASSIC 
II a 

320 

9500 

5.8 

0.1 

5.7xl0 -3 

0.8 

1. 78 

1.09 
2xl0-l 

25.0 

1.05 

3.9xl0 -6 

8.8xl0 -4 

2 min. 

homo
geneous 

TRIASSIC 
lib 

320 

9500 

5.8 

0.1 

- 3 5.7x-O 

0.8 

1.7 8 

1.0 9 

1. 93xl0 -1 

25.0 

1.0 5 
4xl0 -6 

2.lxl0 -4 

2 min. 

non
homo-· 
geneous 
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2) Wirral, Chesire 

The Wirral Peninsula, bounded by two estuaries, in northwest 
England was the part of the Triassic aquifer selected for simulation 
for a number of reasons. There was a long history of salinity in
crease with growing demand, and the opportunity to study two inter
faces was · made more interesting by the possibility that one of the 
estuaries was at the time under consideration in whole or part as 
a fresh-water storage scheme. The Mark II instrument was designed 
and constructed for the project on the understanding that it could 
be modified for subsequent modelling exercises. A major improve
ment over the Mark I version was the development and use of an 
automatic time-lapse, flash camera system. 

The position and movement of the water table and of the interfaces 
related to the Dee and Mersey estuaries were studieo first for 
unconfined homogeneous aquifer conditions over a simulated short
term period of two years. The discharge rates adopted were very 
high considering that the discharge was derived from an equivalent 
strip,of ·aquifer some 6 m. in width. As expected, the introduction 
of natural replenishment reduced the decline of simulated water 
levels as well as slowed down the landward extent of saline intru
sion from both interfaces. In some tests it was interesting to 
note how wells situated close to the estuaries unintentionally 
functioned as scavenger wells when pumped simultaneously with other 
wells situated inlari·d. 

A second group of experiments maintained conditions identical to 
those described previously except that a hypothetical Dee Barrage 
Scheme simulated continuous recharge of fresh water instead of 
estuarine saline water. The movement of the Mersey interface was 
observed to behave in a more restrictive fashion than before des
pite a high rate of abstraction. Subsequently, the deliberate 
pumping of scavenger wells further reduced this landward movement 
to the extent that in its upper portion the interface move0 back
wards towards the estuary.· The introduction of artificial recharge 
of fresh water instead of scavenger pumping was simulated via a 
well located close to the Mersey estuary in the expectancy that the 
resultant increase in head would also retard landward movement of 
the interface. However, in conJunction with the effects of the 
higp rate of pumping of the inland wells, the result was that 
saline intrusion extended considerably farther than before due to 
additional pressure exerted by the recharging front. 

The model study demonstrated that the position and degree of pene
tration of the simulated pumped wells critically determined the 
shape and landward intrusion of t.he interface(s). Furthermore, the 
beneficial effects of the pumping of scavenger wells was clearly 
emphasised in all experiments. 

CURRENT WORK 

In March 1976 the Central Water Planning Unit of the Department of 
the Environment awarded the authors a research contract to under
take a study of saline intrusion into the Triassic Sandstone of the 
Wirral ~eninsula on a more practical basis than that previously 
made. Abstraction rates were to be maintained at realistic values 
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along with natural replenishment, and the long term response of the 
water table and both saline interfaces were to be studied with a 
view to determining the optimum pumping regime for maximising 
potable water abstraction without resorting to artificial recharge 
or fresh-water surface storage. 

The Mark II.in.strument at UCL can model from one to nine wells with 
twelve degrees of aquifer penetration so that with a variety of 
different abstraction rates, there are many thousand possible per
mutations available for simulation. The situation was further 
complicated by a suspicion, but no proof, that only the upper part 
of the aquifer was effective so far as yield to wells was concerned. 

It was decided that during the first part of the contract while 
waiting for information on prototype properties to be obtained, 
a study should be undertaken of the significance of a marked re
duction in the values of such properties in the-lower part of the 
aquifer. This paper presents the results of such work by comparing 
the model responses to a series of identical pumping conditions in 
two schemes simulating fully homogeneous and partly homogeneous 
aquifers whose characteristics are summarised in Table l , For each 
experimental scheme, various combinations of two alternative 
numbers of wells, two alternative degrees of well penetration and 
alternative conditions of natural replenishment were represented as 
itemised in Table 2. Figures 2 to 5 visually demonstrate the com-
parative change in position of the water table and interfaces 
associated with the Dee and Mersey estuaries, and each pair of 
related tests have been grouped together for easier reference of 
the responses. 

1) Single Pumping Well 

The single well (Fig . 2) is always centrally positioned and in 
experiments 1.1 and 2.1 in which the single fully-penet3ating well 
was pumped continuously at a rate of approximately lOOm /d (23 
000 Igpd) the maximum drawdown of the water table was 29 and 34 
metres respectively, with ·.greater intrusion of both interfaces in 
the partly homogeneous condition . When the equivalent 115 mm 
(4.5 inches) of annual effective infiltration was added in tests 
1.2 and 2.2, the drawdown of water level in the vicinity of the 
pumping well was reduced by 8 and 4 metres respectively. Such 
natural replenishment also affected the interface with the produc
tion of less intrusion in the upper part of the aquifer but more 
intrusion in the lower part regardless of whether the aquifer was 
fully or partly homogeneous. It was a noticeaQle feature of both 
groups of experiments that there was a tendency for fresh water 
to be trapp~d at the base of the aquifer due to the rapid moveme1~t 
of an overr-iding plume of saline water. 

