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GENERAL INTRODUCTION

Man has always been attracted by the sea and from early times settlements have
sprung up along the coasts. In Europe and in North America long stretches of

coast have been urbanised.

As long as coastal settlements remained small, enough water of good quality very
often could be obtained on -the spot. With the rise of tourism, the establishment
of harbours and the expansion of industrial activities thé demand for water has

risen continuously. Groundwater has been tapped in ever increasing quantities,

very often overdeveloping the local resources.

In coastal aquifers the fresh water is in contact with saltwater which also
intrudes along estuaries into the aquifers. The subtle equilibrium established
over long periods may be disrupted by human interference. The withdrawal of large
quantities of fresh water may induce a change in the groundwater flow, thus caus-
ing a landward movement of the fresh-/salt-water interface. The water management
in reclaimed coastal lands has a profound influence on the position of the inter-
face between salt and fresh water.

Although the phenomenon of salt-water intrusion in aquifers is well known the
behaviour of the interface in changing conditions is far more difficult to
predict. The detailed picture in ever changing hydrogeologic situations can only
be understood by thorough field investigations accompanied by extensive hydro-
chemical analysis and mathematical modelling.

Salt-water encroachment is not just a subject for pure scientific study. The
description of the phenomenon and the understanding of its evolution in time
and space in natural and man-made conditions will help to optimize the manage-

ment of fresh water in coastal aquifers and to safeguard it against contamina-
tion.

In the low countries, especially the Netherlands and the coastal regions of
Germany the salinization of groundwater stocks has been recognized as a
fundamental problem at the end of the previous century. HERZBERG in Germany
and BADON GHYBEN in the Netherlands were the first to formulate a theory on the
relationship between fresh and salt groundwater in an aquifer.

So it was no mere coincidence when in 1968‘hydrologists of both countries, where
the theory on seawater encroachment originated, joined in an informal meeting at
Hannover. The activities of German researchers at that time were reviewed by the
organizer of the meeting, the late Professor W. RICHTER. This meeting was to be-
come the first of a series of biannual symposia, during which scientists inter-
ested in this field of hydrologic research exchanged their experiences. Sub-

sequent salt-water intrusion meetings, shortened to SWIM, were held at Vogelen-
zang (1970), Copenhagen (1972), Ghent (1974), Medmenham (1977), Hannover (1979),
Uppsala (1981), Bari (1983), Delft (1986). From 1974 on the proceedings of these



meetings were published. Except for the Hannover (1979) and the Bari (1983)
SWIM's, which were edited as a volume of an internationally distributed series,
these proceedings are available to only a .limited number of researchers.

The International Association of Hydrogeologists (IAH) created in 1983 a com-
mission on coastal aquifers, thus recognizing the importance of hydrogeologic
investigations of coastal aquifers as a distinct field of research. This commis-
sion was to provide a forum for a worldwide audience. So as to stimulate research
in coastal hydrogeology, IAH has decided to publish a selection of the earlier
SWIM-proceedings. The choice of the articles has been difficult but the committee
finally selected 29 papers, taken from the 4th to 9th SWIM's. The older articles
may not be completely up to date but they should act as a starting'point for
younger researchers.

In the later SWIM's communications were gradually grouped into six themes:
generél description of problems and surveys, regional surveys, mathematical
calculations and modelling, methods and instruments, hydrochemical and soil-
physical investigations, and geophysical investigations. The selection presented
here has also kept this subdivision. Each theme is introduced and discussed by

a researcher who has been closely connected with the organizétion of the previous
SWIM's.

I hope this book will encourage other scientists to work in a field of research
which may not only bring scientific achievement but also contribute to the well
being of man. On behalf of all my colleagues who have attended the meetings I
wish to express my gratitude to the IAH for the opportunity of making our fin-
dings available to a wide audience. I also extend my thanks to all who have
contributed to the preparation of this book and more especially Dr. BOEKELMAN,
Dr. G.A. BRUGGEMAN, Professor V. COTECCHIA, Mr. B. LEANDER, Professor P. MEISER
and Professor J. van DAM for reviewing the papers, Professor H.-R. Langguth, Mr.
J.B.W. Day and Professor I. Simmers who took care of the final draft, and Dr.
L. WALSCHOT, who assisted me in preparing the texts.

Prof. Dr. W. DE BREUCK
December 1987
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GENERAL DESCRIPTION OF PROBLEMS AND SURVEYS (INCLUDING TECHNIQUES AND MANAGEMENT)

1.0. INTRODUCTION

J.C. van DAM

Though there exist notes and proceedings of all previous SWIM's - this name was
first introduced in the 4th SWIM, Ghent, 1974 - they have been published in
different format and by different institutions. Moreover some of the older ones -
just notes and small volumes - are out of stock.

Of course part of the material presented in earlier SWIM's is no longer up to
date, but there are papers which are still ‘worth reading by the present genera-
tion of geohydrologists interested in salt-water intrusion for such reasons as:
being unique, originality, containing important data, description of (new) methods

and techniques or even historical value.

Therefore Prof. De Breuck did a good job when he presented in 1983 his "Salt
Water Intrusion Meetings 1968 - 1981, A review" - also included as an Appendix in
the Proceedings of the Bari SWIM's 1983 - comprising abstracts of all papers pre-
sented in the first seven SWIM's. Thus the older papers are not lost sight of. He
was the first to classify the papers in six groups, one of them being: "General
descriptions of problems and surveys".

Since this review two more SWIM's have been held, the eigth in Bari (1983) and
the ninth in Delft (1986). When applying the same classification in groups for
the Delft SWIM we felt that some of the group titles had to be expanded somewhat
in order to allow for some papers of a nature we had not seen before and which
were closest to the group in which they were placed. So the title of the above
mentioned group became: "General description of problems and surveys (including

techniques and management)".

The very first contribution to this group was presented at the first SWIM (Han-
nover 1968) by its initiator the late Dr. W. Richter. His brief historical review
of the investigations of the fresh-water/salt-water ‘interface in the coastal area
of Lower Saxony follows this introduction.

De BREUCK in his review included 24 papers in this group, dealing with condi-
tions in Belgium, Denmark, Germany, Italy, India, The Netherlands, Polahd,
United Kingdom and Sweden. He listed them by author and characterized them
in a few lines. As distinct from the comprehensive regional studies, these
papers give either a review of the situation in the various countries or large
parts thereof or they describe the mechanism of salt-water intrusion under



differing conditions, such as in sedimentary aquifers and in fissured-limestone
aquifers, natural evolutions and the influence of man. Some authors try to ex-
plain the present situation by means of hypotheses. One paper, presented in the
Hannover SWIM in 1979 dealt with coastal springs.

Among the papers presented in the Bari SWIM are another ten which could be listed
in this group. Four of them deal with problems in Apulia, Catalonia, Sicily and
the Vistula delta. The other six deal with coastal and submarine springs in
Greece and Italy and in some of them due attention is paid to a description of
the mechanism of the spring flow.

In the Delft SWIM, 1986, six papers were presented in this expanded group, all
six of a different nature, varying from experiences in Italy and Spain, a spring
in Italy, groundwater management in a saline environment in the Netherlands to

a hypothesis on circular flow.

Clearly it must have been very difficult for the committee to make a proper
choice from this group.

Besides the review of Dr. W. Richter, they selected two papers, in the first

of which the authors (COTECCHIA et al.) introduce the "non-equilibrium index"
to quantify the state of non-equilibrium in connection with their work

in southern Italy. The second paper (MAAS, C.) deals with a technical measure

to control saline seepage in an agricultural area on an island in the delta
region of the Netherlands, its principles, its operation, even with a comparison
of costs. It was particularly this paper which gave rise to the above mentioned

expansion of the title of this group.



1.1. INVESTIGATIONS OF THE FRESH-/SALINE-WATER INTERFACE IN THE COASTAL AREAS
OF LOWER SAXONY - A HISTORIC REVIEW

W. RICHTER

The groundwater is strongly saline in large parts of the coastal areas of Lower
Saxony, sometimes even in those as far as 20 km from the coast. As the amount of
water drawn from cisterns is not only too small, but does not comply with hygienic
requirements, fresh water must be obtained from the interior, i.e. from waterworks
located beyond the fresh-/saline-water interface.

The demand for drinking and industrial water, which has considerably increased
since World War II, has forced the authorities to expand the already existing
waterworks and to build new ones sited as closely as possible to the areas suffer-
ing from a shortage of fresh water. A geoelectrical survey was conducted by

F. Hallenbach (Geological Survey of Lower Saxony, Hannover) in the Jever - Wil-
helmshaven - Jadebusen area towards the end of the forties. On the basis of these
data, the location of the fresh-/saline-water interface in this area was deter-
mined down to a depth of 100 m. During the fifties, these investigations were
continued by the Geological Survey of Lower Saxony (H. Flathe, W. Richter,

E. Blohm et al.), therefore the general location of the fresh-/saline-water inter-
face is almost completely known from the Dutch border to the mouth of the Elbe
River.

However, this could only be regarded as the beginning of the investigations of
the salinization of the groundwater in the coastal areas. After initial success
had thus been achieved, it was necessary to implement special investigations in
order to obtain mdre detailed knowledge of the position and shape of the fresh-/
saline-water interface, the hydrochemical conditions prevailing there, and its
dynamics.

A model of the hydrochemical and genetical aspects of the salinization of coastal
regions was the objective of the studies carried out within the framework of the

International Hydrological Decade and subsidized by the German Sgience Foundation
(DFG).






[ I )
(SOUTHERN ITALY)

V. Cotecchia, M. D. Fidelibus, L. Tulipano

Abstract

The state of saline intrusion brought about by uncontrolled abstraction from
the coastal carbonate-karst aquifer in the Salento Peninsula is monitored by
means of a series of observation wells scattered throughout the territory and
drilled at different times during the last 20 years.

One of the methods of determining the state of non-equilibrium between fresh
and salt water is based on the observation of the actual hydraulic head
compared with the theoretical head that the groundwater should have, taking
into account the real position of the transitlon zone; in this way a non-
equilibrium index can be determined.

Moreover, by means of the plots of salinity aqainst depth, it is possible to
calculate the theoretical position of the salt water interface and if this is
supposed to be sharp instead of a gradual transition.

The relationship between the level of the theoretical sharp interface and the
actual head of fresh groundwater seems to be related to the value of the non-
equilibrium index.

1. FOREWORD

In the Salento Peninsula the development of saline intrusion, brought about
over many years by massive groundwater abstraction, mainly for irrigation,
has been observed (TADOLINI & TULIPANO, 1970).

A range of phenomena is directly investigated by means of a network of
observation wells which, although not extensive, supply data in zones
considered to be particularly vulnerable to saline contamination.

. The region consists of a calcareous and calcareous-dolomitic Cretaceous
basement underlying, because of successive transgressive cycles, Miocene~
Pliocene and Quaternary soils which are mainly derived from calcarenites with
subordinate sands and clays (COTECCHIA, 1977).

Post-Cretaceous soils have little influence on the deep aquifer flow, given
that a few metres above sea level, at the level of the surface, Mesozoic
carbonate rocks are present.

However, post-Cretaceous soils play a role in determining the different
conditions of infiltration as well as on groundwater discharge to the sea,
where impermeable rocks, for instance, abut the aguifer along wide coastal
stretches (COTECCHIA et al., 1973).

Work carried out within the activities of the “Centro di Studio sulle Applicazioni di Tecnologie Avanzate in ldrogeologia"

of the National Council of Research.



2. Hydrogeological features

owing to low piezometric heads, fresh groundwater in the Salento Peninsula
assumes a lens-like shape, with a thickness limited to some hundred metres in
the innermost parts: thicknesses decrease as, approaching the coast water
heads lessen, until they become negligible along the shoreline.

The already scant freshwater reserve is further reduced because of the
transition zone, located between fresh and salt water, the thickness of which
changes laterally; locally the transition zone is so thick as to almost
entirely exclude fresh water (TADOLINI & TULIPANO, 1977a).

Fig. 1 shows the configuration of the phreatic surface and the distribution
of salinity.

As for data used to reconstruct isochalines, salinity values have had to be
measured from bulked water samples taken during discharge tests in a number
of drilled wells; such data are reascnably representative for such a
strongly anisotropic, fissured and karstic aquifer (TADOLINI & TULIPANO,
1977b) .

As can be seen from the sketch, in most cases underground waters are affected
by saline intrusion. i

3. Relationship between fresh water and salt water

The consequences of groundwater abstraction are reflected in the vertical
distribution of underground-water salt content; the main data to evaluate the
state of fresh water/salt water equilibria, that is the actual head of fresh
groundwater (t,) and the depth of intruding seawater (h,) are best obtained by
means of temperature and salinity logs, carried out periodically on the
network of observation wells (Fig. 2) (TADOLINI & TULIPANO, 1981).
The theoretical head (t,) that at any point should balance the underlying salt
column h  (Fig. 3), may be determined by the depth at which salt water occurs.
Of course this involves consideration of the actual distribution of densi-
ties, thus allowing the weight average density §; relative to the whole column
including fresh groundwater and the transition zone to be calculated; it is
therefore possible to obtain coefficient K by also considering the actual
density of salt water §,.
Densities may be derived from the relationship with salinity (Fig. 4),

" experimentally determined.
on the other hand it is important to remember that the whole water column
consisting of the transition zone and fresh groundwater all overlying intru-
sive sea water, is the result of mixing between this last and fresh waters.
On this assumption, and further assuming a salinity value equal to
0,5 g/1 for fresh water, and a realistic value for underground sea waters,
from time to time determined by means of salinity logs, one can determine the

10



theoretical head h, attained by intruding seawater, on the hypothesis of a
sharp interface.

Fluctuations in the level of the transition zone in time, together with
variations in the concentration of salt contamination of overlying "fresh"
groundwaters, may then be regarded as variations in level of the theoretical
sharp interface. Fig. 2 shows the positions of the theoretical interface for
the observation wells considered: in this way easier comparisons, referring
to different observation periods, may be carried out.

The relationship between depth below sea level of this theoretical interface
and the actual head of fresh groundwater at same point, determines the
relationship between fresh water and salt water.

Thus, in a different way, another coefficient K' may be determined; this last
being closely comparable to the coefficient K previously calculated on the
basis of the actual density distribution as a function of salinity throughout
the water column in the observation wells (table 1).

Such K' values, derived for different observation wells and for different
observation periods, appear to correlate with the differences found between
actual and theoretical (calculated) heads (Fig. 5).

4. Concluding observations and examples

Some further observations may be made. The theoretical heads t, evidently
represent the levels that the phreatic surface of fresh groundwater should
reach to enable a theoretical balance between the underlying saline water and
the depth at which it is found. However, coefficient K' determines the
relationships between the actual head and the depth, below sea level, at
which a sharp interface should be located; thus, the real relationship
between fresh and salt water heads are determined. '

Fig. 5 demonstrates that the observation wells considered behave in different
ways.

Markedly negative At values correspond with very low K' values; conversely,
markedly positive At values correspond to high K' values. An example is given
by well TA; during both periods, there is no equilibrium condition, since the
actual head is insufficient to account for the level of the transition zone
(or for the calculated depth of the sharp interface).

Original conditions of equilibrium are likely to be restored if, by reducing
water abstraction, the fresh water head were to rise as high as the theoreti-
cal calculated value; otherwise the existing abstraction conditions will
result in an expansion of the transition zone and salinization of overlying
fresh groundwaters. This corresponds to a rise of the theoretical sharp

11



interface, that is a decrease of h,. Wells NC3 and NC4 represent a peculiar
situation: the very low K' values relate to markedly negative At values.
However, the depth of the sharp interface calculated is not consistent with
the actual measured head.

Such wells have been drilled recently, in an area particularly subjected to
massive abstraction for irrigation purposes during long periods owing to the
particularly dry climate of the region and to the type of water-demand for
particular crops.

If the configuration of the water table in the neighbourhood of the above
wells is considered, drawn on the basis of the yearly average groundwater
level, it will be seen that the hydraulic heads which normally characterize
the wells are far lower than those found during the periods (e. g. January),
when abstraction is not in progress.

We may fairly assume, then, that the effects of annual recharge during a
short period cause an increase in groundwater level; thus seawater maintains
a (lower) level controlled by values of (higher) fresh groundwater levels
which are in turn controlled by water abstraction.

12
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Table 1. Values of the theoretical and real parameters

for each observation well.

K: Ll t = :r— At=t -t h he
date  O.W. grownd 1. t h or Os = 0,0, t K t T t K'-'Z
ma.s.l. ma.s.l. mb.s.l. ‘/ena ;/e-s m a.s.l. [} mb.s.l.
6/71 " 44.76 2.37 130.24 1.0073 1.0268 51.66 2.52 +0.15 91.25 38.50
7/80 s 44.76 2.58 135.24 1.0091 1.0295 52.01 2.60 +0.20 88.65 34.36
4/7n SR 29.402 2.06 90.60 1.0080 1.0282 45.31 2.00 -0.06 68.64 33.32
3/85 SR 29.402 1.80 79.60 1.0044 1.0278 42.92 1.8 +0.05 64.43 35.79
6/74 LR $1.78 2.77 158.22 1.0078 1.0268 53.04 2.98 +0.21 108.80 39.28
4/85 LR 51.78 2.98 150.82 1.0078 1.0277 50.64 2.98 J.0 104.34 35.01
1/86 NCA 50.027 2.43 77.97 1.0082 1.0256 57.94 1.34 -1.09 51.19 21.06
9/79 vc 43.023 1.16 76.98 1.0136 1.0275 72.92 1.05 -0.11 37.19 32.06
1/86 nC3 55.52% 3.02 119.47 1.0056 1.0254 50.79 2.35 -0.67 89.59 29.66
11/71 SI13 5.628 0.20 12.37 1.0097 1.0275 56.72 0.22 +0,02 7.70 38.5
12/85 SI13 5.628 0.20 12.37 1.0091 1.0278 53.96 0.23 +0.03 7.84 39.2
1/n cs 52.73 2.23 127.27 1.0092 1.0275 §5.15 2.31 +0.08 81.43 36.51
9/79 DA 58.72 2.47 156.28 1.0108 1.0278 59.46 2.63 +0.16 91.83 37.18
4/85 DA 58.72 2.62 136.28 1.0079 1.0287 48.46 2.81 +0.19 95.07 36.29
1/686 n 87.425 4.12 191.57 1.0051 1.0285 42.95 4.46 +0.34 151.85 36.86
3/72 CH2 7.423 3.45 150.58 1.0034 1.0285 39.98 3.77 +0.32 128.24 37.17
4/85 cH2 7.423 3.32 174.58 1.0063 1.0280 46.37 3.76 +0.44 138.28 39.24
12/ TA 61.559 3.74 183.44 1.0016 1.0275 38.67 4.74 +1.00 167.51 44.79
12/85 TA 61.559 3.8 176.44 1.0014 1.0276 38.22 4.62 +0.81 162.39 42.62
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1.3. A SEEPAGE BARRIER AGAINST SALT-WATER INTRUSION

K. MAAS

ABSTRACT

Seepage of brackish groundwater is one of the main causes of salinization in the
southwest of The Netherlands. Especially in the province of Zealand the water of
ditches and channels has become useless for agricultural purposes. Flushing is
the usual way to compensate for salt-water intrusion. During investigations into
the possibilities of fresh-water supply of the island Schouwen-Duiveland it was
found that the amount of fresh water needed for flushing surpasses the agricultu-
ral demand by a factor two and a half. It seems to be natural to ask whether it
is possible, instead of flushing, to control salt-water intrusion right at the
source. The answer to this question is the subject of this paper. Design formulas
are presented for a seepage barrier, consisting of a line of wells that intercept
intruding saline groundwater.

1. INTRODUCTION

In the western part of The Netherlands, where phreatic groundwater levels are
generally well below mean sea level, seepage of brackish groundwater is one of
the main causes of salinization. This applies especially to the deltaic area of
the rivers Rhine and Scheldt, known as Zealand. The vast majority of the canals
and ditches in this region carries brackish or even saline water, rendering them
useless for agricultural purposes. Fresh water may be obtained from the lower
branches of the Rhine by pipeline or by open channels, but the costs are con-
siderable and until now no water-supply system has been realized in Zealand.
Since the dry summer of 1976, however, the demand for fresh water for sprinkling
is ever increasing. At present investigations are being conducted into the costs
and benefits of a supply system for the most promising areas. One of them is the

isle of Schouwen-Duiveland (Fig. 1).

A team of agricultural and hydrological researchers estimated that once in ten
years the fresh—watér deficiency of the crop on Schouwen-Duiveland surpasses

2,1 m3/s. Since the island suffers severely from salinization, a substantial
quantity of flushing water will be required in addition. Numerical-modelling
studies indicate that this quantity amounts to 5,1 m3/s at the start of the
growing season, even after excluding the saltiest areas from suppletion (WERK-
GROEP LANDBOUW GZZ, 1982). It may be clear that the excessive need for flushing
water badly reduces the attractiveness of a water-supply system. The prospects
might improve considerably when it would be possible to reduce the rate of see-
page of brackish groundwater. This train of thought 1led the investigators to
the concept of a seepage barrier, being the subject of this paper. In the sequel
the hydrological and technical aspects of the seepage barrier will be discussed
and the financial benefits will be indicated for the isle of Schouwen-Duiveland.
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2. HYDROLOGICAL CONDITIONS AT SCHOUWEN-DUIVELAND

Schouwen-Duiveland has an area of about 250 kmz. Roughly speaking there are two
or three semi-confined aquifers, except for the western dune area. Lying very
low and being completely surrounded by the sea the island is constantly intruded
by seawater. As a part of the investigations into the possibilities of fresh-
water supply a numerical model was formulated in order to simulate the transient
seepage of brackish groundwater (Van BOHEEMEN et al., 1983). Fig. 2 shows the
areal distribution of the computed mean chloride load of the surface waters,
during the first two months of the growing season of 1976.