The single well of experiments 1.3, 1.4, 2.3 and 2.4 (Fig, 3) rep~ 
tesents a partial penetration of the total aquifer, being effect
ively open throughout the homogeneous upper part but only just 
tapping the non-homogeneous lower part. The response to conr.inuous 
long-term pumping at the same rate as that of the previous set of 
experiments was to produce drawdowns in tests 1.3 and 2.3 of 33 and 
30 metres respectively for the condition of no replenishment with 
significantly greater landward intrusion than was the case with the 
fully ~enetrating well. The addition of ten years effective in-
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3) In general it appears as if the presence of impermeable l ayers 
in the lower part of the prototype condition serves to retard the 
landward movement of the interfaces in the upper more productive 
parts of the aquifer. 

4) The significance of layering is that it diminishes the maximum 
drawdown and traps fresh water in the lower horizons which further 
restricts the movement of saline water. 

TABLE 2 

EXPERIMENT 

SCHEME 1 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

SCHEME 2 

2.1 

2.2 

2.3 

2.4 

2.5 

2 . 6 

2.7 

2.8 

WELL 
PENETRATION 

HOMOGENEOUS 

Full 

Full 

Part 

Part 

Full 

Full 

Part 

Part 

NON-HOMOGENEOUS 

Full 

Full 

Part 

Part 

Full 

Full 

Part 

Part 
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NUMBER OF 
WELLS PUMPED 

1 

1 

1 

1 

~ 

3 

3 

3 

1 

1 

1 

1 

3 

3 

3 

3 

NATURAL 
REPLENISHMENT 

Without 

With 

Without 

With 

Without 

With 

Without 

With 

Without 

With 

Without 

With 

Without 

With 

Without 

With 
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filtration in experiments 1.4 and 2.4 resulted in reduced drawdowns 
of 22 and 20 metres respectively. 

2) Three Pumping Wells 

In experiments 1.5 and 2.5 (Fig. 4) three symmetrically arranged 
pumping wells that fully penetrated the aquifer were pumped at re
spective rates of 85, 100 and 90 m3/d for a time equivalent to ten 
years without replenishment. This high rate of abstraction was 
reflected in a maximum drawdown of 54 metres in the fully homogeneous 
case but only 30 metres in the partly homogeneous situation. In the 
latter case the intrusion of the saline interfaces was less exten
sive in the upper part but more extensive in the lower part than in 
the homogeneous condition where saline water at no time reached any 
part of the centrally positioned well. The introduction of some 
115 mm per annum of natural replenishment as represented in experi~ 
ments 1 . 6 and 2.6 (Fig. 4) reduced the maximum drawdown by 15 and 
7 metres respectively, and in the fully homogeneous condition helped 
to restrict saline intrusion, particularly in the lower part of the 
aquifer, though ·both flanking wells were pumping mixed water by the 
end of the ten year cycle. In the case of the partly homogeneous 
condition there was relatively little change in the interface 
positions compared with the non-replenishment situation except in the 
lowest part of the aquifer where the trapped fresh-water pocket of 
earlier experiments was severely intruded. 

The partial penetration conditions in experiments 1. 7 and 2. 7 
(Fig. 5) have three wells abstracting amounts identical to those 
previously described, with maximum drawdowns of 62 and 60 metres 
respectively after ten years of pumping. In both cases the saline 
interfaces extended to join each other despite the unintentional 
scavenger effect of the flanking partially penetrating wells. This 
merging took place at the basal centre of the aquifer in the fully 
homogeneous condition whereas it was located at the base of the par
tially penetrating central well in the partly homogeneous case and 
thereby trapped underlying pockets of fresh water. With the addition 
of natural replenishment the maximum drawdowns were reduced by 15 
and 9 metres respectively. The ·combined effect of the effective 
infiltration and the scavenging flanking wells ensured that the 
saline interfaces did not merge though in the partly-homogeneous con
dition they came very close to doing so towards the end of the ten 
years of simulated pumping. 

CONCLUSIONS 

1) It is possible to predict to ten percent tolerance the responses 
of water level and inte.rface movement to pumping from one or more 
simulated wells provided that the prototype hydrogeological 
conditions .have been closely modelled. 

2) The Hele-Shaw instrument provides a useful technique to assist 
decision making by those involved in the management of fresh 'ground
water resources adjacent to saline water bodies. 
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Figure 2 : Successive positions of water table and related interfaces at 
zero, 4, 8 and 10 year simulated periods from start of pumping in a single 
centrally-positioned, fully-penetrating well in homogeneous and non
homogeneous conditions both without replenishment ( 1.1 and 2.1) and with 
replenishment ( 1.2 and 2.2 ) . 
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Figure 3 : Successive positions of water table and related interfaces at 
zero, 4, 8 and 10 year simulated periods from start of pumping in a single 
centrally-positioned, partially penetrating well in homogeneous and non
homogeneous conditions both without replenishment (1.3 and ~.3) and with 
replenishment ( 1.4 and 2 . 4 ) . 
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Figure 4 : Successive positions of water table and related interfaces at 
zero, 4, 8 and 10 year simulated periods from start of pumping in three 
symmetrically-positioned, fully penetrating wells in homogeneous and non
homogeneous conditions both without replenishment ( 1.5 and 2.5) and with 
replenishment ( 1.6 and 2.6 ) . 
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Figure 5 : Successive positions of water table and related interfaces at 
zero, 4, 8 and 10 year simulated periods from start of pumping in three 
symmetrically~positioned, partially penetrating wells in homogeneous and 
non-homogeneous conditions both without replenishment ( 1.7 and 2.7 ). and 
with replenishment ( 1.8 and 2.8 ) . 