Although the inflow of seawater is more or less a stationary process, the outflow
of brackish groundwater to ditches and channels turns out to fluctuate wildly.
This is illustrated by fig. 3.

As might be expected, the chloride load is maximum in the winter and minimum at
the end of the summer. Based on experience elsewhere in The Netherlands the
initial expectation was that raising ditch-water levels would completely suppress
seepage during the growing season, and consequently no water would be reguired for
flushing. The modelling study pointed out that experience with fresh-water supply
cannot be transferred without a thorough understanding of hydrological processes.
As the dotted area in fig. 3 indicates, raising ditch-water levels surely dimi-
nishes the salt charge, but only by some forty percent. Moreover, when the
water supplied is used for sprinkling, the beneficial effect is partly cancelled.

3. PRINCIPLE AND DESIGN OF A SEEPAGE BARRIER

Flushing is the usual means to compensate for salt-water intrusion. It was indi-
cated already in the introduction (par. 1) that in the case of Schouwen-Duiveland
the amount of additional flushing water would be 5,1 m3/s whereas the fresh-water
demand of the crop is only 2,1 m3/s. So the supply system should have a capacity
of 7,2 m3/s. It is natural to ask wether it would be possible, instead of flushing,
to control the intrusion of seawater right at the source. The answer is in the
affirmative. Making use of the age-old principle of the artesian well, seawater
can be captured at a certain distance from the shore, before it reaches the fresh-
water supply system. Hydraulics of wells being one of the most elaborate branches
of hydrology, all the theory needed is readily available.

The principle is illuminated by the fis. 4a and 4b.

A screen of wells parallel to the coast discharges freely (i.e. without pumping)
into a salt-water channel. It stands to reason that this channel is to be separa-
ted from the fresh water. this channel conveys the saline water to the existing
pumping stations. As no moving parts are involved the wells operate at minimal
costs and maintenance is hardly required.

Suppose that at the beginning of the growing season, when sprinkling is to be
applied for the first time, the phreatic-groundwater level is lower than the water
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level in the ditches of the supply system. The discharge q by the screen of wells
is then easily shown to satisfy the relation:

TOO 1

9 < X STRR(L/XY (m
where
q = discharge per meter, (u2r )
L = distance from the wells to the coast, [L]
9, = Mean sea level with respect to the water level in the ditches, (Ll
A =\/Tc, [L]
T = transmissivity of the aquifer, [L2r 3
¢ = resistance of the aquifer. [Tl

Behind the wells the hydraulic head ¢ of the aquifer is lower than the water level
in the ditches, so seepage is eliminated there. The wells can be said to act as

a barrier against seepage.

It is to be noticed that the total amount of seawater intruding the island in-
creases under the influence of the seepage barrier by -a factof

£f < coth(L/}). (2)

So far, is has been tacitly assumed that the flow to the screen of wells is one-
dimensional. In actual practice there will be radial flow in the vicinity of the
individual wells, thus introducing a radial resistance to flow. In order to com-
pensate for this the level in the salt-water discharge channel should be lowered
as compared with the level in the fresh-water supply system by an amount Al which
in a first approach can be set equal to

1_ga R ’
Al =33 T in X (3)
where

Al = required lowering of the level of the salt-water discharge
channel as compared with the water level in the fresh-water

supply system in order to compensate for radial flow, (L]
a = distance between the individual wells of the seepage barrier, L]
R = radius of the wells. [L]

In deriving (3) it is assumed that a << L. An additional lowering of A2 is required
when the wells are not fully penetrating. Using a well known formula for partially
penetrating wells (Anonymus, 1964, p. 92) 4, is found to be given by

1 a D
42-37;},—(1-7) in

xP

ho
P
>
-
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where

D "
o = (3 0P (0.5525 P!
A2 = required additional lowering of the level in the salt-water
discharge channel in order to compensate for partial penetration, [Ll
D = thickness of the aquifer, [L]
1 = depth of penetration. [L]

Finally the level of the salt-water discharge channel should be chosen so as to
compensate for frictional losses inside and around the wells.

These losses are to be estimated by the formula (KRUIJTZER, 1971).

u,t u,1
_ .ga,21 MY 2'2

4y = (' ) 25 ( st 2t 3% ) (5)

where
. s 2, -1

g = gravitational constant, [(Lr™ "1
u; = coefficient of friction in the perforated part of the well, [-1
u, = id. in the non-perforated part, [-1]
11 = length of the perforated part, Ll
1, = id. of the non-perforated part [l

Generally the coefficients Wy, will be of the order 10_2. Frictional losses
’
may become significant for small values of R, but they decrease very rapidly

when R increases.

Formulas (1) through (5) suffice for a first orientation on the feasibility of a
seepage barrier. The design parameters are seen to be

- the distance L from the seepage barrier to the coast;

- the distance a between the individual wells;

~ the radius R of the wells;

- the depth of penetration 1 of the wells into the aquifer;

- the level b8y + 8, + A3 of the salt-water discharge channel with respect
to the level to be maintained in the fresh-water supply system.

All parameters having a distinct effect on costs, the final choice should be the
outcome of an optimization study, whereby linear programming will prove to be an
effective tool.

Besides the design parameters, which have to be chosen judiciously, the formulas
contain the hydrological parameters T and A. The transmissivity T of the aquifer
can be obtained by well known hydrological methods. The available methods to ob-
tain A, however, are not unambiguous. Therefore, let us consider the hydrological
scheme shown in fig. 5.
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Here, as in actual practice, the covering aquitard is provided with drains and
with ditches having a fixed level. It is supposed that the phreatic-groundwater
level is higher than the drains. Taking the water level of the ditches as a re-
ference, the hydraulic head ¢ of the aquifer can be written as

¢ = (¢, - A) s VAN (6)

where
= hydraulic head of the aquifer, [L]
¢, = mean sea level, (L]
= variable of place (Ll

(cf. appendix 1). The parameters A and v are to be obtained from field obser-
vations (where at least two piezometers are needed). The problem is now to calcu-
late A from A and v. It turns out that A depends on the rate of precipitation.
Selecting a period with little rain (but with the phreatic-groundwater level still
higher than the drains) it can be argued that

2

2 v
A% = ar A - A7)

where

94y = height of the drains above the water level of the ditches. [L]

As the hydrological schematization underlying the design formulas is rather crude,
additional modelling (both analytical and numerical) is to be recommended in order
to improve the design once the feasibility has been assessed. Some formulas for
more complicated hydrological situations are presented in appendix 2.

4. APPLICATION TO SCHOUWEN-DUIVELAND

The effect of a seepage barrier on the chloride load of the surface waters of
Schouwen-Duiveland has been simulated with a numerical model. The result is shown
in fig. 6, which has to be compared with fig. 2. The distances between the wells
of the seepage barrier are written along the dashed line around the island.
Technically speaking it is possible to completely prevent the seawater from reach-
ing the fresh-water supply system. For economical reasons, however, some salini-

zation has to be accepted in the case of Schouwen-Duiveland.
Fig. 7 displays the effect of the seepage barrier as a function of time. It is

seen from this graph that the barrier along the southern coast is much more

effective than the northern barrier.
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Table 1 finally shows the costs of a fresh-water supply system with and without a
seepage barrier. The first alternative is seen to save more than 6 million
guilders (about 2,4 million U.S. dollars).

Table 1. A comparison of costs of fresh water supply with and without a seepage

barrier.
without barrier with barrier
internal supply system 24,3 * 106 15,5 * 106
fresh-water pipeline 20 * 106 15 * 106
seepage barrier - 7,4 * 106
total (Dutch guilders) 44,3 * 106 37,9 * 106

In the case of Schouwen-Duiveland there are a number of additional benefits of the
seepage barrier that have still to be quantified:

- some areas that were initially excluded from fresh-water supply because of
serious salinization can now also benefit from the new approach;

- due to the seepage barrier the water quality in the supply system will be better
during most of the growing season, yielding agricultural products of higher
quality;

- in the vicinity of the séepage barrier dewatering of agricultural land improves
considerably;

- the fresh water, originating from the river Rhine, is contaminated by heavy
metals and p.c.b.'s. From an environmental point of view as little Rhine water
as possible should be imported;

- the water required for flushing has to be discharged on the Eastern Scheldt.
This estuary being of extreme ecological value, the Dutch government spent
more than Dfl 2,7 * 109 (about U$ 1,1 * 109) for its protection. Discharge of
fresh and contaminated Rhine water on this seawater basin is undesirablé.

5. TEST SET UP ON A ONE-TO-ONE SCALE

A field test has been conducted on a one-to-one scale, involving 10 wells with a
spacing of 50 meters, at a distance of about 400 meters from the coast. Hydrolo-~
gical measurements completely confirmed the theory (which of course, is not sur-
prising at all as it is merely the classical theory of flow to wells in a semi~
confined aquifer).

A secondary effect was the improvement in the dewatering of agricultural land.
This improvement was so manifest that the farmers concerned requested the in-
vestigators not to terminate the test. It is finally mentioned that no clogging
of wells has been encountered so it is expected that the maintenance costs will
turn out to be low.
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FIGURES
Fig. 1: Situation of Schouwen-bDuiveland in the south-western part of The Nether-
lands.

Fig. 2: Computed areal distribution of the chloride load of the surface water
(April/May 1976).

Fig. 3: Computed temporal fluctuation of the chloride load of the surface water
in 1976.

Fig. 4: a. Present situation; b. Attainable situation with seepage barrier.
Fig. 5: Simplified geohydrological profile of Schouwen-Duiveland.

Fig. 6: Computed areal distribution of the chloride load of the surface water
in the presence of a seepage barrier (April/May 1976).

Fig. 7: Computed temporal fluctuation of the chloride load of the surface
water in 1976, in the presence of a seepage barrier.

Fig. 8: Seepage barrier in a multiple aquifer system.
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Fig. 1. Situation of Schouwen.Duiveland in the south-
western part of the Netherlands.
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Fig. 2. Computed areal distribution of the chloride load of the surface water
(april/ may 1976)
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APPENDIX 1 -~ OBTAINING A FROM FIELD OBSERVATIONS

The hydrological parameter A = YTc occurring in formulas 1, 2 and 3 can be
calculated from field observations performed in the wet season. Consider the
hydrological scheme shown in fig. 5. The covering aquitard is provided with
drains and with ditches, the latter having a fixed level. Taking this level as
a reference, the hydraulic head in the aquifer is given by

2 ?
%y _ AL, . _f
T " v(cd +3) = -3 (a1)

Pe - PGy ? - P

- = + P (a2)
Car c
9(0) = L (a3)
L (x-e =0 (a4)
Here
= transmissivity of the aguifer, v [L]
c = resistance of the aquitard, [T]
cqg = resistance of the ditches, [T]
Cqr = resistance of the drains, [T]
¢ = hydraulic head in the aquifer, (e ')
9, = mean sea level, [L]
¢s = phreatic-groundwater head, [L]
far = height of the drains above the water level in the ditches, [L]
P = precipitation, [LZT-1]
b3 = variable of place. . [L]
It follows from (a2) that
94,.C + ¢C + Pc_. c
9 dr dr dr
£ = T+ o, (a2')
r

Notice that L depends on ¢ and consequently is not a constant with respect to x.
Elimination of v from (al) yields

a?y
ax

X

<Nr
]
1

57 (a5)
v

where
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and

)

(- 1
dd c + Cdr

=

L
VZ
Solving (a5) under the conditions (a3) and (a4) it is found that

¢ = (v - A) AU (a6)
which is identical to eq(6), par. 3. The parameters A and v can be calculated from
field observations of ¢, using at least two piezometers. The problem that remains
to be solved is to derive A = YTc from A and v. As in practice 4 << c it can be

r
seen that

y .

A= ('dr + Pc 3
A

dr

Choosing a period with little precipitation, but with Ve still higher than the
drains, A can be approximated by

v2
A= er ;5 (a7)

which is a convenient expression to. calculate A.

APPENDIX 2 - FLOW TO A SEEPAGE BARRIER IN A MULTIPLE AQUIFER SYSTEM

Is was stated in par. 2 that at Schouwen-Duiveland there are two or three semi-
confined aquifers. As multiplicity of aquifers is the rule rather than the ex-
ception, formulas for multiple aquifer flow to a seepage barrier are of practical
interest. Consider the geohydrological scheme shown in fig. 8. Formula (1),

par. 3, is easily extended to this case. Using matrix notation it can be shown
that

-1

g < T YA sinh™ {L YA} ¢(0) (a8)
where
q = discharge vector of the seepage barrier, [L2r "
T = transmissivity matrix of the system, (L2011
A = system matrix of steady multiple aquifer flow, '3
9(0) = hydraulic head vector at x = 0. Ll

Defining an entrance resistance R at x = 0 by

q(0) = Rih - 9(0)}
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it is found that

9(0) = (RTVA coth{LVA} + I)"'h (a10)
where h = h times the unit vector and h represents mean sea level with respect to
the water level in the fresh-water supply system. More details on the use of
matrix calculus in problems of multiple aquifer flow are presented by MAAS (1986).
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GENERAL SURVEYS

2.0 INTRODUCTION

B. LEANDER

Perhaps the most interesting aspect of work on saline intrusion is to put theory
into practice. Thanks to the development of a wide range of theoretical princip-
les it is now possible to prepare practical measures to solve particular water

supply problems in regions subject to salt-water intrusion.

During the nine SWIM's some 40 papers have been presented which could be included
under the theme "Regional Surveys". Most of them describe the region, the aims

of the study, the criteria for the solution of a model (as well as estimating

the reliability of data) and how the results of the surveys were utilised. From

these papers five have been chosen for presentation here.

The first paper (DE BREUCK & DE MOOR) presents the hydrogeological research in
the coastal area of Belgium that has been undertaken since 1958 and a working

hypothesis concerning the evolution of the aquifer.

The second paper (VENHUIZEN) presents a theoretical calculation of the shape of
the fresh-water pocket in the dune area under different conditions. The Amster-
dam Water Works have extracted raw water from the dune area near the North Sea

for more than 130*years.

The third paper (NUTBROWN) deals with the technique to modify the aquifer pumping
regime in order to reduce the extent of saline intrusion in a chalk aquifer in

the south of England.

The fourth paper (EVANS et al.) presipts a 3-year multidisciplinary study that
has broken new ground in hydrogeological techniques and culminated in a mathe-
matical model, which can be used to guide management and planning decisions to

meet demands in the area.

The fifth paper (TADOLINI & TULIPANO) presents the surveys that have been made
during more than a decade in order to explain the influence of salt-water in
the aquifer and the observed changes of equilibrium between salt- and fresh-

water.

These five examples give a good idea of the state-of-the-art in the context of

this theme.
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2.1, THE EVOLUTION OF THE COASTAL AQUIFER OF BELGIUM

W. DE BREUCK & G. DE MOOR

ABSTRACT

In the unconfined aquifer below the coastal area of Belgium salt water occurs
under a fresh-water layer at depths that vary from 2 to more than 25 m. Radio-
carbon dating of groundwater samples set the seawater encroachment in the deep
parts of the aquifer back at least in the Subboreal period. A working hypothesis
concerning the evolution of the aquifer is formulated.

1. INTRODUCTION

The North Sea coast of Belgium is 64 km long. Behind the dune belt, the width of
which varies from 50 m to 2,5 km, a flat polder landscape extends for about 10 km
inland except at the IJzer basin where it forms a deep embayment. Elevations vary

)

between +2 and +5.* The polder area behind these dunes is almost flat, elevations

varying between 2 and 5 m.

The water-table aquifer is formed mainly by Quaternary sediments (W. DE BREUCK &
G. DE MOOR, 1969), which attain a maximum thickness of 35 m (fig. 1). The Tertiary
substratum consists of bedded clay and sand of Eocene age dipping gently in a
north-easterly direction (fig. 2).

The deepest Quaternary deposit is formed by coarse sand of Eemian age (fig. 3)
and remnants of Saalian sediments (G. DE MOOR & I. HEYSE, 1974). It is covered by
sediments, mostly sandy, which afe of Weichselian age. These are locally overlain
by sandy tidal-flat deposits of Atlantic age. At the end of the Atlantic period
peat bogs developed and continued to grow during the succeeding Subboreal period
until the Dunkirk transgressions flooded the coastal area. These transgressions
caused the deposition of a superficial cover of clays and sands, the distribution
of which and later the influence of man have shaped the present topography of the
polder landscape (J. AMERYCKX, 1959; R. TAVERNIER et al., 1970).

2. HYDROGEOLOGICAL INVESTIGATIONS

A systematic geo-electric survey (W. DE BREUCK & G. DE MOOR, 1969, 1972) of more
than 1700 resistivity soundings has revealed the presence of saline water (up to
30.000 ppm) all over the aguifer at depths that vary from less than 2 m to more
than 25 m (fig. 4). The saline-water layer extends to the southernmost margin of
the coastal area and even into its narrowest ramifications at 20 km from the

seashore.

*) All levels are expressed in meters versus Ostend ordnance datum level (Zéro du dépdt de la
guerre, National Geographical Institute).
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Several tens of borings have been made to check the resistivity survey and to
provide the water samples for analysis. In each of the drill holes 3 or 4 inde-
pendent screens of 1 m length have been installed at different depths. These
depths were chosen so as to have part of the screens above and part of them below
the fresh-/salt-water interface. Water analyses and well logging have shown that
the interface is rather sharp (fig. 5), the transition from fresh to salt water
being limited to a zone of a few meters (W. DE BREUCK & G. DE MOOR, 1972). The
vertical and horizontal distribution of the different water types in the aquifer
shed a light upon its origin and evolution, which is related to the recent
Quaternary history of the area.

The present active seawater encroachment is determined by the nature of the Ter-
tiary substratum and by the relief and the dimensions of the dune belt; it seems
to be confined to a very narrow zone along the coast extending not farther than
2 km landwards. The canals also influence, in a minor way though, the general
pattern.

3. SAMPLING SITES FOR GROUNDWATER DATING

Two sampling sites have been selected in areas where apparently no active seawater
encroachment it taking place. Pumping was performed at a very low yield so as to
obtain water solely from a very restricted zone in the aquifer. The pump was of a
peristaltic type. The suction pipe was lowered to the screen level so that mixture
with other water or air would be minimal. Two samples of 50 liters were pumped
from the well after a conductivity test showed no more variation.

Samples were taken on two different occasions at Vlissegem from a depth of 23 m

(fig. 4). The well is situated at approximately 6 km from the seashore. This part
of the coastal area shows a typical inversion relief, the former creeks now form-
ing the elevated parts within the lower clay-on-peat areas (J.B. AMERYCKX, 1959).

The well has been drilled on a creek ridge where the fresh-/salt-water interface
lies deeper than under the adjacent lowlands. The bore log (fig. 6) shows a top
layer 3,5 m thick of loamy sand and clay on a sandy column resting at 30 m depth
upon Tertiary clay. Screens have been installed between 5 and 6 m, 12 and 13 m,
16 and 17 m.and 23 and 24 m. The interface between fresh and salt water has been
located by a geo-electric sounding at 22 m. Analyses of water samples from the
four screens have been reported in a Piper diagram. The water of the deepest
screen, situated below the fresh-/salt-water interface contains more than

25.000 mg/1l of dissolved solids, with a relative ion distribution which is very
similar to that of seawater. Water samples from the three other screens are nearly
fresh and have a very different ion distribution.
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4. LABORATORY RESULTS

The water samples have been submitted to an extensive analysis. Some of the re-
sults are shown in table 1. A recent analysis of a seawater sample has been in-
cluded for comparison. The three waters show a dissolved-solids content very
similar to that of the present seawater, although the total ion content is some-
what smaller. This may be due to the admixture of fresh water.

The radiocarbon dating has been performed at the "Institut Royal du Patrimoine
Artistique" (I.R.P.A.) of Brussels (M. DAUCHOT-DEHON & J. HEYLEN, 1973).

The carbondioxide of the water has been transformed into methane, which has been

counted in a proportional counter by anticoincidence (HOUTERMANS-OESCHGER). The
results of the radiocarbon measurements are given in table 2.

Table 2. Radiocarbon dating of water samples (I.R.P.A.).

Sample Depth Age (years BP) Age (years BP)
T = 5570 years T = 5730 years
124DB14WAD1 23 3880 + 180 4000 + 180
124DB14WAD2 23 3720 + 152 3920 + 150
193DB1WAD1 28 3476 + 224 3580 + 160

5. DISCUSSION

No data on the stable-isotope composition of the waters are available at the
present time, so that the first series of ages must be interpreted with the
greatest care. Nonetheless they provide new evidence for an earlier advanced
hypothesis on the evolution of the hydrologic conditions in this area (W. DE
BREUCK & G. DE MOOR, 1969). '

Although the Vlissegem well is situated on a creek ridge, in areas which have
been inundated by the Dunkirk-2 transgression, and the Adinkerke well in a non-
covered tidal-flats area, the water of both sites show comparable ages. The fact
that the former is situated at 6 km from the sea as compared to 3 km for the
latter may be a mere coincidence. rather than explaining any difference in age. On
the other hand the total ion confent at Vliissedem is approximately 80 ¥ of that
of present-day seawater while the latter amounts to only 63 ¥. This could mean
that at both sites the seawater was fixed at approximately the same time.

Since both sampling sites are located in areas where present seawater cannot

penetrate it had formerly been assumed that the deeper salt-water layer has been
introduced during the Subatlantic Dunkirk transgressions (J. DE PAEPE &
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W. DE BREUCK, 1958). The radiocarbon measurements set the date of the seawater
encroachment further back into the Subboreal period.

Both wells have their screens installed in Eemian deposits. It is easily under-
stood that the subsequent lowering of the sea level during the last glaciation
has resulted in a complete flushing of the salt pore water. The ensuing rise of
the sea level during the postglacial period has caused the Flandrian transgres-
sion and the salinization of the older deposits. Opinions diverge (J.R. CURRAY,
1965; S. JELGERSMA, 1966; A.L. BLOOM, 1971) about the pace of rise to its present
level. Some maintain that the sea reached its present level 3000 to 5000 years
ago, others proclaim that there has been a slow and continuous rise until very
recently. The rising sea level and the tidal movements (H.H. COOPER et al., 1964)
must have created a continuous subterranean inflow of salt groundwater.

From the chemical analysis it seems obvious to consider the samples as seawater,
although slightly mixed with fresh water. The fresh-water supply may have occurred
in the Subboreal period or later. When contemporaneous with the intrusion of the
seawater the radiocarbon measurements indicate approximately the true age. When-
ever the fresh-water supply was more recent the dating of the water gives too
young an age for the seawater encroachment. The seawater would then have been
entrapped at an earlier stage in the Subboreal or even in the Atlantic period.

One may also consider the possibility of a mixture of older Weichselian fresh

water with Atlantic seawater.

Since at present we have no evidence either for a younger or an older fresh-
water supply one can assume that the seawater was entrapped sometime in the Sub-
boreal period, when the area was already covered by peat bogs.

This could be explained by two facts. The coastal dune belt had not grown high
enough yet to develop a fresh-water lens that could inhibit the subterranean sea-
water flow, and the sea still had access to the coastal plain during spring and
storm tides through existing creeks which also drained the runoff from the higher
peat bogs and the back land. In the end the expanding dune-water lens curtailed
and finally stopped the salt-groundwater movement (fig. 6). The creeks gradually
drained fresher water, thus flushing the salt groundwater in their immediate
vicinity. The salt water beneath the peat-bog areas, though, was not expelled
since almost all of the precipitation was retained by the peat or immediately
drained by the creek system.

A large part of this creek system probably served for the drainage of the areas
when the sea flooded the coastal plain during the Dunkirk transgressions. The
beaches were probably cut through the dune belt at its lowest parts, where the
creeks debouched into the sea. Some areas, especially around the breaches, may
have been eroded by the force of the in and out flowing water currents. When
finally the sea retreated the water in the creeks became fresh again. Underneath
them the brackish water was expelled.
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The creek system was gradually filled up by sandy deposits, while on the higher
peat bogs only clay was deposited. When the region was reclaimed the dewatering
resulted in a differential settling of the clay-covered peat areas and the sandy
creeks, the latter becoming the higher parts. Due to their higher elevation and
their composition the creek ridges developed a fresh-water lens beneath them.

The rainwater barely penetrated into the clay-covered peat areas and was almost
continuously evacuated through ditches and canals. Hence the saline water beneath
these areas was not replaced.

The relatively old age of the waters furthermore suggests that the deeper ground-
water in the unconfined aquifer moves at an extremely slow speed or does not move
at all. This is probably the case for iarge parts of the coastal region. From the
present data it can be assumed that the salinization effect of the Dunkirk trans-
gression has been restricted to the top layers.

6. CONCLUSIONS

The radiocarbon dating of the deep saline water in the coastal aquifer of Belgium
indicates that the seawater encroachment in large parts of the coastal area dates
back at least from the Subboreal period. These measurements also suggest that
movement in the deeper parts in the aquifer, if any takes place, is extremely
slow. These preliminary findings are to be confirmed by a more detailed investi-
gation which includes determination of the stable isotopes.
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Table 1:

Sample 124DB14WAD1  124DB14WAD2  193DBIWAD1  seawater

Depth 23 23 .28 0 m
Conduct.18°C 33696 34492 28150 36115 us cm”!
Dis.solids 28305 27733 21958 34794 mg/1
cations _;;;.9 460.7 - 377.8 604.9 meq/1l
Na© 365.3 336.2 285.5 462.5 meq/1
K 7.2 7.3 6.1 9.9 meq/1
ca*t 22.4 28.1 22.2 23.1 meq/1
Mg*t 80.2 87.6 62.7 109.4 meq/1
Fe*t + Fettt 11 1.0 0.9 0.0 meq/1
anions 483.5 470.5 370.1 602.3 meq/1l
c1” 434.5 420.2 322.9 586.3 meq/1
S0, 18.1 18.1 31.2 42.4 meq/1
Hco3' 30.7 32.1 15.8 2.7 meq/1

SAR 51 44 44 57
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2.2. THE SHAPE OF THE FRESH-WATER POCKET UNDER THE DUNE-WATER CATCHMENT AREA
OF AMSTERDAM

K.D. VENHUIZEN

ABSTRACT

The evolution of the shape of the fresh dune-water lens is given, first in natural
conditions and then under conditions influenced by water extraction and recharge.
The dimensions of the fresh-water lens are computed for the case of a constant
piezometric head in the salt water and for the case of a landward flow in the salt
water.

1. INTRODUCTION

The theoretical shape characteristics of the fresh-water pocket under the dune-
water catchment area of Amsterdam has been studied for a long time. During an
infinite series of years the infiltrated rainfall on the dune strip along the
Dutch coastline has built a fresh-water pocket, partly situated above a more or
less developed clay layer, but for a more important part situated below that clay
layer. This fresh-water pocket is “"floating" on the salt water at depth.

The size and the shape of this fresh-water pocket depend on a series of factors
of natural and artificial character mentioned below.

1) Before 1850, when the Haarlemmermeerpolder (in which the airport Schiphol is
situated) was not yet in existence and the supply of drinking water for the
city of Amsterdam had not yet started, there must have been a stationary final
shape of the fresh-water pocket, which in shape and extent can have been de-
pendent only on the possible variation in effective precipitation throughout
the centuries. As there is no important potential difference between the
average sea-level and the fresh-water potential under land, it may be assumed
that there has not been a flow of salt water underneath the fresh-water pocket.
This situation has been indicated in the calculations and the drawings of
section 2, to which reference should be made. The cases 1 - 4 indicate for an
effective precipitation of respectively 66, 125, 199 and 388 mm/year the size
of the fresh-water pocket.

2) After the reclamation of the Haarlemmermeer in the middle of the last century
a potential difference of 5 m was caused between the average sea-level and the
water level of the new polder. This started a landward flow of salt water. The
influence of this flow on the shape and size of the fresh-water pocket has for
the stationary final situation been given in figs. 1 and 2.

3) In 1853 began the withdrawal of water from the dunes on behalf of the water
supply of Amsterdam. Until 1903 these increasing extractions took place in the
upper dune section above the clay layer by means of a system of open canals.
After 1903 the additional extraction of deep dune water below the clay layer
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4)

5)

50

was started by means of wells. The influence of the extractidn of water from
the upper dune on the shape of the fresh-water pocket can be illustrated in
figs. 3 and 4.

The influence of the deep dune-water extraction on the shape of the fresh-water
pocket is naturally far more direct and has - by the strong increase of the
consumption of water - led to a considerable rise of the boundary plane between
fresh and salt water, which could only be stopped in 1957 when the recharge
works with prepurified water from the river Rhine came into use.

The infiltration of the dunes with prepurified river water has considerably
raised the potential of the upper dune pocket. Through that and because of
diminishing extraction of deep water, the fresh-water pocket under the
dunes is increasing again.

The influence of the infiltration works on the stationary final situation of
the fresh-water pocket is shown in figs. 1 - 4.

The resistence of the clay layer has an important influence on the shape of the
fresh-water pocket. This is especially the case for the tongue under the sea,
which in figs. 3 and 4 is much shorter than in fig. 1. Because the chosen
variation of the c-value of fig. 3 and 4 is very acceptable, it may be assumed
that the tongue under the sea is rather short.

THE SHAPE OF THE FRESH-WATER POCKET UNDER THE DUNE-WATER CATCHMENT AREA OF
AMSTERDAM WITH CONSTANT PIEZOMETRIC LEVEL IN THE SALT WATER

all calculations 1 ale L
per m coastline \ .
L - x
0,15 __o._D._- ) Pc:tenti-.algz -z \ | ‘-°'13+__.
13
20~ : clay=layer T = 3300 3days
Yo /////,———_—-.
c Yo Q
potential -

k = the coefficient of permeability

0,15 0.D. = mean sea-level 1 = 3000 m
specific gravity: fresh water 1000 kg/m3
salt water 1020 kg/m3



TONGUE

Darcy: Q= - k.y. g% (1)
Continuity: gg 2—332411 (2)

Equilibrium at the boundary-plane between fresh and salt water:

(¢ + y + 20) « 1000 = (¥ + y + 20) - 1020 with = -0,15
so ¢ =0,02 -y + 0,25 (3)

Multiplying (1) and (2) gives with (3):
2 0,0008 - k

0,0008 - X Yi 2
- - - '
Q r - +35-y)+c

Boundary condition at the end of the tongue

y=20 Q=20 C' =20
20,0008 - k 3 2
Qf = = . (-4 3,5 . y°) (4)
With (1), (3) and (4):
0,0008 v 2 dy
Q=J—J——-(3 +3,5-y)=-k-y-0,02-3
dx = -5 + 4 0,06 + ke » —I¥
Yiy + 10,5)
x=-+v6 « ke - Jly + 10,5+ C*°
Boundary condition x = L y =0 C'' =L +V63 - kc
L-x=vkc -[ Y6 - y + 63 - ¥63] (5)

(tongue formula)
Length of the tongue: boundary condition x =1 Y = ¥,
L-1=ch-[J(6-yc+63)-J63] (6)
If Yo is known, the length of the tongue is known.
With (5) and vkc = 334,664:

6 -y +63=1l + 7,9371% (7

334 664

The form of the tongue in co-ordinates
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(L - x) in m y in m ¢ =0,02 -y +0,25m

() 0 0,250
1000 9,394 0,438
2000 21,764 0,685
3000 37,110 0,992
4000 55,432 1,359
5000 76,731 1,785
6000 101,006 2,270
7000 128,256 2,815

WATER POCKET BETWEEN THE TONGUES

de

Darcy: Q=-k <y - ax
Continuity: g% = !—é—i
z = f(x)

¢ =0,02 -y +0,25

Determination of z = f£(x)

- o ———4— =
k=12 m/d —t
2 ‘“T IJZ e -
a q+dq
D ]
- I_ — i —-

L‘ 1 = 3000 m

N
I XXX EXRR

r\l\

dx

aQ

N = precipitation minus
evapotranspiration

Infiltration through the clay layer: dQ = E_é_l dx

Continuity: g + N - dx - q - dq - 5—%—1 dx = 0 so

Darcy:

in which
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kD = 100 + 12 - z, = constant

(8)

(9)

(10)

(11)

(12)

(13)



[In reality kD is a function of z, but then it is not possible to solve

differential-equation.]

With (11) and (12):

2
dq _ _ kD - a“z _ N-2-¢ or
dx 4 c
x
2
d"z z N
— - + == + =0
dx2 kD - ¢ kD kD - ¢
‘dzz z N-c+9
T2zt 2 =0
dx A A
dz
This differentialZequation is solvable when ——% =0
dx

[possibilities: ¢ = constant and ¢ = m + x + n]

A simple approximation is:

. 1

Vs'a ]

2 z N - c + ?.

T2 2t —
Y A

=0

A special solution is z = N - c + LN

the

or with VKD « ¢ = A

(14)

5
=L 9 dX _ onstant

(15)

2
The general solution of €2 _2__09 is
2 2
dx A
X X
X X
z=C) + e + Cé - e so the total solution is
z = Ci - e + Cé - e + N+« c + ’,
. dz _ '
With the boundary condition x = 0 ix = 0 Ci = ci =Cy

X
2 =2 - C0 + cosh 3t N « ¢c + L

(16)

With this function of z however, it is not possible to solve y = f(x). Therefore

an attempt is made to find a good approximation of z

sibility to find y = f(x). This is possible with:

Z =9+ a4+ ¥ - x4
- xt o .92
With (9) z - ¢ = a + 7 X =c ax
5
cQ =ax + 1/5 « yx~ + C

f(x) that gives the pos-

(17)
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boundary condition x = 0 Q=0 C1 =0 so

cQ =ax + 1/5 - sz (18)
With (8) and (10) @ - x + 1/5 7 - x> = - ke - y - 0,02 - 3 or
172 0 - x2 41730y - x® 4+ ¢, =-0,01 + ke - y2 (19)

2

With the boundary condition x = 0 Y =Y, it is possible to solve Cz.

-6

x Y in m C2 10 s Gy
(ke = 112 000) case
50 - 25 kc - 2,8 1
5 - 56,25 kc - 6,3 2
0 100 - 100 ke - 11,2 3
150 - 225 ke - 25,2 4
At the point x = 1 = 3000 there are two other boundary conditions:
= 3000 z =+ 0,11 and
= 3000 Y =¥, (chosen)
With (17) and (10):
4 12
0,11 = 0,02 - y_ + 0,25 + a + y - 3000 With 10'¢ v = o
« +8 -0 =-20,14 - 0,02 - Yo (20)
With (19) and kc = 112000
2 6 2
1/2 a« - 3000 + 1/30 v - 3000 + C2 = - 1120 - Yo
with 10’2 y = @
4,50 +24,30=-10"°.¢,-1120y2. 107" (21)
with (20) and (21)
2 -6 -6
340,2 6 = 1120 Yo * 10 - 0,09 Yo + 10 . C2 - 0,63 (22)
and a =- 816 -0,14 - 0,02 Yo (23)

For a definite Y and a chosen Yo it is possible to solve a and 6 so Y.



With (18) it is possible to solve Q1 as follows:

3500 0, = 3000 « + 1/5 - 3000 - v  With 10’2y =0
0, = 2_2_§-§§L§—2 (24)

For a chosen Y it is possible too, to calculate Q with (4), k = 32 m/day

and ¢ = 3500 days.

tongue

J/o,ozss 2 (y, + 10,5)

Qtongue = 10500 (25)

The third boundary condition at the point x = 1 is

Q = Qtongue or @ - Qtongue =80=0
Case 1 Yo = 50 m 10"6 . C2 = - 2,8 (see previous table and fig. 5)
2 -6
(22) 340,2 & = 1120 Yo © 10 - 0,09 Yo - 3,43
(23) «=-8186-0,14-0,02y,
a 0 =102 . o, (24) Q A0 = Q - @
Yo v 1 tongue (25) 1 tongue
0 0,67667 - 0,01008 0,44000 0 0,44000
10 0,66429 - 0,01240 0,39722 0,07070 0,32653
20 0,59857 - 0,01406 0,31788 0,17247 0,14541
30 0,47952 - 0,01506 0,20196 0,29811 - 0,09615

4Q = 0 between Yo = 20 m and Yo = 30 m.

After repeated interpolation it appears that:

¥, = 26,300 m.
« = 0,52979
v = -0,01476 - 10712
With (19)
-1120 y2 = 0,26490 - x? - 0,00049 - 107'2 . x® _ 2,8 . 10° or
1120 y2 = 490 - 1078 . x® _ 264900 - 1078 . x% + 2,8 . 10°
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x y in m ¢ inm z in m

0 50,000 1,250 1,780
500 49,405 1,238 1,767
1000 47,581 1,202 1,717
1500 44,417 1,138 1,593
2000 39,775 1,046 1,339
2500 33,601 0,922 0,875
3000 26,300 0,776 0,110
» =0,02y+0,25 (10)
z =9+ 0,52979 + - 0,01476 - 10712 x4 (17

With (6) and Yo = 26,300 m the length of the tongue L - 1 = 2316,561 m so
L = 5316,561 m.
With table (fig. 5) it is possible to draw the curves of y, ¢ and z.

- In the same way the shape of the water-pocket can be calculated for:

Case 2 Y, = 75 m and 1078 . c, =- 6,3 (fig. 6).
Case 3y =100m and 107% . c, = - 11,2 (fig. 7).
Case 4 y_=150m and 107% . c, = - 25,2 (fig. 8).
The values of N are in case 1 66 mm/year

case 2 125 mm/year

case 3 199 mm/year

case 4 388 mm/year.

Moreover it is possible to calculate the shape of the water-pocket with the
boundary condition at x = 1 and AQ # 0 = a chosen extraction of water.

3. THE SHAPE OF THE FRESH-WATER POCKET UNDER THE DUNE-WATER CATCHMENT AREA OF
AMSTERDAM WITH A LANDWARD FLOW IN THE SALT WATER




Used symbols

0.D.
N(x)
y(x)
X,l ’
Ho
H*

X2

Equations

mean sSea-level,

height ‘of the upper water-level above 0.D.,
depth of the interface under the clay layer,
ends of the interface,

distance between 0.D. and the top of the clay layer,
thickness 6f the clay layer,

thickness of the aquifer,

coefficient of permeability,

resistance of the clay layer,

fresh-water potential under the clay layer,
salt-water potential under the clay layer,
potential above the clay layer in m fresh water,
potential above the clay layer in m salt water,
specific gravity of the upper water,

specific gravity of the salt water,

fresh-water discharge,

salt-water discharge.

¢, =% + N+ (v* - 1) « Hy

Ye, = ¥* - N+ (v* - 7) - H,

For x < x, and x > X, is

daQ ¢, -9
2 2 2
a&x =" ¢ wd k-HgE =0

For x1 < x < x2 is 02 = on = constant so

dvz 091
-k (H - vy) I = %o and -k *ygr =

a, & - % .
& = and ?; - 19, = (y - 1) (Ho + H* + y).

Boundary conditions

X = X, and X, y‘= 0 Q = 0

®, and 02 are continuous.
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Condition for the existence of the tongue under the sea is the impossibility of

an inflow of salt water: so
o, (xy) - @ (xy) <0

This system of equations and boundary conditions was solved in 1956 by the Mathe-
matical Centre in Amsterdam and made suitable for computer processing. It will not
be mentioned how these very complicated equations were reduced. The following
cases were calculated, in which the stationary final position of the shape of the
water pocket is represented. The fixed values were as follows:

T
(]

12,85 m H*

7,00 m H= 140 m k = 32 m/day

5000 m

¥y =1,02 a a2 -a; = 3000 m

1

The values of N(x) and c(x) are variable.

FIGURES

Fig. 1: In this case ¢ = c(x) = 3500 days, and N(x) is successively 3,15 m,
-0,45 m and -4,85 m. The very long tongue under the sea is remarkable.

Fig. 2: In this case ¢ = c(x) = 3500 days, and N(x) is successively 3,15 m,
-0,45 m and -2,00 m. The comparison of figures 1 and 2 gives the
possibility of checking the influence of the water level in the
Haarlemmermeerpolder on the shape of the fresh-water pocket.

Striking in fig. 2 are the considerably smaller dimensions of the water
pocket and the much shorter tongue under the sea.

Fig. 3: In this case the c(x)-value is not constant but successively 700, 3500
and 7000 days. the value of N(x) is successively 3,15 m, -0,45 m and
-4,85 m. In comparison with fig. 1 the shape of the fresh-water pocket
is much more compact. The tongue under the sea is rather short and the
tongue under the land is somewhat longer.

Fig. 4: In this case the c{x)-values are the same as in fig. 3 but'now the
n(x)-values are successively 4,15 m, -0,45 m and -4,85 m. In comparison
with fig. 3 the depth of the fresh-water pocket has become bigger, the
tongue under the sea is still shorter and the tongue under the land is
still longer.

Figures 5 to 8:

Different shapes of the fresh-water pocket calculated for different
depths of the interface under the clay layer and heights of the

upper water-level
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2.3. AQUIFER MANAGEMENT IN THE CONTEXT OF SALINE INTRUSION

D.A. NUTBROWN

ABSTRACT

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 re-
gional 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 con-
siderable benefits over local, more intensive development as at present. However,
pipe-line links between different parts of the aquifer would be necessary to fa-
cilitate 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 com-
prehensive methods of developing water resources to meet this meed. 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 de-
veloping 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.

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 plann-
ing will not be described in any detail but a schematic representation is given
in fig. 1 - the "flow" in this diagram is downwards, with data being fed in at
the top and results finally appearing at the bottom. Fig. 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 km? is dominated both geologically and in resource terms by the Chalk in
the south. &

The exposed area of the Chalk is over 700 km? 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

67



are effectively independent water resource units. The two western blocks are
partially covered by Tertiary sands and clays lying in the Chichester Syncline.

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, condi-
tions are such that in the summer months evaporation allows no effective in-
filtration, 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

iﬁ urban complexes along the coastal margin. In the future the size and distri-
bution of population, and therefore of demand, will change due to variations in
the local rates of growth. Predicting 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 m?®/year in 1975
to 100 million m3/year in 1995. 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 deve-
lopment policy for the five blocks because, until recently, each area was supplied
by a separate undertaking. Instead, the quantity of groundwater .pumped from each
block has been used to satisfy local demand, resulting in relatively small trans-
fers 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 viegpoint it is important to determine the effects on groundwater
levels of pursuing the alternative 'policies' of:

a. 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 sa-
line 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.
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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 & MONKHOUSE, 1975). These detailed models have been calibrated and vali-
dated 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 water-level fluctuations, an automatic method of
calculating both storage coefficient and 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 dif-
ferent development strategies, and to test the sensitivity of the more important
output parameters to variations in the system constants. In analysing 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 éhilgrove in the Chichester block, it was assumed that infiltration
values pertaining to the winters of 1971/72 and 1972/73 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 re-
duced 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 neceésary 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 m?/year. The problem
is, of course, to decide how much of this can be safely exploited, without induc-

ing significant saline intrusion.
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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, water 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 mir-
rored. 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 ex-
ploited 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, par-
ticularly the Lavant, are dependent on the Chalk aquifer for their flow - for
example there are approximately 2 million m3/year licenced for watercress cultiva-
tion, coming from springs and artesian boreholes in the block. Whereas this re-
presents only about 2 per cent of the annual recharge of the Chichester block,
such interests must be protected in some suitable way.

Fig. 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. The values relating to each type of development are shown. The
upper unbroken lines give the October storage value corresponding to average in-
filtration conditions, and the lower broken lines give the October value at the
end of the test drought. Thus the uneven development 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 coarse mesh. In
the more detailed models, when intrusion did occur, it was only over fronts of 1
or 2 km. The five-kilometre grid of the present study therefore necessitates some
interpretation of the results in fig. 4. 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
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modifying the distribution of pumping from each block. Since, under the unit
‘policy’, thelgreatest 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 ground-
wéter 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 development,
details of optimum pumping regimes and the.magnitudes of transfers necessary bet-
ween 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 forecasts). 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 system constants,
some of which may not be close to their true values.

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, transmissi-
vity 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 sensiti-
vity study). The 'implicit' variables (that is those whose sensitivities to chan-
ges in the explicit variables were examined at the end of the study) were:

a. a linkage cost variable, related to the magnitude of inter-block transers,

b. 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, equa; to the total amount of groundwater storage above
sea level at the end of the summer period.

Fig. 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 pro-
portionately, and are relatively independent of the other explicit
variables.
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b.

Pumping costs show, more or less, the expected dependencies, 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.

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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13 Schematic representation of the systems approach to planning.
2: Study area with mesh.

3: The five Chalk blocks and the associated demand centres.

4: Results of the comparison between two development policies.

5: Results of the sensitivity exercise.
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2.4. A STUDY OF SALINE INTRUSION AND THE INFLUENCE ON GROUNDWATER MANAGEMENT
IN THE LINCOLNSHIRE CHALK (ENGLAND)

D. EVANS, J.W. LLOYD & K.W.F. HOWARD

ABSTRACT

The Lincolnshire Chalk yields high quality water for the industrial areas of
Grimsby and South Humberside. Over-exploitation has led to falling water levels
and saline intrusion from the Humber Estuary. Because of rising demands and
limited alternative resources it is vital to make best use of this aquifer, and
for this a 3-year multi-disciplinary study has been carried out by the Birmingham
University and the Anglian Water Authority. The study has clarified the salinity
problem and in doing so has broken new ground in hydrogeological techniques,
which included geophysics, major and minor ion hydrochemistry and the use of
environmental isotopes. The work culminated in a mathematical model of the aquifer
which is being used (circumspectly) to guide management and planning decisions to
meet demands in the Humberside area.

1. INTRODUCTION

)

The Lincolnshire Chalk provides some 170 tcmd* of high-quality water for domestic
and industrial supplies in Grimsby and South Humberside (fig. 1). Water has been
pumped from the aquifer at an increasing rate for many years, and recently ab-
stractions have exceeded the safe yield, particularly in the Grimsby area. As a

result, saline water has been drawn in from the adjacent Humber Estuary.

The agquifer is physically complex and the evidence of saline intrusion in the
late 1960's and early 1970's was unclear. The Anglian Water Authority (AWA)
therefore commissioned Birmingham University to study the problem. That study,
the South Humberside Salinity Research Project, took place from 1975 to 1978 and
involved geophysics, hydrogeology, hydrochemistry and groundwater-modelling
techniques. The study was first introduced at the previous SWIM Conference at
Medmenham in 1977 (LLOYD et al., 1977).

This paper describes the aquifer and its significance to regional water resources,
the completed salinity study and its results, and the value of those results to
aquifer management and to regional water resource planning.

2. THE LINCOLNSHIRE CHALK AQUIFER

The Lincolnshire Chalk is a fissured aquifer partly confined by glacial tills. Its
outcrop is shown in fig. 1; fig. 2 shows the study area in more detail. The

aquifer dips to the north-east and extends at depth under the North Sea. The
wetted thickness of the aquifer is of the order of 100 m. Estuarial saline water

*) tcmd = thousands of cubic metres per day = Ml/d.
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has been encountered near the coast whilst at greater depth there are zones of
connate saline waters. The objectives of the study included definition of the
geometry of the Chalk and the confining layers, and of the various saline zones.

The effective rainfall on the outcrop is some 160 mm/year, most of which infil-
trates to the aquifer. Under natural conditions this would emerge as spring
floﬁ at the confining boundary and from ‘blow wells' (artesian overflows) nearer
the coast. However, most of these natural overflows are now reduced as a result
of abstraction.

The mean natural recharge to the aquifer, as defined in the study, is some 219
tcmd. Allowing for spring flows and various other 'losses' this implies that the
safe steady abstraction rate may be of the order of 170 tcmd. Abstractions ex-
ceeded this rate for much of the 1960's, reaching a peak of 192 tcmd in 1970.

‘3.  SIGNIFICANCE OF THE AQUIFER TO WATER-RESOURCE PLANNING

South Humberside has a population of some 300.000 people, with a higher growth
rate than most parts of Britain. During the 1960's and early 1970's there was
rapid expansion of heavy industry, particularly along the Humberbank (fig. 1).
Much of this industry is water-intensive and there is scope for much further
expansion.

The Chalk aquifer is the 'natural' local water resource, both for public supply
and for direct abstraction by industry. However, it is inadequate to meet the
full demand, and therefore two surface water schemes have been implemented:

a. The Covenham Scheme:
a reservoir at Covenham (fig. 1), pump-filled from the Louth Canal and the
River Great Eau, was constructed in the 1960's specifically to meet the
rising industrial demands. Its safe yield is some 64 tcmd.

b. The Trent-Witham-Ancholme Scheme (T-W-A):
a river transfer scheme, initially providing some 60 tcmd to the Grimsby
area. This yield could be substantially increased, but because the main
source is the River Trent which carries large volumes of effluent from the
industrial Midlands, this source is non—gdtable. Despite expensive treat-
ment, the water is also less acceptable to industry on other quality
grounds, notably high dissolved solids.

There are no other local options for potable supplies of reasonable cost and
public acceptability. Therefore the strategy for meeting growth in demand is to
progressively increase the supply of T-W-A water to those industries which can
use it. This releases potable water for the public supply and for industries,
such as food processing, which cannot accept T-W-A water.
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However, there is a limit to the amount of potable water that can be released

in this way, and eventually some further potable resource will be required. This
will be very expensive and will have implications elsewhere in the region. Making
best use of the Chalk water is therefore important to keep down short-term operat-
ing costs, to defer costly new investment and to provide the best quality water

to customers.

One way in which better use might be made of the aquifer is to use it conjuncti-
vely with the Covenham Scheme. This scheme has insufficient storage and additio-
nal storage, used only occasionally in dry years, could increase its yield. The
Chalk could provide such storage, but the potential for doing so is limited by
the risks of saline intrusion.

A full understanding of the recharge to, storage in and other properties of the
aquifer, and of the salinity problem is therefore vital, not only for day-to-day
management but also for longer term resource planning decisions.

4. SOUTH HUMBERSIDE SALINITY RESEARCH PROJECT

4.1. Organisation

The project was carried out by the staff of the Departments of Geological Sciences
and Civil Engineering of the University of Birmingham with the support of staff

of the Anglian Water Authority as a research contract between the Authority and
the University. The project was controlled by a steering committee and a larger
technical working group involving university staff, operational and planning staff
of the Water Authority and representatives of local industrial abstractors and
outside bodies concerned with water resources. Though apparently cumbersomen this
approach succeeded well in combining the academic skills with practical knowledge
and so ensuring that the end project was of maximum practical value.

4.2. Objectives

The overall objective of the project was to understand the relationship between
good quality exploitable groundwater and the various poor-quality saline ground-
water bodies in the Chalk. This necessitated a complete hydrogeological study of
the groundwater conditions with the following complementary objectives:

- to establish the detailed geological sequence and stratigraphical distribu-

tions to obtain the basis for the aquifer geometry;

- to classify and locate the hydrochemical types of groundwater and their
relationship to groundwater-flow controls;

- to determine the origin of the saline groundwater bodies, their response

to historical abstraction and the influence of origin on response;

81



- to determine the range and distribution of aquifer characteristics and
to delineate aquifer boundaries;

- to estimate recharge to the aquifer and to collate natural discharges and

groundwater abstraction data from the aquifer;
- to examine groundwater head fluctuations at observation wells;

- to construct an aquifer-simulation model to represent the recent history
of the aquifer with particular reference to the saline groundwaters;

- to operate the aquifer model to explore the likely response of the aquifer
and saline groundwater to changes in abstraction patterns or locations.

4.3. Results of the Project

The study revealed the complex hydrogeology depicted in fig. 3. A detailed geo-
logical picture of the area was established from surface information, drilling
logs and surface and borehole geophysics. The main aquifer unit was defined as
the upper part (approximately 50 m) of the Chalk, which has developed a fissure
system irrespective of stratigraphy. Various other aquifer units were defined
below the Chalk such as the Carstone and Roach and certain sandstones. Hydro-
chemical evidence confirmed that these lower units are in limited hydraulic
continuity with the Chalk through faulting and natural fissure development.

In the western part of the area the Chalk-aquifer unit is unconfined; in the east,
towards the coast, drift ‘'boulder clays' are present and the aquifer system be-
comes confined. Because of the presence of the saline groundwater bodies in the
Chalk in the coastal areas, particular attention was paid to the lithologies of
the drift and it was found that significant sand and gravel deposits (up to 15 m
thick) exist particularly in the western part of the drift (fig. 4). The sands

and gravels rest directly upon the Chalk, their deposition having been controlled
by a Pleistocene cliff-line.

Hydrochemically the groundwaters were divided into four types based on a DUROV
subdivision of major ions. The saline (NaCl) groundwaters were subdivided further
using minor ions as shown in fig. 5. Three different saline bodies have been re-
cognized and have been dated using tritium and radiocarbon methods. They are

defined as:

- a saline zone east of Louth probably resulting from an Ipswichian saline

intrusion entrapped beneath boulder clays;

- a saline zone in the north-east of the area dating from a Flandrian saline

intrusion;

- limited modern saline intrusions in the vicinity of Immingham.

To substantiate the hydrochemical findings off-shore geophysical date were
obtained from the Institute of Geological Sciences, and it was found that only

limited possibilities of leakage between the aquifer and Humber estuary exist.
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The geometry of the saline bodies was determined by surface resistivity methods.
The resistivity survey was one of the most thorough ever conducted in the United
Kingdom and a new technique, to allow one-man operation, was developed to speed
the work.

The geological, geophysical and hydrochemical phase of the project proved two
fundamental hydrogeological factors about the area over and above the general
definition of the environment. These were:

- the significant extension of the aquifer storage by sands and gravels which
provide groundwater to the Chalk during nonrecharge periods and thus retard
potential westerly movement of the saline waters, and

- the important evidence that the bulk of the saline water is ancient and
that only limited modern saline intrusion is possible.

Recharge to the aquifer system was calculated using the classical PENMAN evapo-
ration-soil moisture balance (PENMAN, 1949). The recharge was examined on a
digital model of the aquifer and it was found that, to reproduce the recorded
well hydrographs, it was necessary to allow 15 % of effective precipitation to
enter directly into the aquifer (RUSHTON & WARD, 1979; HOWARD & LLOYD, 1979).

4.4. The Aquifer Model

For modelling purposes both analogue and digital methods were adopted. The
analogue approach was particularly useful in the early stages of analysis when
various initial and boundary conditions were investigated. However, the digital
computer solution, which used a backward difference time approximation (RUSHTON,
1974) was eventually found to be more useful when detailed numerical values were
required. The model was constructed on a 2 Km? grid and used a monthly time-step
for 1961 - 197%. Transmissivities and storages used in the aquifer model were
based on radial-flow model solution of pumping tests (RUSHTON, 1978). Results of
the simulation obtained are shown in fig. 6 and 7. In fig. 7 it will be seen that
the flow distribution has been modelled to produce minimal flow in the ancient
saline-groundwater areas. Modern saline intrusion was modelled using leakage co-
efficients obtained by trial and error.lFig. 7 also clearly shows that the prin-
cipal groundwater flows are to the major abstraction area of Grimsby and to

certain spring outlets.

Abstraction variations were considered on the model as follows:
1. Constant abstractions of 145, 170 and 210 tcmd.

2. Abstraction as 50 % average during the winter and 15 % average during

the summer months.
3. Certain industrial abstractions moved 5,7 km inland.

4. The possibility of conjunctive use with the Great Eau surface water

scheme.
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In considering the influence of saline waters in these modelled abstractions,
reversals of groundwater head in the east were identified and translated into
flows. Some of the results of option (1) are depicted in fig. 8 and clearly

show that little additional water can be drawn from the aquifer under safe yield
criteria. It was found that the redistribution of abstraction with time (2) was
unacceptable but that the re-location of certain industrial abstractions (3)
could be beneficial and reduce the westerly movement of saline water during low
recharge periods. Conjunctive use studies (4) showed that additional water can be
abstracted with such a scheme. In low recharge periods it was found that signi-
ficant inflows of saline water would occur at Grimsby but that recovery would be

rapid.

5. CONCLUSIONS

The problem of saline intrusion in the North Lincolnshire Chalk led to a three-
year multi-disciplinary study. The integrated use of geophysical, hydrochemical
and groundwater modelling techniques enabled a far clearer understanding to be

reached of this complex aquifer, in particular:

- hydrochemistry was used to define hydraulic inter-continuity between the
Chalk and the lower aquifers, and to define the principal flow mechanisms
(LLOYD et al., 1977);

- minor ion chemistry was used to distinguish between saline groundwaters.
These were subsequently dated, using carbon-14 and environmental isotope
(tritium) technique (LLOYD & HOWARD, 1978); HOWARD & LLOYD, 1978), showing
that two were ancient and one of recent origin;

- integrated surface and borehole geophysics were used to define the geometry
of the aquifer and the overlying strata, and of the saline bodies of water
(LLOYD et al., 1977; UNIV. BIRM., 1978);

- groundwater modelling was used to bring all the data together and in par-
ticular to refine estimates of recharge to the aquifer (RUSHTON, HOWARD &
LLOYD, 1979).

The study culminated in a digital model of the aquifer which is being used to
guide management and planning decisions on:

- the optimum rate of abstraction;

- possible re-location of abstraction to minimise risk of saline

intrusions; and

- possible conjunctive use with surface resources, to increase total potable
resources.

No such study, or model, can be perfect. The results obtained will be applied

circumspectly and the aquifer model progressively refined in the light of prac-
tical experience.
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FIGURES

Fig. 1: Location of major resources and major elements of regional transfer
network.

Fig. 2: Location map of the study area.

Fig. 3: Hydrogeological features of the Chalk-aquifer system.
Fig. 4: Distribution of drift deposits.

Fig. 5: Characterization of the saline waters using the relationship between
I and Cl1 ions.

Fig. 6: Comparison of actual and modelled water levels.
Fig. 7: Modelled groundwater-flow distributions.

Fig. 8 a: Response of the aquifer to alternative abstraction rates (head) .

Fig. 8 b: Response of the aquifer to alternative abstraction rates (flow).
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2.5. THE EVOLUTION OF FRESH-WATER/SALT-WATER EQUILIBRIUM IN CONNECTION WITH
WITHDRAWALS FROM THE COASTAL CARBONATE AND KARSTIC AQUIFER OF THE
SALENTINE PENINSULA (SOUTHERN ITALY)

T. TADOLINI & L. TULIPANO

ABSTRACT

The Mesozoic carbonate rocks of the Salentine Peninsula, in which permeability
results from fractures and karst action, contains a huge mass of groundwaster
floating over continental intrusions of seawater with the sea horizon as its
base level.

The phenomena that govern the influence of salt water on fresh water in the aqui-
fer have been studied for over ten years by experimental surveys made in obser-
vation wells penetrating the seawater intrusions. At present the conditions of
equilibrium between the two types of water are undergoing a change.

This fact can only be ascribed to water withdrawals which have been greatly
intensified during these past ten years, and is mainly revealed by the changing
depth and thickness of the transition zone between the two types of water and
by a general increase in the average salt content of fresh groundwater.

1. INTRODUCTION

The Salentine Peninsula provides a typical example of a fractured and karstic
coastal aquifer. Its geological rock basement is formed by Cretaceous limestones,
dolomitic limestones and dolomites that are usually permeable owing to fractures
and karstification.

A huge aquifer is embedded in these rocks. Groundwater is supplied to the aqui-
fer by a certain amount of the autumn and winter rains falling on the region
(COTECCHIA et al., 1973 b; TADOLINI et al., 1976). Inside the aquifer, fresh
groundwater floats on continental intrusions of seawater, with the sea horizon
as its base level (COTECCHIA et al., 1973 a).

Piezometric heads are usually low: about 3 m above mean sea level at most. Hence,
saline water is encountered underlying fresh groundwater at ccmparatively shallow
depths. This strongly limits the possibility of using the aquifer as a water
resource since there is always a danger that the equilibrium between fresh and
saline groundwater will be greatly disturbed resulting in salt contamination.

Our studies were started about ten years ago with the aim to investigate in what
way fresh groundwater is influenced by the underlying water of marine origin.
Essentially, the work was based on surveys made by means of observation wells
which had been sunk low enough to penetrate the seawater encroaching into the
mainland. This work was supported all along by conventional hydrogeoclogical

surveys performed on a region a scale.
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As a general rule, our findings always revealed that the fresh-groundwater
saline-groundwater relationship is greatly affected by the peculiar anisotropy
of the aquifer.

This work is especially ccncerned with cerﬁain specific aspects of the influence
exerted by seawater upon fresh groundwater. Specifically, the conditions of
equilibrium between the two types of water in the various parts of the peninsula
and their evolution with time following continuous withdrawal are discussed.

Another point of interest is the possibility of identifying the "preferential
flow levels" at which water is drawn during the pumping tests. This can be done

using the salt content of pumped water as a natural tracer.

In connection with this latter point, the real discharge capacity of the well
is discussed in connection with the presence of such "preferential flow levels".

2. SPECIFIC ASPECTS OF GROUNDWATER FLOW

Before we analyse the subject phenomena in detail, it may prove useful to de-
scribe briefly some of the specific characteristics of groundwater flow by which
such phenomena may be strongly affected.

In the Salentine Peninsula, the genesis and development of karstification are
essentially related to the paleogeographic history of the area and especially to
the glacio-eustatic fluctuations of the mean sea level (COTECCHIA et al., 1969).

It is an accepted fact that the karstic dissolution of carbonate rocks is
governed not only by the different rates of karstification of the different
lithotypes making up the formation, but also by the different modes of ground-
water travel through the various parts of the aquifer (COTECCHIA et al., 1975).
The presence of co, and certain ions in the water may favour the dissolution
process. Sufficient ccncentrations for this depend, among other things, on the
mobility of the water within the aquifer.

With respect to the glacio-eustatic fluctuations of the sea level, karstic dis-
solution occurs - all other ccnditions being equal - when the hydrological and
hydrochemical conditions stay unchanged over sufficiently long geclogical periods
of time.

It is obvious that a change in the depth of the base of the groundwater flow
causes new levels to undergo karstic dissolution, just as it may happen that
previously karstified levels will become fossilized. Add to this the vertical
sequence inside the aquife; of scarcely karstifiable or unkarstifiable
(COTECCHIA et al., 1973 b; GRASSI, 1974) and of highly karstifiable layers, and
it will soon become apparent that in reality water slows at present along
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subhorizontal levels that are characterized by a high rate of permeability and
are interbedded by scarcely pervious, if not practically impervious, rock
horizons (TADOLINI & TULIPANO, 1977 a).

Because of this, vertical flow often occurs in wells drilled into an aquifer.
This flow usually results from the water levels being crossed by wells having
different heads (COTECCHIA et al., 1973 a).

The fact that groundwater rests on water of marine origin at its base has pro-
duced a true vertical stratification of the salinity of the water in the aquifer.
The increase in salinity with depth is very low within the fresh groundwater
compared to the much faster increase near the water of marine origin - which
reveals the presence of a transitional zone (TADOLINI & TULIPANO, 1970). In
practice, the aquifer contains clearly differing salt concentrations at different
depths which appear to correspond to the changing mobility of water within the
aquifer, hence to the distribution of the "preferential flow pathways" mentioned
earlier.

The above findings were also obtained from direct measurements of the distri-
bution of filtration velocity by means of radioactive tracers, as well as by
analysing the distribution of groundwater temperature, which can be adequately
used as an environmental tracer. Temperature changes along a vertical column in
the aquifer are correlated to the different rates of water mobility along the
water levels that make up the aquifer (COTECCHIA et al., 1973).

By the same measurements it was also determined that the seawater encroachment
into the peninsula is practically at a stillstand, with the exception of the
areas closest to the coast. Consequently, the temperature gradient at the
transition from fresh water to salt water was found to be positive and high.

3. THE EQUILIBRIUM BETWEEN FRESH GROUNDWATER AND SALINE GROUNDWATER AND ITS
CHBANGES WITH TIME

Just as in any other coastal aquifer the changeover from fresh water to salt
water - as already stated above - is marked by the presence of a transition
zone in which water salinity increases more or less rapidly with.increasing
depth.

The thickness of the transition zone varies considerably at different sites,

but is generally greater in most of the inland areas, and drops down to a few
decimetres further towards the coast (fig. 1, 2). Far from being stable, this
transition zone is subject to changes in both depth and thickness. These changes
can be correlated with the mode of groundwater recharge as well as to the with-
drawals which are a common practice in the region, particularly for irrigation
purposes (COTECCHIA et al., 1974).
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Until a few years ago, when the amount of pumping from the aquifer was compatible
with the actual rate of annual recharge, vertical movements in the transition
zone were practically comparable to fluctuation wells in line with the annual

recharge cycles.

These vertical displacements are especially evident at the interface between the
transition zone and the seawater intrusion.

Fig. 3 shows the behaviour of the transition zone since 1974 in the most represen-
tative observation wells.

It will be observed that some of the wells already show a tendency for the sea-
water to rise. The most striking evidence of such phenomena is observed in wells
SR, LR and TA, whereas no seawater rise was recorded in wells CH2, ST1 and CS.
CS, however, already shows a tendency for the seawater to behave as in the other
wells since the 3 g/l isohaline has moved upwards and since this displacement
occurred in no more than one and a half years.

The equilibrium conditions which govern the co-existence of fresh water and
brackish water result from (a) a merely static equilibrium due to a less dense
water simply floating over one of higher density, (b) the dynamic conditions of
groundwater flow, (c) groundwater recharge, (d; water drafts, (e) the effects of
changing atmospheric pressures on the level of the water table, (f) periodic and
non-periodic fluctuations of the sea level, and (g) the effects of possible dif-
ference between the mean levels of the two seas bdrdering the Salentine Peninsula
even for long stretches of time (TADOLINI & TULIPANO, 1974, 1977 b).

Clearly, the dominant phenomenon is that of less dense fresh water floating on
salt water of higher density.

Since we can use a number of observation wells scattered all over the Salentine
Peninsula (fig. 1), it may be useful to note the real conditions of equilibrium
in the aquifer with respect to the actual depths of the encroaching seawater,
the vertical distribution of salinity, and the measured water heads.

The density of water is a function of its salt content and temperature. By
measuring in the laboratory, on a precision hydrostatic scale, the density of a
large number of water samples and by determining total salt content by means of
chemical analyses, linear relationships between salt content and water density
were obtained at the various temperatures that are typical of the groundwater
in the Salentine Peninsula (fig. 4).

Thus, for each determination in the well, the weighted average densities of the

entire water column above seawater were determined, including the transition

zone. Table 1 reproduces the resulting data for each of the different wells.
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Starting from the exact measurement of the head t in each well at the time the
survey was made, and considering the real densities of the water columns present
in each well, one can determine the theoretical depth (Ht) of the bottom of the
transition zone from the sea level. This depth seems to correspond to conditions
of purely static equilibrium. In practice, this is equivalent to applying the
well-known Ghyben-Herzberg law, since the calculated coefficient is K = df/
(dm-df), except that here the real densities of all the water in the aquifer are
considered namely, the overlying fresh water, that of the transition zone, and
the underlying seawater having a density of 1,02750 g/cm?.

Fig. 3 shows, along with the representation of the frends of equal salt
content versus time in the transition zone, the theoretical depths at which sea-
water is encountered in each well. It will be noted that the two depths - the
theoretical and the observed depths - differ little in a few cases, but that the
difference is much greater as a general rule.

With regard to the hydrogeology of the region at large, especially in connection
with the evolution of pumping practices, it will be realized that, wherever there
is an equilibrium between withdrawal and supplies, the differences between the
data given in the tables are quite low. Conversely, the largest differences are
observed in the observation wells in the area where demand for water is steadily
growing and is met, even to this day, by drawing indiscriminately upon the

aquifer.

By way of example, we shall describe the situation at well TA, which used to be
in equilibrium until a few years ago. The difference between the theoretical and
the observed values of the depth at which seawater used to be found was about

one metre. Today, this difference is already in the order of some 50 m. The most
striking consequences are the tendency for seawater to rise and .a salinization,
however mild, of the entire water column above, which causes the average density
of the water to increase due to the fact that the whole aquifer is now seeking a

new equilibrium.

Well MS represents a special case: if the levels of the isohalines observed in
the well are compared with the calculated theoretical depth of the encroaching
seawater, it will be noted that until at least 1976 differences from the real

depth of seawater are not very marked.

For sake of precision, it should be pointed out, in this connection, that well

MS cannot be regarded as a perfect observation well because it does not penetrate
deep enough into the seawater. Since the overall conditions of the area, within
which the well is located, are known, and considering the remarkable thickness

of the transition zone, one might conclude that the present vertical distribu-
tion of salinity reflects an earlier condition of marked disequilibrium which

has now been offset by a strong upward expansion of the transition zone, which

now occupies almost the entire thickness of the aquifer.
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Nevertheless, if the water samples drawn in 1979 are examined, it would appear
that a new process of disequilibrium is setting in at present. Very likely, this
will result in a further expansion of the transition zone, a marked rise of sea-
water, and a further considerable increase in the average salt content of the
whole water column. Future surveys will be also aimed at investigating this
possible development.

In conclusion, our study-of the present conditions of equilibrium between fresh
groundwater and seawater suggests that what can be considered to be the only
locally available water resource is being severely curtailed. Judging by the
comparatively slow rate at which this phenomenon is developing, it should be
concluded that ideal conditions of equilibrium can be restored only in the long
term and only if groundwater withdrawals are immediately brought under careful
control so that they will become strictly compatible with the rate of groundwater

recharge.

4. IDENTIFICATION OF PREFERENTIAL FLOW PATHWAYS THROUGH PUMPING TESTS

The preceding paragraphs are a description of current phenomena at a regional
scale. We think it worthwhile to describe what goes on in a single well when it
drains water from an aquifer of this kind.

One of the main problems in connection with the withdrawal of groundwater from
coastal aquifers is that it is extremely difficult to decide what would be the
ideal "working" discharge, given the need to avoid, or to reduce to a bare mini-
mum, local upward flow of brackish or even saline water.

While a problem like this can be easily solved on mathematical grounds when
dealing with a homogeneous and isotropic aquifer, it becomes extremely complex
in the case of highly heterogeneous aquifers such as those of the Salentine

Peninsula.

It might therefore be useful to describe a methodology applicable to individual
wells and thus to offer an indication about what a "safe" pumped discharge would
be.

It has already been mentioned that the Salentine aquifer actually consists of a
vertical sequence of water-bearing layers along which water tends to find its
way out. It is further recalled that thermosalinometric logs reveal any signifi-
cant changes, however small, of the characteristics of temperature and salinity
of the waters corresponding to the occurrence of one or more such layers along
the vertical column in a well.

If these measurements are taken before a pumping test is made, it will be easily
realized that the water removed by pumping will be drained by one or more such

pathways, depending on the rate of withdrawal. This can be obtained by comparing
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the salt stratification in the well at rest and the continuous recording of the
salt content of the pumped water.

Figs. 5 and 6 showthetrendsof discharges and thecorresponding drawdown with
time, as observed through a series of trials. Salinity of water withdrawn by
pumping is plotted against time. In the diagram, these trends are correlated to
the saline stratification observed in the wells before the trials.

By means of this kind of representation in graph form, one can easily recognize
the depth from which the water pumped at specific discharge values is derived -
a fact which is irrespective of the position of the pump along the vertical
column in the well.

The diagrams show the most characteristic situations revealed by the study.

‘Generally speaking, it was observed that pumping initiates flow from "preferential
flow levels" which may be only a few decimetres or as much as several metres
thick.

In some instances it was also observed that pumping removes water from levels
that are obviously lower than the depth tapped by the well, since in such cases
the salt content of pumped water is greater than that shown by logs made in a
well at rest.

Moreover in only a few instances does the salinity of the water removed by pump-
ing increase with time. Quite often such changes are independent of the with-
drawal rate.

The observations described above have also been checked by means of specially
arranged pumping tests of long duration. In one instance, this was done simul-
taneously for a group of three neighbouring wells to monitor any possible mutual
interference.

In the average, the duration of the test was 10 days during which hydrological
and hydrochemical surveys were also made in wells near the observation wells,

whenever this was feasible (fig. 7 and 8).

A rather peculiar situation is shown by the test made in well No. 40 (fig. 6).
The well has the following characteristics: static head 1,74 m at test time;
penetration into the aguifer approx. 40 m. With regard to the measurements taken
at observation well DA, about 4 km away from the test well, it could be concluded
that the encroaching seawater was about 100 m below mean sea level, whereas the
top of the transition zone must be quite close to the bottom of the well.

The test was carried out for 52 hours and the peak discharge obtained was 50 1/s

with the corresponding dynamic drawndown being approx. 6 m. The salinity of the
pumped water remained constant around 0,4 g/l for any rate of withdrawal, showing
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that the water was drawn from a water-bearing layer in about the top five metres
of the aguifer. As soon as the test was completed, another thermosalinometric log
was taken. The corresponding diagram shows that the upper portion of the transi-
tion zone has risen while, as already stated, it must have initially been quite
close to the bottom of the well. Despite this fact, no increase was noticed in
the salt content of the water pumped from the well.

It is also interesting to note that a further thermosalinometric log, performed a
few days later, showed that exactly the same conditions existing prior to the
trials had been restored along the entire water column in the well.

During the same test it was also found that pumping affected the levels of two
wells located about 1300 m apart and that well lowering was limited, in this case,
to just 4 cm compared to the 6 m observed in the test well.

on the basis of all the results obtained in our study, it can be concluded that
whenever a well crosses a series of "preferential flow pathways", the first pumped
water is drawn from the layer having the highest permeability. Later on, when the
pumped discharge is more than the potential capacity of this first layer, water

is gradually drawn from the other levels in the series.

By observing the salinity trend of pumped water as related to the withdrawal rate,
it is possible to get at least some indication about the potential capacity of the

various water levels.

It is worth pointing out that, at least as long as the tests are under way, there
is no indication of changes in the salt content which would be strong enough to
suggest that an intrusion cone of salt water has been formed, not even in those
instances in which dynamic lowering was remarkably strong and in any case suffi-
cient to produce an intrusion cone of salt water if the test medium had been a

hypothetical homogeneous and isotropic aquifer.

Our conclusion is that this study seems to provide the means needed to decide
what should be the discharges that can be safely drawn from individual wells
without any danger of contamination.

Obviously, the major problem is to find ways and means of implementing a co-
ordinated and general policy for the management of groundwater in an aquifer of
this kind, so that the total sum of discharges drawn from it will be in harmony

with its hydrological equilibrium.

A distribution of groundwater flow along several preferential flow pathways can
be regarded as a favourable short-term condition with respect to salt contamina-
tion produced by pumping. However, there are also long-term effects when ground-
water withdrawals are greater than the aquifer's overall potential recharge. This
danger has been revealed with sufficient clarity by the investigations carried
out to date and by the conclusions on the present conditions of equilibrium de-
scribed in this paper.
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Location of observation wells (1) and pumping test wells (2).
Salinity and temperature logs in observation wells.

Variations in time of the trend of salinity stratification within the
transition zone. The grey bands represent the theoretical elevation
of the salt water.

Groundwater salinity (TDS in g/l1) vs. density (in g/cm?®).

Discharge and drawndown vs. time (solid line and hyphenated line) in
the upper portion of the diagrams; saline stratification (solid line)
in the lower diagram drawn against the depth scale, and salinity trend
of pumped waters (hyphenated line in the lower diagram) drawn against
the time scale. The section level of the pump is marked on the depth
scale.

Discharge test of medium duration carried out in well nos. 40, 71,

29 and 82. On the right side discharge (Q) drawndown (Ah) and salinity
trend (TDS) of pumped water vs. time. On the left side saline strati-
fication of the water column of the well before (unbroken line) and
after (hyphenated line) the pumping test.

Discharge test of long duration carried out in well 50 and saline
stratifications in the same well and in the adjacent wells 48, 49 and
51 before and after the test: saline stratification remained constant
in wells 49 and S1.

Discharge test of long duration carried out at the same time in
wells 16 (solid line), 6 (dotted-hyphenated line) and 7 (hyphenated
line). In the upper part saline stratifications before (solid line)
and after (hyphenated line) the pumping test.

Real head t (m), weighted average densities (6¢) of the entire water
column above seawater, calculated coefficient K = 6¢/(6g-6f¢), real
(Ht) and theoretical (Ht) depth of the bottom of the transition zone
from the sea level. Values for each observation well.



YOOI P YINYNED

Figure 1

105



TA MS CH2 CS SR
0 20, 4%w0Q 20, 4nQ 0 w0 20 a0, 20,k 9n

ded

y

nst 1634318 20 © 1623518 20 © 163y 18~ 2016 19918 20° 16 J®x18 20T

! { 8
[ \ )
40 i \.\ !
| !
\ |
|
i
{
\
\

0 20 401 0 20 _40A O 20 4000 O 20 404N

ny % 4o 20® %6, T T B DefE B 20

404

80

120

160

Figure 2

106



Tt T 1078 T 1T

Figure 3

107



1.030
4
g/cm2
1.020 50°C
16°C
1,010
1.000-
0.990 . . ; .
0 10 20 30 TDS gfi 40
Figure &
w)s
40 O:
20 o.:
sof o
0] o -
" o h ° o h
]
E ]
“
4 8 19 W %0 34 20 M ¥ = 4 9 12 19 50 34 38 I 3 m
bolow mal bolow mal

4 8 13 16 20 3¢ 28 3N I =
bolow mis

Figure 5

108

12 16 80 3¢ 88 8% 36 m
Salow m 10



|

a2 28
e T
as 10 15 20  asgl r - ey +~— .
208 o
—_—
=)o aw
\ o
H
. }
g \ _

J

Figure 6

109



-

LB B 4

% s v

[
(DK

1$

€ 2L 1

_I,Inr

|

-

|

L poe

0t

s1 I/6 g0

Loi

Lo sw



Table 1:

[ON4 16727 Rp 1€ 166800°1 600

y's ot (33114 01970071 60°0

/€11 16°C7 7748 1€2000°1 120
L9011 €L 10°011 2241111 19°0 6L “d4S R9°'R 16°2T 19°¢¢ 6$€600°1 921°0 1-IS
O6Lyh FR796 £0° 16 /89910°1 101 8L "NVl oA gL 16°91 feov or9T00 1 610

T4 16'N v oy £TRI001 [E]

/¢°11 16°61 Loty LZ1900°1 0
0 /I L £¥60600°1 Rl 6L °diAS va
o6¢zt | sRost | 6pee | ze6600'1 | 61z | 8L -gEd

008 9T°TH 929°0p FERZ00°1 861 6L CdiS

10°011 L 1p°1€ $O8L00°1 iz 8L NVI
11813} 81'8M1 <€°0¢ 06¥L00°1 99°C 6L ‘daS L8901 L 8P 0¢ pr1L00'1 921°7 ot nf
Trort 81°8p1 69°6y 6222001 4.2 4 8L NVI 66°601 Lt ¥9°1¢ 186L00°t 17 9L A SO
€9°8€1 |I'RPL 21°6y €10200°1 87 oL “Inl 19°Z1 Luem [ 20119 LySL00°t (2484 <L 'd3as
L£°971 n..mn_. [$: 2844 $66¥00°1 [1:¢4 oL ‘a1d i €0°Z11 L 26°0¢ 11LL00°t 0Tt ¥L "AON
[ 141 |U°€CT 1€°0¢ 14494 Rt 06'T $L °d3s 89°121 Lt 06°2¢ 8£VR00°1 [1[984 vt NNf

PRSI | SE°6r | 260L00°1 ¥. "AON

Lest § opreepr bocorsy | pegooot [ siv¢ [ pe 'NAM

Ly'sgt #¢°8p1 91°0p RE$T00°1 Le°¢ 6L d4S

[4 %44} R/C0C1 L6°0p L10£00°1 we 8L ‘4dd
0 Zrt pTCCT |1°09 20L010°1 97 6L "d3IS LO'¥pt 8C°8p1 99°0p RERTO0'1 pe€ 9 Inf
wost | vrsst | e8¢ | geroiot | soz oo inf ryrl | sespt | 66top | fgogoot | zee | or cwad | THD
6LLst | K91 ITRS 15101071 1°e 9L ‘add SKW 297yt 8C°Z461 t4 244 9€RE00°1 9¢°¢ NV
f/reCt ysrt 0R°€¢ 0¢L800°1 (.34 bL "AON ' [{ %441 /Lyt 900 TIRZ00°T 8¢°¢ vL "AON
6T Lt il d] 09°2¢ 1€€R00° 1 1134 ve NNl I RC°LM RE°0p L99700°1 f{1 v NNl
00°¢9 06°'06 R0'RY $9€900°1 (S} 6L "d43S 1 474 pL 8RN €S 1y TyE€00°1 (141 6L dIS
L 06°¢6 116y 6£2L00°1 ({9 ¢ ot Nl 09°¥91 pL 881 s1°1p 6£1£00°1 00y ot Il
SHRL 06°¢6 66y | 061200t | g¢1 |or cgas| wus 8Y'Z90 | w881 | Z'lv | 8816001 | vo'€ | 9L ‘434 | VL
RE1L 06°06 65°9p 116400°1 (198 $L ‘43S 0L 681 [ 1] o1p y9L£co°1 18°¢ el
€LO0R 06°001 ST 6y £€0L00°1 Y91 vyt NNl 91°LL yL €81 a1°oy 042001 'y yL 'AON

w3 cunyg

'H 'H N o 1 aLva | TIEm 'H H b Yo ) aLva § s

111



112



THEME 3

MATHEMATICAL CALCULATIONS AND MODELING

Introduction, by G.A. BRUGGEMAN

Analysis of interface problems by the finite element method,
by A. VERRUYT

Analysis of the possible shapes of the fresh-/salt-water interface in
a semi-confined aquifer with axial-symmetric boundary conditions,
by J.C. van DAM

The movement of fresh water injected in salaquifers, by J.H. PETERS

A mathematical model of the evolution of the fresh-water lens under
dunes and beach with semi-diurnal tides, by L.C. LEBBE

The use of pressure generators in solving three-dimensional salt-/fresh-
groundwater problems, by G.A. BRUGGEMAN

A random-walk simulation of dispersion at an interface between fresh
and saline groundwater, by G.J.M. UFFINK

Modeling a regional aquifer containing a narrow transition between
fresh water and salt water using solute-transport simulation. Part 1 -
Theory and methods, by C.I. VOSS & W.R. SOUZA

Upconing of brackish and salt water in the dune area of the Amsterdam
Waterworks and modeling with the Konikow-Bredehoeft program,
by J.W. KOOIMAN, J.H. PETERS & J.P. van der EEM
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MATHEMATICAL CALCULATIONS AND MODELING

3.0. INTRODUCTION
G.A. BRUGGEMAN

Salt, brackish and fresh water belong to the category of miscible liquids, which
means that the fluids are completely soluble in each other and will mix together.
In theory an abrupt interface between fresh and salt water is not possible be-
cause of the phenomenon of hydrodynamic dispersion (and diffusion as a part of
it) which creates a transition zone (mixing zone) where the chlorine content
gradually changes from that of salt water via brackish to fresh water. Besides
dispersion also the variation in density of the groundwater in salt-fresh water
problems may play an important role. So in the most general case if both dis-
persion and differences in density of the groundwater have to be taken into
account, calculation methods for salt-fresh water problems must be based on
simultaneous solution of the differential equations for density flow and for
dispersion together with the initial and boundary values for the transport and

flow processes.

If conditions are such that to neglect the dispersion is acceptable from a
point of view of accuracy, this will simplify the calculations considerably. In
the case of a small transition zone this is done in many investigations by
introducing an abrupt interface between fresh and salt water, thus considering
fresh and salt water as mutually immiscible. The assumption then is made that
changes of the hydrological regime, for instance due to human activities, will
result in a new equilibrium of the interface without an appreciable transition
zone as well.

Thus two main calculation methods for solving fresh-salt water problems may be
distinguished: studies dealing with a transition zone, caused by dispersion and
studies with a sharp interface, without dispersion.

This distinction is also applicable to the chosen eight highlights of SWIM,
belonging to the category of mathematical calculations and modelling.

1. STUDIES DEALING WITH A TRANSITION ZONE

Two dimensional problems in dune areas are studied by LEBBE (3.4.) and by
KOOIMAN, PETERS & v.d. EEM (3.8.). Both papers describe the use and results of

a modified Konikow-Bredehoeft model in which also density differences are taken

into account.
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UFFINK (3.6.) describes the development of a transition zone in two dimensional
flow, starting from a known sharp interface. For calculating the velocity
distribution he uses a similarity between the boundary layer problem in hydro-
dynamics and the flow of groundwater near an interface. From this velocity
distribution the dispersion is determined by means of the random walk method.

A narrow transition zone is simulated by means of a finite-element model of two
dimensional density flow by VOSS & SOUZA (3.7.) that is based on a consistent
velocity approximation. BRUGGEMAN (3.5.) describes a general method for calcu-
lating a transition zone in three dimensional flow, making use of so called pres-

sure generators.

2. STUDIES WITH A SHARP INTERFACE

The finite-element method is a powerful tool for solving salt-fresh water pro-
blems with a sharp interface, according to VERRUYT (3.1.). Complicated boundary
conditions, non-homogeneity and anisotropy of the soil yield no severe problems
and even generalizations to non-steady flow is relatively simple.

VAN DAM (3.2.) introduces so called reduced variables in determining the pos-
sible shapes of the interface between fresh and salt water in a three dimensional
axial symmetric leaky aquifer.

Movement of fresh water bubbles in saline aquifers is treated by PETERS (3.3.)
using vortex theory for a three dimensional axial symmetrical sharp inter-
face. This study provides a theoretical basis for research aimed at storage
possibilities of fresh water in saline water.

116



3.1. ANALYSIS OF INTERFACE PROBLEMS BY THE FINITE-ELEMENT METHOD

A. VERRUIJT

ABSTRACT

The finite element method can take a free surface or a fresh-/salt-water inter-
face into account. The method presents several advantages: 1°® a solution for soil
bodies of arbitrary geometrical shape can be found; 2° boundary conditions may be
complicated, 3° non-homogeneity of the soil can be taken into account, 4° aniso-
tropy presents only a small complication, 5° generalization to non-steady flow is
relatively simple. As disadvantages can be cited: 1° the abstract theoretical
basis (variational principle), 2° a complicated computer programme, 3° complicated
conditions may surpass the limits of economic feasibility.

Some examples demonstrate the advantage of the finite element solution over the
analytical one.

1. INTRODUCTION

In recent years the finite-element method has been found to be a powerful tool
for the solution of groundwater-flow problems; see for instance ZIENKIEWICZ &
CHEUNG (1967). In this method an approximate solution is_ determined in the form
of values of the groundwater head in a great (but finite) number of points. These
values are calculated by means of a computer program which in general solves a
system of linear algebraic equations. As the construction of the system of equa-
tions is also performed within the computer program, the finite element method
enables the solution of complicated problems, such as problems for anisotropic,
non-homogeneous aquifers of arbitrary shape. The‘occurrgpce of a free surface

or a salt-water interface can be taken into account in a relatively simple way.

Advantages of the finite element method are
1. Solution possible for soil bodies of arbitrary geometrical shape.

2. Boundary conditions may be complicated (infiltration, leakage, free sur-
face, interface).

3. Non-homogeneity of the soil is easily taken into account.
4. Anisotropy is only a very small complication.

5. Generalization to non-steady flow is relatively simple.

Disadvantages of the method are
1. The theoretical foundation is somewhat abstract (variational principle).

2. The computer program is fairly complicated (this is the price that one
. has to pay for generality and flexibility).

3. For problems involving many points and complicated boundary conditions
the requirements on the computer's memory and time may surpass the limits

of economic feasibility.
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2. DESCRIPTION OF THE FINITE ELEMENT METHOD

For a detailed derivation of the mathematical equations involved in the finite
element method the reader is referred to the literature, for instance ZIENKIEWICZ
& CHEUNG (1967), VERRU}JT (1970, 1972). Here only a general description is pre-
sented. Restriction is made to flow in a plane (fig. 1).

The plane is covered by a network of triangles, and it is assumed that within
each triangle the variation of the head is linear (fig. 2).

This means that the function ¢ = ¢(x,y) is approximated by a piecewise diffe-
rentiable function, represented by a surface of facets. The values of the ground-
water head ¢ in each node are considered as unknowns. Thus the continuous
variable ¢(x,y) is replaced by a great number (say 100 or 200, or 1000) of un-
knowns vk(k =1,2,...,n). Instead of the differential equation governing the
function ¢(x,y) one now uses a system of linear algebraic equations that is
supposed to be equivalent to the differential equation. These equations are
derived by requiring that the approximate solution on the average approximates
the true solution as well as possible. The system of equations can be set up by

a computer program that uses the following data as input:

1. the co-ordinates of each node,

2. the structure of each element,

3. the transmissibility in each element,

4. an initial estimation of the head,

5. for non-steady flow: the storage coefficient, and the values of time steps.

The computer then calculates the coefficients of the algebraic equations, and
determines the solution, for instance by an iterative method similar to the usual
relaxation process.

The occurrence of a free surface or an interface leads to a complication that can
be overcome fairly easily, although a considerable increase in computer time has
then to be accepted. The principle of the procedure can best be explained by
means of a simple example (fig. 3).

The flow region at a certain moment (say t = to)'is subdivided into triangles.

It is assumed that at all times the salt-water head in the salt water is constant
(a more refined technique would involve a network of triangles in the salt water
also; this is possible, but has not yet been executed). Then, since at both sides
of the interface the fluid pressure must be the same, the fresh-water head along
CDE is known. Suppose that along AB the head is constant, and let AE and BC be
sufficiently far away to assume that along AE and BC the head is constant. Then
along the entire boundary the head is given. The finite element procedure then
enables one to calculate the values of head in interior points, and the velocities
in each point. The velocities in the points on the interface multiplied by At
yield the displacements of these points during the interval At. This then enables

calculation of the co-ordinates of the nodal points along CDE at the end of
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the time interval. On the basis of these new co-ordinates the computer can next
calculate the new values of the coefficients of the linear equations, solve the
system, etc..

3. EXAMPLES

Some examples are given below, in the form of graphical representations of solu-
tions. '

The first example, taken from VERRUIJT (1970), refers to non-steady flow with a
free surface in a fectangular dam, The response of the free surface to a sinu-
soidal variation of the head on the left side is shown in fig. 4. The results
have been compared with other approximate solutions, and with results of tests
in a Hele~Shaw model. It appears that a sufficient accuracy can be obtained
provided that the time steps are taken small enough.

The second example refers to steady flow with an interface between fresh and salt
water (fig. 5). The fresh water is flowing from a fresh-water reservoir (or a
high land area) towards the sea. The salt water is supposed to be stationary.

The theoretical solution for this problem was obtained by STRACK (1971), with the
aid of complex variables. In this theoretical solution the upper boundary was
schematized to a straight potential line. At'great distances from the sea the
depth of the interface is, of course, determined by the Ghyben-Herzberg formula.
The numerical solution by means of the finite element method was obtained by

KONO (1972). The final mesh of triangles is shown in fig. 5. The dashed line re-
presents the theoretical position of the interface as calculated by means of the
exact complex variable method.

The advantage of a finite element solution as compared to an analytical solution
is that it is easier to generalize the finite-element technique. It is a rela-
tively simple matter to include non-homogeneities in the soil permeability,
etc.. As an example some results for the same situation as in fig. 5, with a
sink or a source in the field, are represented in fig. 6.

The dashed line is the position of the interface in case of a source, and the
dotted line is the interface in case of a sink. The program to calculate the
interface was written by KONO (1972). Although this problem admits a theoretical
solution no comparisons were made as yet. It might be mentioned, in conclusion,
that in general the location of the nodes changes during the iterative determi-
nation of the position of the interface. One may speéify, for instance, that on
certain vertical lines 6 nodes are located between the fixed upper boundary and
the lower boundary, the interface, the position of which changes during the cal-
culation procedure. Thus at every stage of the calculations the interface con-
sists of the lowest nodal points.
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FIGURES

Fig. 1: Network of triangles in a plane.
Fig. 2: Linear variation of the head within the triangles.
Fig. 3: Example for explaining the principle of the computer simulation

by occurrence of a free surface or an interface.

Fig. 4: Response of the free surface to a sinusoidal variation of the
head on one side.

Fig. 5: Steady flow with an interface between fresh and salt water.

Fig. 6: Like figure 5, with a sink or a source in the field.
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3.2. ANALYSIS OF THE POSSIBLE SHAPES OF THE FRESH-/SALT-WATER INTERFACE IN A
SEMI~-CONFINED AQUIFER WITH AXIAL-SYMMETRIC BOUNDARY CONDITIONS

J.C. van DAM

ABSTRACT

The paper comprises:

- derivation of the differential equation describing the problem mentioned
in the title in the case of stagnant saline water;

- introduction of dimensionless reduced variables;

- a numerical solution method for the differential equation in terms of the
reduced variables;

- presentation of the complete results obtained for all possible axial-
symmetric cases, i.e. a catalogue of possible shapes of the interface.

The paper is the follow-up of a similar paper for the one-dimensional case
presented in the 6th SWIM-meeting in Hannover 1979.

1. INTRODUCTION

This paper is the follow-up of the author‘'s paper presented at the 6th Salt Water
Intrusion Meeting, Hannover 1979 (van DAM, 1981). Like the previous paper the
present paper deals with the flow of fresh groundwater above stagnant saline
groundwater in a semi-confined aquifer. The previous paper dealt with the case

of one-dimensional horizontal flow in the aquifer. The present paper describes
the case of horizontal axial-symmetric flow in the aquifer. The subject of the
previous paper has since been worked out in more detail in two companion papers
(SIKKEMA & van DAM, 1982; van DAM & SIKKEMA, 1982) concentrating respectively on
the analytical solutions and on an approximate solution method of the relevant
differential equation. The paper by van DAM & SIKKEMA contains practical examp-
les and an analysis of the accuracy of the results of the approximate solution
method. The reader of the present paper may profit from reading the previous
papers as well for two more reasons. The reduced variables used in the present
paper were first introduced and discussed in the previous papers (van DAM, 1981;
van DAM & SIKKEMA, 1982). The 13 different curves obtained by analytical solution
of the one-dimensional case (SIKKEMA & van DAM, 1982) can be seen as limit-cases
of the curves described in the present paper.

2. PROBLEM FORMULATION

This paper deals with the axial-symmetric geohydrologic profile of fig. 1. The
vertical axis of rotation is at r = 0. The following assumptions were made:

- the aquifer is homogeneous; not necessarily isotropic as only horizontal

flow in the aquifer is considered;

- the semi-permeable layer is homogeneous; not necessarily isotropic as only
vertical flow in this$ layer is considered;

123



~ the interface between fresh and saline groundwater is sharp; diffusion and
dispersion are ignored;

- both the fresh and the saline groundwater are homogeneous (i.e. of -constant

densities);

- the saline groundwater is stagnant; this implies that the fresh water flows

in steady state;

- the phreatic-groundwater table is horizontal.

The depth D is not relevant for the mathematical formulation of the problem,
except as a boundary. Yet - for practical reasons - D is chosen equal to the
aquifer thickness (van DAM, 1981; van DAM & SIKKEMA, 1982).

The Dupuit approach of describing the flow in the aquifer as horizontal flow can
be justified as long as the slope of the interface is not too steep (e.g. < 0,02
to 0,05). This is often the case in large-scale problems. Similarly the flow in
the semi-permeable top layer is described as vertical flow, which is mostly
justified because the permeability of this layer is often so much smaller than
that of the aquifer.

The meaning and dimension of the symbols, most of which occur in fig. 1, are:

- geohydrological constants:

k = aquifer permeability ter ')
¢ = hydraulic resistance of the semi-permeable layer [T]
D = thickness of the aquifer [iL]
o = (p = p e, [-]
p, = density of the saline groundwater tu=3)
pg = density of the fresh groundwater tn3)
- boundary conditions:
p = elevation of the phreatic groundwater table, horizontal, above reference
level®! L)
h_ = piezometric .level of the stagnant saline groundwater, above reference

level*) L]
E = equilibrium depth, see expression (5) (L]

- variables:
hf = piezomet:?c level of the flowing fresh water in the aquifer, above referen-
ce level (§ 9]
H = thickness of the fresh water in the aquifer [L]

Q = flow of fresh groundwater in the aquifer through a cylindrical surface of
radius r [L3T
r = distance from the centre [L]

-1]

*)} The reference level has been chosen as the top of the aquifer.
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3. EQUATIONS

The problem is described by the following three equations:

dhf
Darcy's law: Q = - 2xrHkg;™ (1)
h, - p
continuity equation: g% = -~ 2&’Y £ (2)
Badon-Ghijben/
hf - hs = a(hs + H) (3)

Herzberg's principle:

The three basic equations (1), (2) and (3) contain three unknowns Q, H and hf,
variables of the independent variable r. When eliminating the variables Q and hf

one easily arrives at the following differential equation in H:

2
d“H dH, 2 dH H-E
rH — + r(a;) +Hg - =0, (4)

dr

p- (1 + u)hs
where E =

’ (5)

E is a function of p, h_ and «. The constants p, hs and e« occur in the differen-

s
tial equation in the term E only. E is called the equilibrium depth because it
is that particular value of H for which the corresponding value of the piezo-
metric level of the fresh groundwater hf equals p, so that no vertical flow

occurs in the semi-permeable layers.

So far, the author knows only two particular solutions of differential equation
(4), viz.:
H=E (6)

H=2E + =— . (7)

A general solution has, to the best of his knowledge, not yet been found. In
order to overcome this difficulty a good approximation can be formulated by

replacing the continuity equation (2) by:

hf -p
c ’

g-g- = - 2xr (8)

where F; is the average value of the variable hf over a small reach of r.

Integration of (8) yields:

hf -p

2 2
Q=9 - z(r® - ro) 3 . (9)

The unknown Q can be eliminated by combination of the equations (1) and (9):

dh h, - p
f 2 2 £
- 2xrHk 37~ = Q - x(r”® - ro) —_— (10)
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hg and F; can be eliminated from (10) when using equation (3) and the correspond-
ing equation:

hf - hs = u(hs + H) , (11)
where H is the average value of the variable H over that same reach.

After this elimination and introduction of the equilibrium depth E the following
differential equation is found:

-— Q
dH 2 2, H~-E o -
Ther - - F) Toke t Tke 7 O (12)

This differential equation describes the variable H as a function of r over a small
reach of r starting from r = T, Inr = L Q= Q and A is the estimated average
value of H over the considered reach. The estimated value H is subject to revision
after each calculation of H.

4. REDUCED DIMENSIONLESS VARIABLES

For convenience it is attractive to introduce the following reduced, dimensionless,
variables

y = H/D (13)
u =r/A , where A = VkDc (14)
q = Q/lkaDz (15)

and the reduced, dimensionless, constant

€ = E/D. (16)
Differential equation (4) then reduces to:

uyy" + u(y')z + yy' - uly - €) = 0. (17)
Differential equation (12) then reduces to:

uyy' - 1/2(u® - uZ) (F - ©) + 1729, = 0. (18)
Equation (9) then reduces to:

q=9q_ - (w? - ug) (y - ). (19)
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5. SOLUTION

The solution of differential equation (18) was first found by van der MOLEN
(van der MOLEN, about 1975). In a somewhat modified denotation his solution is:

_ - 2 2 = 2 2
y =+ Y(1/2(3-¢)(u -uo) - ((y-e)uo + qO} 1n u/uo + yo) , (20)
where Y, is the value of y at u = u,.
The estimated value of y can now be checked by
¥y = (y + v, /2 (21)

and, if necessary, revised. This iterative procedure can be avoided when
substituting (21) in expression (20):

y+y -2¢€ y+y _-2¢
y = + '/{--i— (uz-ui) - {(+) u(z) + qo} 1n %— + yil (22)
. °
o:: uz-ug ug u Yom2¢ 3 3 2, Yom2¢ u 2
y'-{—3— - 3 1n E:)y- [ ) (u -uo)—(uo( =) + qo} 1n E: + yol 0 =. (23)

This is a quadratic equation. The explicit solution for y is:

-BiJ(B2-4C)

y=———5—— (24)
u? - “g ui u
where B=- (———— ~ 5= 1ln —) (25)
4 2 u,
y _-2¢ y -2¢
o 2 2 2,70 u 2
and C=-[—3— (u* - ul) - (uo( ) + qo} 1n ﬁ; + yO] . (26)

This enables us to proceed directly from u = u,. where y = Yo and q = q,.
to u = u. For the next step a new value of Y, and a new value of 4, is needed;
Yo for the next step is the y found with (24) for the present step and 9, for
the next step is the q at u = ug found with (19) after substitution of (21):

y+y
a=q,- (¥ -ud) (2-0, (27)

where Yo and y respectively are the values at the beginning and the end of the
present step.

6. RESULTS

Calculations have been made with a programmable pocket calculator HP67 using the

expressions (24) and (27) for y and g. Some details of the programme will be
dealt with later, together with the tricks applied to overcome some numerical
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problems for the calculator. After gaining some experience with the programme a
survey was made of the possible shapes of the curves.

On account of the results obtained for the one-dimensional case (van DAM, 1981;
SIKKEMA & van DAM, 1982; van DAM & SIKKEMA, 1982) and of understanding of the
geohydrological problem it may be taken that each possible curve has q = 0 for
at least one value of u. So one may expect to find all possible shapes when
taking g = 0 respectively at:

us=20

small, e.g. u = 1.

u = great, e.g. u = 100.

This holds for each of the three classes € > 0,e = 0 and € < 0. So nine different
cases occur as in the table below.

q=0at
u=20 u=1 u = 100
e >0 figure 2 figure 3 see van DAM (1981)
€ =0 figure 4 figure 5 and SIKKEMA and
e <0 figure 6 figure 7 van DAM (1982)

Three of them, namely those for q = 0 at u = 100 are practically the same as for
the one-dimensional cases described in previous papers (van DAM, 1981; SIKKEMA &
van DAM, 1982). This is obvious because for the large values of u the curvature
of the cylinder is negligibly small. The numerical results of the calculations
confirmed this. Therefore in the present paper only the remaining 6 cases are
dealt with. A survey of the possible shapes in each of these six cases is given
in the six figures 2 through 7, the numbers of which have been indicated in the
table.

A discussion of the curves in each of these six figures now follows. The descrip-
tion of the curve types is chosen in accordance with the terminology chosen for
the one-dimensional case by van DAM & SIKKEMA (1982).

Figure 2. ¢ > 0 is chosen ate= + 0.4.

g =0 at u = 0 for respectively yq_o =+1,0; +0,8; +#0,5; +0,35; -0,2; - 0,5
and - 1,0. The first three of these curves (Yq=0 > ¢) are of a mutually similar
q=0 < 0),

= + 0,35 is one of the U-type which occurs for

shape, the reverse U-type. The same holds for the last three curves (y
the S-type. The curve with yqso
0 < < €. The curve with :

yq=0 Yq=

bola.

0o =+ 0,8 is the particular solution, the para-

Figure 3. € > 0 is chosen at € = + 0,4.
q =0 at u = 1 for respectively yq_o =4+ 0,6; + 0,35; - 0,2; - 0,228 and - 0,3.
The curve with yq=0 =+ 0,6 is one of the reverse U-type wich is found for

yq=o > €. The curves with yq=0 =+ 0,35 and - 0,2 are both of the U-type which
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is found for - 0,228 < yq=° < €. The curve with yq=0 = - 0,228 is a particular
one:; the upper asymptotic type, as it goes asymptotically to y = €. A lower
asymptotic type curve is also drawn in this figure. It goes from below to that
same asymptote. The upper and lower asymptotic type curves have been found by
trial and error; the starting conditions were iteratively changed until the

asymptotic behaviour was reached. the curve with y = - 0,3 is one of the

q=0
S-type which occurs for yq=0 < - 0,228,

Figure 4. € = 0.

q =0 at u = 0 for respectively y =+ 0,4; 0 and - 0,4. Only two curve-types

q=0
were found, namely the reverse U-type for yq=° > 0 and the S-type for yq=0 < 0.

Figure 5. € = 0.
q =0 at u = 1 for respectively yq=0 =+ 0,4; + 0,05 and - 0,4. Only two curve-

types were found, namely the reverse U-type for yq_o > 0 and the S-type for

yq=0 < 0.

Figure 6. € < 0 is chosen at € = - 0,4.

q =0 at u = 0 for respectively Yq:O =+0,4; 0; -0,2; - 0,6; - 0,8; 1,0 and
- 1,2. The curves with yq=0 = 0 and yq=o = - 0,8, the parabola, are of the

intersecting type, separating the three types for which:

0 <y reverse U-type

q=0
2e < yq=0 <0 oscillating type (new term)
and yq=0 < 2¢ S-type.
Figure 7. € < 0 is chosen at € = - 0,4.
q =0 at u = 1 for respectively yq=0 =+ 0,4; 0; - 0,2; - 0,4; - 0,708 and - 1,0.
The curves with yq=0 = 0 and yq=0 = - 0,708 are particular ones separating the

three types:

0 <y =0 reverse U-type
- 0,708 < yq=0 <0 oscillating type
and Yy < - 0,708 S-type.

The value y = - 0,708 was found by trial and error until that particular curve

q=0
was found for which the intersection of the horizontal axis (at u > 1) was with a

finite gradient (q = 0).

The reader may have observed that in all six figures the parts of the curves for
y < 0 have been drawn in dotted lines and the parts for y > 0 in continuous
lines. This is because only the parts for y > 0 make sense for the geohydrologi-
cal problem considered in this paper. '

The steeper parts of the continuous lines, though mathematically correct, must
also be rejected from the geohydrological point of view for two reasons. First
of all the Dupuit approach of only horizontal flow in the aquifer is not justi-
fied for the steeper parts. Moreover, where the curves intersect the hori-
zontal axis (top of the aquifer) vertically the water velocities would be infi-
nite which is physically impossible. Among the curves that intersect the hori-
zontal axis only those particular ones which intersect with a small angle are

geohydrologically acceptable.
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The reader will recognize parts of the continuous curves which can serve as
solutions or parts thereof for such cases as: abstraction or injection wells

in the centre or in a circle around the centre of a polder, a circular polder
bounded by one or several annular polders surrounded by another polder extending‘

to infinity or by open water.

7. SOME REMARKS ON THE PROGRAMME AND ITS IMPLEMENTATION

The programme requires the following input data: ug, Au(= u - uo), y q, and €

and gives for each step 4u: u, y and q. These values enter automaticglly as u,,
Y, and 9, for the next step. It is of course also possible to change these values
before starting the run of the next step. This can be useful for Au, q, and €. A
change in q, corresponds to the input of an abstraction or injection at ug (in
reality a change in Qo at xo). A change in € corresponds to the passage of a
boundary (at ro) between two polders with different polder levels p. The step
size Au can always be adapted to the required degree of accuracy (related to the
values of y and y') and the desired speed of operation. In many cases a step size
Au = + 0,2 gave very accurate results. This statement is based on a test with

the only curve which is exactly known, the parabola. Mostly a step size of + 0,1
or + 0,05 was applied. In the steeper parts of the curves even smaller values of
|au| have been used. For the curves with vertical passage of the horizontal axis
too great values of |Au| gave "error" because the curve does not exist there as
in expression (24) B2 - 4C < 0. In such cases the step size |Au| was automatical-
ly reduced to half its original value until B2 - 4C > 0. At the vertical passage
of the horizontal axis it was always necessary to reverse the direction of
progress i.e. to change the sign of aAu. This change is made automatically in the
programme, not only for the sign of Au, but also for the sign of y, once the
value of |y| is smaller than a prescribed small value (0,02 was chosen). The

value of q, remains unchanged in these reversals.

In some cases tricks had to be applied to run the programme. For example, at
u, = 0 the term 1ln u/uo, which occurs in expression (23), would become «.

Therefore, instead of u, = 0 a very small value, as u = 10-99

, was applied. It
was already mentioned that for the greater values of u the results must be
approximately equal to those obtained in the one-dimensional case. This was
confirmed indeed by the numerical results obtained when starting with u, = 100
(better than u, = 10). For values of u, in the order of 103 to 106, where the
curvature of the cylinder is even smaller, the results were worse because the
values of 1ln u/uo in expression (23) became very small e.g. ln lﬂf_iglﬂll =

1n 1.0000001, which led to loss of accuracy. 10

8. CONCLUSIONS

There exists a great variety of possible shapes for the interface between flowing

fresh water above stagnant saline water in a semi-confined aquifer. For various
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practical problems sections of different curves can be used and interconnected

so as to satisfy boundary conditions and connection conditions.

The one-dimensional case, presented earlier, can be seen as a special case of the

axial-symmetric case.

A programme forvan HP67 pocket calculator has been developed, and is available,
for rapid straight forward calculation of interfaces. It starts from given or
assumed values for the interface depth and the flow of fresh groundwater at one
end and continues even over discontinuities, such as differences in polder level,
abstractions and injections. In case certain conditions must be met at the other
end the calculation must be repeated with other assumed values at the beginning
(shooting) until the required conditions at both ends are met.
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FIGURES

Fig. 1: Geohydrologic profile.

Fig. 2: Curves for € = + 0,4 with g = 0 at u = 0.
Fig. 3: Curves for € = + 0,4 with q = 0 at u =1
and with g =0 atu=w, y = ¢.
Fig. 4: Curves vor € = 0 with g = 0 at u = 0.
0

Fig. 5: - Curves vor € = 0 with q =
Fig. 6: Curves for € = - 0,4 with g = 0 at u = 0.

Fig. 7: Curves for €¢ = - 0,4 with g = 0 at u = 1.
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3.3. THE MOVEMENT OF FRESH WATER INJECTED IN SALAQUIFERS

J.H. PETERS

SUMMARY

The storage of fresh water in a significant quantity is not only possible in
surface water reservoirs or phreatic aquifers but also in aquifers that are
(partially) saline or brackish. When these aquifers are located at greater
depth, injection can only be accomplished with wells.

The present study will provide a theoretical basis for predicting the movement
of bubbles of fresh water injected in saline aquifers. In the modelling, use
is made of vortex-theory to simulate the flows of the liquids with different
densities. Factors that affect recovery efficiency will be reviewed.

1. INTRODUCTION

When surface water is the sole source for supply of drinking and industrial
water, there must be a storage in order to guarantee an uninterrupted supply.
Spin-off advantages from storage are that by selective intake plus the de-
composition and mixing processes that occur the quality of the water can be
further improved. Storage in times of ample river flow of sufficient quality
can be provided by open reservoirs or by recharge of groundwater. This paper
deals with storage facilities that can be created underground by displacing salt
water. Before this can be applied in practice on an operational scale a number
of questions must be answered. Among these are recovery results and the extent
to which formation of brackish water is likely to occur. Irregularities in soil
structure play an important part in this connection. This is why several Dutch
waterworks use field tests to study this phenomenon. Investigation of the para-
meters governing displacement of one fluid by the other includes resort to
calculation methods for simultaneous flows of fluids with different densities.

2. REVIEW OF WORK BY OTHERS

Possibilities for'using saline aquifers to store fresh water have been studied
extensively both with field tests and laboratory experiments. DE JOSSELIN DE
JONG (1960) computed the rate of tilting of an interface in a confined aquifer
using vortex distributions. The results were verified by a parallel plate model
and an electrical resistance model.

GARDNER et al. (1962) studied static gravity segregation of miscible fluids in
linear horizontal models. ESMAIL & KIMBLER (1967) did the same in synthetic
sandstone models. The results of these experiments were used in a computer-
program to calculate recovery efficiencies in hypothetical aquifers. Computed
recoveries of fresh water ranging from 25 to 85 % are reported. KIMBLER (1970)
described flow studies in artificial sandstone models that have been used to
test the above mentioned computational technique for predicting the recovery
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efficiencies. MOULDER (1970) reviewed factors that affect recovery of fresh
water stored in saline aquifers and compared recovery results of several field
tests. Efficiencies ranged from 0 to 50 ¥. Efficiency is defined as the percen-
tage of injected water recovered before a detectable amount of native water was
observed. Recoveries obtained experimentally in artificially consolidated models
constructed by KUMAR & KIMBLER (1970) ranged from 8,5 to 87,6 %.

So far all investigations have been for single-well radial systems. WHITEHEAD
(1974) however extended it to well fields and KIMBLER et al. (1975) studied a
method to counteract the effects of pre-existing groundwater movement.

Most of the above mentioned investigations deal with rather thin aquifers, fully
penetrating wells and small density differences thus leading to favourable
conditions for high recovery efficiencies. The aim of this paper is to discuss
cases of convective currents in rather thick aquifers. Those currents can be
significant if density differences and permeabilities are large.

3. VORTEX THEORY

To calculate the transient and simultaneous flows of fresh and salt groundwater
only those models that consider both horizontal and vertical flow components of -
all fluids can be used. The computer program BUBBLE that is developed for this
study uses vortex-theory, the principle of which will be described below.

It was first recognized by DE JOSSELIN DE JONG (1960) that density differences
create rotations in the flow. This rotation can be modelled with singularity or
vortex distributions whose action is such that interfaces are tilted (back) to

a horizontal position. The concept of vortex theory is to replace all fluids with
different densities by one hypothetical fluid and then to introduce singularities
at those places where the densities of the actual fluids change. The vortices
generate the effect of varying density. By applying the principle of superposi-
tion the resulting flow can be computed. It consists of two parts. One of them

is accounting for the effects of the density differences, the other for the flow
of the hypothetical fluid.

Vortex distributions were first implemented in computer programs for two-dimen-
sional groundwater flow by HAITJEMA (1977). Later on he elaborated the velocity
components for the flow resulting from vortex rings for use in axial-symmetric
models. Stability criteria for vortex computer programs have been derived by
PETERS (1980). All this is used in the computer program BUBBLE. Results and
possibilities will be discussed in the next few paragraphs.
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4. BUBBLES IN INFINITE MEDIA

Bouyancy effects of spherical foreign fluid substances in infinite aquifers with
both a different viscosity and density can be calculated directly by solving the
Laplace equation (1980). In case of a sphere and when only the density of foreign
and native fluids differ, down- or upward velocity of the bubble turns out to

equal 2/3 times a«. In this connection a is defined as a constant of gravitational

segregation (L/T).

(Used notations are explained at the end of the text.

This result can also be elaborated by introducing vortex rings between the both
fluids (fig. 1).

To check the computer program BUBBLE some tests have been carried out. The
velocity field that exists when heavy foreign fluids sink through infinite
aquifers is presented in fig. 2 and 3.

Agreement with mathematically obtained results is exact. The foreign fluid (if
an ellipsoid) moves as a rigid body slowly displacing the native fluid. Note-
worthy in this connection is the problem of undeterminacy. Most researchers are
familiar with the phenomenon of interfingering instability. When a fluid is
displaced by a less viscous one the interface is not stable. Irregularities will
grow. This and other viscosity effects can be significant when injecting surface
water with varying temperatures, especially close to wells where flow velocities

can be large. In our analysis, however, viscosity differences are ignored.

Other undeterminacy phenomena exist when heavy fluids lie on top of lighter ones.
Any irregularity of the interface will grow because of interface instability. In
fact it is impossible to model this kind of displacement because time steps for
which the movement is stable cannot be found. The movement is dominated by
whatever small irregularity that may exist both in nature and in the computer

model, leading to unpredictable or incorrect interface positions.

Another test is the calculation of a time-dependent motion of a bubble of fresh
water rising in a saline aguifer when it encounters an impermeable boundary. With
the passage of time the upward movement of the lighter fluid is retarded.
Eventually the fresh water spreads laterally along the top of the aquifer. The
movement is plotted in fig. 4 as a function of t* defined as a times t. Values

of t* are in metres. At t* = 0 the bubble is assumed spherical.

139



5. WELL RECHARGE IN SEMI-INFINITE SALTY MEDIA

To calculate the motion of fresh water that is injected with wells the flow
velocity components due to this injection are implemented in the axial-symmetric
computer program. It is assumed that along the filter screen the discharge

is constant and equals Q/2L.

VAN DEN AKKER (1982) elaborated the flow components in r and z direction by
taking the derivative of the groundwater head for injection in a filter screen
with length 2L. Another possibility is to write down the flow components for
both directions due to a point source and then to integrate over the total
filter-screen length. This leads to the foilowing less intricate formula (saving
computer processing costs)

v = ((L +2)/a+ (L - 2)/b) + ¢c/r

v; =(1/b - 1/a) - ¢
with

a = SQRT (r? + (z + 1?)

SQRT (r2+ (z - L)z)

o
(]

Q / (8xLn).

n
"

Using methods ofv iyages (to account for the impermeable boundary) and super-
position the movement of fresh water injected in saline aquifers can now be
calculated. To test the model, computed displacement is compared with the
observed displacement of salt water as reported by e.g. SCHUURMANS & VAN DEN
AKKER (1981). They described a field test with injection of fresh water in a
completely saline aquifer bounded at the top by a rather impervious layer at a
depth of 90 m. Injection discharge was 480 m*/day in a filter of 15 m starting
at a depth of 101 m. Permeability for fresh water is estimated at 40 m/day,
porosity with respect to flow 38 % and density difference 25 kg/m3. Calculated
is the motion of the interface if fresh water is injected for 60 days. When
injection stops density effects cause the infiltrated bubble to rise with such
velocity that within 3 weeks almost the complete filter screen is in saline
water again (fig. 6).

The model BUBBLE yields a result that shows acceptable agreement with the
experiment described by SCHUURMANS & VAN DEN AKKER. Of course it should be kept
in mind that sediment heterogeneity and dispersion are the principal factors to
take into consideration when comparing both results.

It can be concluded that it turns out to be impossible to store water in thick
saline aquifers if both permeability and density difference are large because
subsequent attempts of recovery (with the same well) and storage times will lead
to almost immediate entrance of native waters to the well.
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6. FACTORS AFFECTING RECOVERY EFPICIENCY

Any plan to store water as described in %his study should start with field tests,
geologic investigations and use of predictive models to get an impression of
recovery results. Exact values of recovery efficiency certainly depend on its
definition. Recovery efficiency is the fraction of total injected water that can
be abstracted before native water can be detected in the pumped water or as long
as the quality meets standards for use. In literature various factors influencing
recovery results are mentioned. These will be reviewed in short.

Mixing due to the fact that some of the liquid is not displaced as fast as the
rest will cause a blurred transition zone between injected and native waters.
This will also happen in the case of dead-end-pores where transport of salts can
only take place by diffusion and not by flow or in the case of secondary permea-
bility and porosity when fissure flow will occur. The extent to which this hydro-
dynamic dispersion is likely to cause brackish water is an important question
which must be answered. Irregularites (inhomogeneities) play an important part

in this connection. Gravitational segregation (reshaping or laydown of interface)
occurs when two fluids with different density are in contact. With the passage of
time the lighter fluid tends to rise compared to the heavier one. This effect is
influenced by the density difference and by permeability. In this connection
stratification and anisotropy seriously reducing vertical permeability should be
mentioned. Pre-existing groundwater flow -:sometimes called salt water flux - is
unfavourable since it displaces the injected water so that (part of) it cannot

be retrieved. Aquifer dip can reduce recovery efficiency. A density difference
will then cause the injected bubble to move in a "horizontal" direction. Injection
rates do influence recovery results. If injection is large other unfavourable
convective effects will be less harmful. However if storage times are large ef-
fects of density difference, aquifer dip and hydraulic gradients can again be
serious. Other variables that do affect recoveries are aquifer thickness, cross
flow over the upper and lower boundaries of the target-aquifer and chemical
reactions between injected water and sediments. Various experiments subsequent

to each other can also increase recovery efficiency ("multicycle operation").

7. CONCLUSIONS

Many reported laboratory results indicate that it is feasible to store fresh
water in saline aquifers. However it should be kept in mind that actual field
conditions that depart from idealized model assumptions can seriously reduce
recovery results. Many field experiments show that dispersion in nature is much
larger than in laboratory models. Calculations presented in this paper, however,
indicate that density effects can be a much more important cause of poor fresh-
water recovery results than is dispersion. It can be concluded that before
storage build-up in practice can be applied, a number of questions remain to

be answered. Geologic and hydrogeologic investigations should lead to a profound
knowledge of subsurface environment. Analytic models can quickly give an
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impression of recovery efficiencies. Use of numerical models that can take into
account inhomogeneity and dispersion should only then be considered.

With some modifications the results of this study can also be applied to other
research projects. Among these are injection of fluid waste or treated sewage
and percolate flow near disposal sites. Vortex theory can enable us to predict
behaviour of injected fluids in target - formations with low permeabilities or
hydraulic gradients. Attention should&ithen be centred on possible impact on the
environment.
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NOTATIONS

acceleration of gravity (L/T?)

strength of injection (L3/T)

hydraulic permeability (L/T)

half the length of filter screen or dimensioh of length
dimension of mass

porosity with respect to flow (-)

distance to axis of symmetry (L)

dimension of time

(time (T)

* a times t (L)

actual velocity component in’ r-direction (L/T)
actual velocity component in z-direction (L/T)

N & & 9 8 3 2 & O Q
N n

vertical coordinate (L)

« constant of gravitational segregation (L/T)
intrinsic permeability of sediments (L?)

n dynamic viscosity of fluid (M/L/T)

p density of fluid (M/L3)

Ap density difference (M/L3®).
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FIGURES

Fig. 1: A distribution of vortex rings.

Fig. 2: Velocity fields when heavy fluids sink through infinite aquifers.

Fig. 3: Maximum downward velocity related to velocity of native fluid turns
out to be a. Velocities depend solely on shape of bubble, not on

dimensions.

Fig. 4: Moﬁion of a fresh-water bubble rising in a semi-infinite salty aquifer
with impervious boundary at z = 0. Constant t* is defined as a times t.

Fig. S: Velocity components of flow due to well recharge or abstraction.

Fig. 6: Motion of interface if fresh water is injected for 60 days.
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3.4. A MATHEMATICAL MODEL OF THE EVOLUTION OF THE FRESH WATER LENS UNDER THE
DUNES AND BEACH WITH SEMI-DIURNAL TIDES

L.C. LEBBE

ABSTRACT

The mathematical model of solute transport and dispersion of KONIKOW & BREDEHOEFT
(1978) has been modified so that density-difference effects can be taken into
account. With this two-dimensional model the evolution of the fresh-water lens
under the dunes and under the shore was studied in a vertical cross-section. At
initial time the whole aquifer is supposed to be filled with salt water. A con-
stant infiltration rate of fresh water in the dunes and a constant hydraulic

head under the dunes as a function of the semi-diurnal tides is assumed. The ver-
tical boundary under the sea is a constant-hydraulic-head boundary; the one under
the dunes is a non-horizontal-flow boundary. The results are compared with field
measurements. The hydraulic parameters which have an influence on the distribu-
tion of salts will be treated. Finally the effect of water withdrawal in the
dunes on the salt distribution can be estimated by the mathematical model.

1. INTRODUCTION

In a former study the subterranean flow of fresh and salt water underneath the
western Belgian beach has been described (LEBBE, 1981). For this study thirty
borings were drilled on the gently sloping runnel and ridge beach through the
unconfined aquifer (fig. 1). In each of the boreholes a resistively logging was
performed. Five resistivity profiles perpendicular to the shore line were drawn
(fig. 2). These profiles provide a fairly good idea of fresh-, brackish-~ and
salt-water distribution underneath the beach. At one of these profiles the hydrau-
lic-head pattern has been measured continuously in the upper and the lower part
of the aquifer. From these piezometers groundwater has been sampled for chemical
analysis. Based on these data a mathematical model was developed. This two-dimen-
sional mathematical model treated the steady-state flow of fresh and salt water
with a sharp interface. It also took the density-difference effect into account.
Thus the most important feature of the different fresh-/salt-water distribution

can be explained.

Several examples were treated of different amounts of fresh-water flow from the
dunes towards the sea. The results are represented in fig. 3 where the lines of
equal fresh-water head are shown together with the stream lines in the vertical
plane of the two-dimensional model. The constant-flow-boundary conditions are
indicated by the letter Q for the horizontal fresh-water flow of the dunes in
the direction of the sea and the letter N for the vertical fresh-water flow,
namely the infiltration rate in the dune area. The constant-head-boundary condi-
tions are represented by the value of the constant fresh-water head. The inflow
and outflow through the permeable boundaries of the mathematically treated area
are calculated and represented near these boundaries. The stream lines have been
drawn in such a way that they begin at a cell boundary and at a permeable bound-
ary where an inflow of fresh or salt water occurs. The arrows on the stream lines
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indicated the end of the even years a water particle had travelled from the bound-
ary of the area considered. For the last calculation a water-conducting porosity
of 0,30 is taken into account.

A first example was given with a considerable seaward fresh-water flow (fig. 3).
Because of this flow a horizontal hydraulic gradient towards the sea underneath
the dune area exists. Underneath the backshore and the upper part of the foreshore
salt water infiltrates. It flows upon the fresh dune water. On the larger part of
the foreshore the salt-water flow is directed vertically upwards resulting in an
outflow at the beach surface. The fresh water only flows out beneath the sea.

When the horizontal fresh-water flow through the vertical boundary is reduced the
infiltration of salt water on the backshore and upper part of the foreshore is
enlarged. Consequently the upper salt-water lens is enlarged in depth as well as
in width. The fresh-water outflow is further offshore on the seabottom. The zone
of fresh-water flow becomes narrower. The lower salt-water tongue retreats towards
the sea.

In the last example treated (fig. 4) the fresh-water flow through the vertical
boundary under the dunes is reversed. Nearly all the infiltrating fresh water in
the dune area is flowing towards this boundary. Only a small part of the infil-
trating fresh water still flows towards the sea. On the backshore and upper part
of the foreshore the infiltration of salt water becomes so large that the salt-
water lens fills the whole aquifer under the shore. In spite of the very small
fresh-water flow towards the sea there still is a tongue of fresh water under-
neath the backshore.

In this mathematical model the process of hydrodynamic dispersion.was not in-
corporated. It was also not possible to explain how much time it takes to evolve
from one steady state to another and which intermediate states can occur. There-
fore the mathematical model of solute transport and dispersion of KONIKOW &
BREDEHOEFT (1978) has been applied to this problem. Since in this mathematical
model the hydraulic-head gradients were the only significant driving mechanism
for the fluid flow it was first necessary to incorporate the effect of fluid
density on the velocity distribution.

2. PROFILES OF FRESH-WATER PERCENTAGE

The five resistivity profiles enable us also to draw profiles of fresh-water
percentage. This percentage of fresh water can be calculated if the salinity of
the water in a point i of the groundwater reservoir is known together with the
salinities of the fresh and salt water.

g = S '
= 100 (—) (1)
s ~ ¢

P = 100 F

fi fi
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where P is the fresh-water percentage in a point i

fi
is the fresh-water fraction in a point i
cy is the salinity of the water in a point i
c is the salinity of the salt water

is the salinity of the fresh water.

The salinity can be measured as the total dissolved solids, the chloride or
electrical conductivity if we accept the simple linear relation betﬁeen these
parameters (LEBBE et al., 1983). Considering the relation between the total
dissolved solids and the resistivity of the water and a formation factor of 2,7
one obtains a relation between the resistivity of a sediment Pys and the total
dissolved solids TDS of the pore water.

Pey = 32.400/TDSi (2)

where Pei is the resistivity of the sediments at a point i in am.

TDSi is the total dissolved solids of the pore water at that point i in mg/l.
The total dissolved solids of native dune water (fresh water) is 450 mg/l and
of seawater (salt water) is 34.500 mg/l.

The resistivity of sediments filled by fresh water following equation (2) is
72 am.

The resistivity of sediments filled by salt water equals 0,95 @m. Combining equa-
tion (1) and (2) one finds the relation between the fresh-water percentage Po, at
a point i and the resistivity of the sediments bti at this point.

P, Peg - P c P
ti - tf — tf - ts) (3)
Pei * Peg T Pei T Pis

fi=100'(

The salt-water percentage is the complement of the fresh-water percentage.

Psi = 100 - Pfi (4)

The salt-water percentage can also be expressed in terms of salinities.

- cg

C.
P, = 100 (=—X) (5)
CS

sl - Cf

This salt-water percentage is also called the relative salinity SR (TODD, 1980).
Combining equation (2) and (5) results in a relation between the salt-water per-

centage psi and the resistivity of the sediments Pei®

P P
(otf

- p . p
. ts ti ts). (6)
ti

P_. = 100 -
Pes = Pei * Pis

s1

.
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It is clear that the resistivity varies significantly when a small amount of
salt water is mixed with fresh water (fig. 5). The contrary is not true. As a
consequence one can easily detect differences in admixtures of small amounts of
salt water in fresh water. It is more difficult to detect differences in admix-
tures of small amounts of fresh water in salt water. Consequently the lines of
equal fresh-water percentage are accurately drawn for large values. For smaller
values of fresh-water percentage these lines cannot be drawn accurately.

The profiles of fresh-water percentage allow one to compare the field observa-
tions with the results of the mathematical model of solute transport and dis-

persion.

3. MATHEMATICAL MODEL

3.1. Theoretical background and numerical technique

The mathematical model of solute transport and dispersion in groundwater of
KONIKOW & BREDEHOEFT (1978) has been applied. This model calculates the tran-
sient changes in concentration of a non-reactive solute in flowing groundwater.
The computer program solves simultaneously two partial differential equations.
One equation is the groundwater-flow equation, which describes the head distri-
bution in the aquifer. The second is the solute-transport equation, which de-
scribes the chemical concentration in the system.

The computer program is modified so that density-difference effects can be taken
into account. For this purpose the groundwater-flow equation has been adjusted.
The horizontal and vertical Darcian velocity in a point i of the groundwater re-
servoir was deduced from equations (1) and (2).

e 2Vie (7)
hi Py 9x

[ oy P, - P
£ if i £ (8)

i Pg
where 9hi is the horizontal Darcian velocity (LT_1)
khi the horizontal hydraulic conductivity (LT-I)
Pe the density of the water (u"3)
pi the density of water at point i (ML~3)
bviflﬂx the horizontal fresh-water head gradient (dimensionless)
i the vertical Darcian velocity (LT")
ko4 the vertical hydraulic conductivity (Lt~
avif/az the vertical fresh-water head gradient (dimensionless)

(pi-Pf)/Pf the buoyancy at point i (dimensionless).
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The buoyancy is deduced from the chemical concentration or salinity which results
from the solute-transport equation. A simple linear relation is assumed
between the salinity at a point i and the density at this point. The contribution
of higher degree terms in this relation can be ignored as well as the influence
of the temperature and the pressure on this relation. Of course this is within
the limiting values of salinity, temperature and pressure which can occur in the
studied area.

The density of the fresh water having a salinity ce (TDS = 450 mg/l) is taken

as pf(= 1 g/cm®) and the density of salt water having a salinity cg (TDS =

34.500 mg/1) is taken as ps(= 1,025 g/cm?®). The linear relation between a density
ey and a salinity cy and passing through the points Pes Cg and Pg» Cg can be ex-

pressed as:
Py = (ci . (ps-pf) + PeCo - pscf)/(cs-cf). (9)

The buoyancy can be expressed as a function of the salinity by means of equa-
tion (9):

(pi=pe)/pe = (cy-cp) - (p-p)/lc —ce). (10)
Substitution of equation (5) into equation (10) results in a simple relation
between the buoyancy and the salt-water percentage or the relative salinity.

(pi-pf)/pf =P * (ps-pf)/(pf - 100). (11)

The digital computer program uses an alternating-direction implicit procedure
to solve a finite-difference approximation of the groundwater-flow equation and
it uses the method of characteristics to solve the solute-transport equation.
The latter uses a particle-tracking procedure to represent convective transport
and a two-step explicit procedure to solve a finite-difference equation that
describes the effect of hydrodynamic dispersion, fluid sources and sinks and
divergence of velocity.

3.2. 1Initial and boundary conditions

At the initial time an unconfined aguifer is supposed to be completely filled
with salt water. During the simulation period we suppose that the boundary con-

ditions do not change.

The aquifer is bounded below by an impermeable layer. The landward vertical
boundary is assumed to be the water-divide line or in the mathematical model

a non-horizontal-flow boundary. The upper boundary of the aquifer is partial-
ly located under the dunes and partially under the beach and the sea. Under the
dunes we assume a constant-vertical-flow boundary. This vertical flow rate is
equal to the infiltration rate of fresh water in the dune area. Beneath the
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beach and the sea a constant hydraulic-head boundary is assumed. The values of
these hydraulic heads were deduced from measurements on the beach (LEBBE, 1981).
Where a downward vertical flow occurs on the beach there is an infiltration of
salt water. The seaward vertical boundary is a constant-hydraulic-head boundary.
The salt-water head is the same over the whole depth. The density or salinity of
the water flowing through this boundary depends on the calculated flow direction.
When the flow is towards the studied area salt water enters.

3.3. Sequences of calculations

Because we assume at the initial time an unconfined aquifer completely filled
with salt water the buoyancies between the nodal points are equal. With the given
boundary conditions and the known buoyancies between the nodal points the fresh-
water head at each nodal point is derived for the first time step. With the
fresh-water-head differences and the buoyancies between the nodal points the
velocity components between these nodal points are calculated by equations

(7) and (8). By using these components the solute transport equation is solved
by applying the method of characteristics. From these results the chemical con-
centrations or salinities are deduced between the nodal points‘and calculated
using equation (11). They are used for the calculation of the fresh-water heads
and velocity components for the second time period. By the method of characte-
ristics the salinity is calculated after the second time step, after which the
buoyancies can again be calculated for the next time step.

3.4. Input

In the two-dimensional model the aquifer is considered in a vertical plane. The
aquifer is subdivided in ten layers with a thickness of three metreé and thirty-
eight columns with a width of thirty metres. Eighteen columns are located under
the dunes, fourtéen under the beach and six under the sea. In this case the
water-divide was assumed to be at 540 m from the high-high-water line and the
low-low-water line at 420 m from the high-high-water line. The offshore is con-
sidered over a width of 180 m. The mean infiltration rate of fresh water under
the dunes is 7,39 - 10'4 m/d. The horizontal hydraulic conductivity is held
constant over the considered aguifer at a value of 10 m/d, the vertical hydrau-
lic conductivity is also held constant at a value of 0,2 m/d. By the application
of the method of characteristics nine traceable particles, where a concentration
is assigned, are used in each cell of the finite-difference grid. The maximum
cell distance per movement of the particles has been chosen at 0,85. The longi-
°L' is 0,15 m. The ratio of the
transverse dispersivity to the longitudinal dispersivity, nT/uL, is 0,3. The

tudinal dispersivity of the porous medium,
effective or water-conducting porosity, €, is 0,3. After each time step of five

years the buoyancy was deduced from the calculated concentration and a new fresh-
water head and groundwater-velocity configuration were recalculated.
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First the evolution of the fresh-water lens under the dunes and beach was simu-
lated during a period of five hundred years. Finally the effect of fresh-water
withdrawal in the dunes was simulated. In the eighteen nodal points indicated in
fig. 6 there was a water withdrawal. During the first five years the total amount
of water pumped was 0,10 m?/d. The second five years this amount becomes 0,21 m?/d
and finally stays equal to 0,42 m?/d during a period of thirty years. This last
total amount of water pumped exceeds the total amount of infiltration of fresh
water in the dune area i.e. 0,40 m2/4.

3.5. Output

For every nodal point the fresh-water head and the groundwater-flow velocities
are obtained for every time step, the chemical concentration after every time
step. These output data for the different time steps can be represented in a ver-
tical cross-section through the aquifer. In this cross-section the vertical axis
is exaggerated with respect to the horizontal axis. The fresh-water heads during
the time step are represented by lines of equal fresh-water head. These lines
are found by a linear interpolation between the values of the nodal points. The
groundwater-flow velocities during the time step are represented by vectors.
These vectors are obtained by calculating the horizontal and vertical components
at the nodal points. These components are found by the multiplication of the ho-
rizontal or vertical velocities with a time increment. This time increment was
chosen in fig. 6 and fig. 7 as one half year. The vectors are plotted at all
nodal points taking the units of the horizontal and vertical axis into account.
The concentration at the end of every time step is represented by linear inter-
polation between the concentrations at the nodal points. ’

3.6. Discussion of results

With the two-dimensional model, which treats the steady-state flow of fresh and
salt water with a sharp interface and takes the density difference into account,
only the stable fresh-salt-water distribution could be explained. Such a stable
salt-fresh-water distribution occurs at the Belgian-French border.There the na-
tural groundwater flow towards the sea is the least affected. It was already more
difficult to explain the fresh-salt-water distribution before the urban area of
De Panne. This was in particular the case for the occurrence of the isolated lens
of brackish water under the lower part of the foreshore (K3 and K4 in fig. 2).

Through the application of the two-dimensional model of solute transport and
dispersion which takes density difference into account one notices intermediate
states in the evolution from one steady state to another. Looking at the results
of our first run represented in fig. 6 and fig. 7 we can already explain more
features of water-quality distribution.

To obtain the water-quality distribution under dunes, beach and sea one has first

to simulate the evolution for a sufficiently long period until the changes are no
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longer meaningfull. At the initial time the aquifer was supposed to be filled
with salt water. From this time point on the sea did not inundate the young dune
ridge and the water starts to infiltrate through the unsaturated zone.

The salt water is driven out and a fresh-water lens starts to form. During the
first years a large transition zone exists between this fresh-water lens and the
salt water. Already at the beginning of the formation of the fresh-water lens a
brackish-water tongue starts to form in the upper part of the aquifer. In course
of time the fresh-water lens grows and the brackish tongue becomes larger, less
mineralized and sinks. The washout of the last salt particles near the imperme-
able substratum occurs first, with the most under the back shore and last and
least under the water-divide in the dunes. Finally the brackish tongue becomes
fresh although the wash-out is very slow.

Under the sea the salt-water flow is considerable, principally horizontal and

in the seaward direction during the first years. When time goes on the salt water
becomes less mineralized and the flow diminishes continuously. In the lower part
of the aquifer this flow inverts and the water again becomes more mineralized.

In the upper part of the aquifer this flow stays in the seaward direction. A
very slow flow of salt water develops from the lower to the upper part of the
aquifer as was already discribed by COOPER et al. (1964).

After five hundred years of simulation the hydraulic-head and water-quality
distribution under dunes, beach and sea does not meaningfully change further.
The hydraulic-head and water-quality distribution are now used as initial values
for the simulation of the evolution of the water-quality distribution during

pumping in the dunes. After ten years of pumping the total pumping, Qtot' is
held at 105 ¥ of the total infiltration of fresh water, N:E:Sh. During the first

five years the total pumping is a quarter of the total pumping after ten years

while it is a half during the second five years. This simulation is run to study
v

the effect of over-pumping of fresh water in the dunes.

From the moment that the pumping starts the salt-water lens in the upper
part under the shore extends. This happens especially under the foreshore. The
fresh-water tongue under the beach becomes narrower and more mineralized. When
over-pumping starts, two important developments take place in the water-quality
distribution. The first takes place under the boundary of dunes and beach, the
second under the foreshore and the sea. Under the boundary of the dunes and the
beach salt water starts to flow landwards. A vertical transition zone develops.
When over-pumping goes on the developing salt-water encroachment under the dunes
sinks until it reaches the lower part ot the aquifer. Finally the salt-water
encroachment advances in the lower part of the aquifer. The fresh water which is
less mineralized rises from the proximity of the impermeable substratum to the
water catchment. Under the foreshore and the sea the fresh-water tongue becomes
more mineralized and the salt-water lens sinks especially under the foreshore so
that an isolated brackish lens is squeezed out of the tongue. When time goes on

this brackish lens becomes more and more mineralized and moves upwards and in
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the direction of the sea. This explains the existence of the brackish lenses
under the lower part of the offshore before the urban area of De Panne.

From the above given description it is clear that models give an insight into
the evolution of salt-water encroachment and can help to take measures against
this danger. Although these models can be applied, field data stay indispen-
sible to calibrate them. Only a good combination of accurate field data, like
hydraulic heads, water-conducting properties of the sediments and water-quality
distribution for the models can help us to attain the above mentioned goals. As
KONIKOW (1981) mentioned the model does not replace field data, but it does offer
a feedback mechanism that can help to guide the design of more effective and more
efficient data-collection programs.

Finally accurate hydrogeological field data and the use of models of solute trans-
port and dispersion can help us to check some proposed geological and geomorpho-
logical evolution of some parts of the coastal plain. This help will rather be

in the exclusion of some possibilities. A direct deduction of the evolution is
rather difficult although not wholly excluded in some cases. For the simulation

of the evolution of the water quality under the coastal plain during geological
times a good knowledge of the evolution of the topography, and the type, ampli-
tude and mean level of the tidal movement are necessary together with the esti-
mates of the infiltration rates of fresh water during this time.

The calibration of models of solute transport and dispersion in groundwater is
interesting because one can easily collect accurate data about the water-quality
distribution by means of resistivity logging. This is in particular true for low
salt-water percentages (or low relative salinities).

The above described simulation was only a first run. The calibration of the model
should be prolonged. By sensitivity analysis we get insight into the effect of the
change of the different parameters. The calibration must first take place on the
measured hydraulic heads and later on the water-quality distribution. So we hope

to obtain more insight in the solute transport and dispersion processes.

4. CONCLUSIONS

Resistivity logging enables us to draw profiles of fresh-water percentage. When
fresh-water percentage is high the resistivity varies significantly with change
of fresh-water percentage. As a consequence it is easy to detect differences in
mixtures of small amounts of salt water in fresh water. In the profiles of fresh-
water percentage the lines of equal percentage of fresh-water are drawn for the
values 1, 50, 84, 95, 99. In this way the field observation of water quality can
easily be compared with the results of the mathematical model of solute transport

and dispersion.

The mathematical model of solute transport and dispersion of KONIKOW & BREDEHOEFT
(1978) has been modified so that density-difference effects can be taken into
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account. With this two-dimensional model the evolution of the fresh-water lens
under dunes and beach was simu;ated for five hundred years. This results in

a fresh-water head and water-quality distribution which have been used as initial
values for the simulation of the evolution of the fresh-water lens under the
dunes during pumping.

Field data such as hydraulic-head measurements and resistivity logging enables us
to calibrate this model. The result of the model help us to plan collection of
field data. The model calibrated to the field data can be a helpful tool in the
control of the fresh-water supply of the dunes of the western coastal plain. The
collection of other field data such as porosity and hydraulic conductivies is
advisable.
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FIGURES

Fig. 1: Situation of the hydrogeological study in the Westhoek area with cal-
culated lines of equal hydraulic head and of the resistivity logging
profiles.

Fig. 2: Resistivity profiles perpendicular to the shore line of the Westhoek
area.
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3.5. THE USE OF PRESSURE GENERATORS IN SOLVING THREE-DIMENSIONAL SALT-/FRESH-
GROUNDWATER PROBLEMS

G.A. BRUGGEMAN

ABSTRACT

A calculation method for the flow of groundwater of varying densities, e.g. at a
salt-/fresh-water interface, is discussed. A three-dimensional flow is calculated
by means of pressure functions and generators.

The following calculation method is in a way comparable to the well-known vortex
theory, which treats a two-dimensional flow by means of stream functions and
vortices (DE JOSSELIN DE JONG, 1977; VAN DEN AKKER, 1982). The present paper
considers a three-dimensional flow with the aid of pressure functions and gene-
rators.

Considering confined or semi-confined aquifers in coastal regions the following

assumption are made.

1. The soil is homogeneous and isotropic, so the intrinsic permeability is
constant in all directions. ’

2. The viscosity u of the fluid is constant.

3. The density p of the fluid is related to the concentration of a solute
and is a function of place and time.

4. The soil skeleton and the fluid are incompressible, so the elastic stor-

age will be zero.

It follows from these assumptions that the density is not a function of pressure,

but of the concentration of a solute.

Making use of a control volume having the form of a box with sides dx, dy and dz,
the general continuity equation for the flux of groundwater that contains a

solute, such as salt or chlorine, can be written as:

div(pv) +

8(en)
—St_=° or

3§ (pvx) + 3% (pvy) + 3% (pvz) + 2%%91 =0 (1)

in which p = density, Vv = bulk velocity or Darcy velocity or specific discharge

and n = porosity. We can reduce these equations to

p div v + v - grad p + n %% =0 (2)
bearing in mind that the soil was assumed incompressible (n = constant, so

an

3t = 0).
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As the water is incompressible (assumption 4), an increase of the solute concen-
tration in the control volume only results in a change of the density and not of
the volume of the groundwater. Therefore it is permissable to apply the continuity
equation for the volume, which means:

ov ov av

iv v X, _¥Y,_Zz_
divv =0 or x taz tEz - 0. (3)

The continuity equation (2) can be divided into two equations, one for the

groundwater and one for the solute:

div v = 0
and v - grad p + n %% = 0. (4)
The density p = p(c) is a function of the concentration of the solute (chlorine

content in salt-/fresh-water problems). So, as the density is not a constant, the
general form of Darcy's law must be chosen for the equation of motion:

V= - % (grad p + pg grad z) or
- _-kd - _k3 - -k (%
Ve = T U ax vy wdy Yz =" u (az + ) (5)

in which p = pressure of the groundwater, k = intrinsic permeability g = gra-
vity acceleration and y= pg = specific weight of the groundwater = y(c), a
function of the concentration of the solute.

It has no sense to introduce some kind of potential function instead of pres-
sure in this case, because in density flow the velocity vector is no longer
simply proportional to the gradient of a potential function: the flow is rotati-
onal and not potential.

Combining the equation of motion (5) with the two continuity equations (4) the
following two differential equations for three-dimensional density flow are

found:

2 2 2
E—g + 3 + 2p + %% = 0 and

dx ay oz
k¢@p, 6 08 , 08 3y 3 28y, 28y Kk
wlex " *tay "y tez vztaz - et (6)
4
or in vector notation? v2p + %% =0

k . oy oy

and m (grad p - grad v + ¥ az) =03 -
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These two differential equations are mutually dependent and have to be solved
simultaneously for p(x, y, z, t) and v(x, y, z, t). Although both water and soil
are assumed to be incompressible, the flow nevertheless is non-steady as a result
of the varying density of the groundwater.

Oonly if ; - grad p = 0, as can be seen from (4), may the density flow become
steady ; that is if the streamlines everywhere are tangential to the surface p =
constant.

Now the basic principle of the calculation method lies in the fact that it is
possible to separate the original differential equation (2) into the two equations
(6), of which the first is steady (no derivative with respect to time):

2 2 2
a_B+.o_2+.o__B+ﬂ=0' (7)
3 av2 822 9z

x y z

This is a differential equation of the Poisson type, which may be solved with
the aid of a so called singularity integral, as follows.

2 2 2
_Eaz+_2°z+.a_§== (8)
ax ay 8z
but where in any point where %% # 0, a so called "pressure discharge" is in-

troduced with a strength that equals the value ‘of %% at that point.

Such a pressure generator at a point causes a small pressure change everywhere
in the field, in the same way as an abstraction or injection of water at a point
gives changes of head everywhere in the flow field.

That change of pressure is, besides on the strength of the generator, also

dependent on the boundary values of the flow problem, expressed this time in

pressures or pressure gradients. The total contribution of the pressure genera-
L

tors situated at all points of the field where FT # 0, to the value of the pres-

sure p at an arbitrary point (xo, Yy zo) of the field, then gives the solution

o'
of the first differential equation.

This means, that starting from an initial known distribution of the density or
specific weight of the groundwater, the initial pressure distribution all over
the field can be determined by solving the Poisson equation (7) with the aid of
pressure generators, thus reducing non-potential flow to potential flow. This
may also be done for complicated three-dimensional problems, as potential flow
does not yield severe difficulties for a good computer,

As soon as the pressure distribution is known, the velocity distribution,
related to it by means of Darcy's law, can also be determined.
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Next consider a small time interval At. During that time the water particles will

move according to the calculated velocity distribution.

Assuming that a certain particle always maintains the same solute concentration
(dispersion is neglected; this will be discussed later) the density distribution
will have been changed according to the displacement of the water particles,
which can be calculated; computer programs are available for this purpose. With
the new density distribution the Poisson equation (7) can again be solved and
the corresponding new pressure distribution, and also the related new velocity

distribution, can be determined.
In this way the non-steady density flow can be calculated iteratively deter-
mining the concentration of a solute as a function of place and time as a result
of any natural or human interference on the groundwater system.
Primarily the influence of one pressure generator with a constant intensity n on
the pressures in an infinite field will be determined.
Consider a sphere with radius R in an infinite field.
Assume that the flow inside the sphere satisfies a Poisson equation of the form
vip; = n for r <R (9)
while outside the sphere a potential flow exists:

v? (10

py = 0 for r < R, 10)

the problem thus being pure spherical.

Inside the sphere, (r < R) using spherical co-ordinates (9) becomes:

1 a,.2 9
forrgR:-}-a-;(r a—;—)=’l (11)
r
: . 1 2 A
with solution: Py =gt - o+ B
with A and B arbitrary constants.
dp1 : .
AS g— (o) = 0 the constant A becomes zero, so

12 Py
Py =g Nr 4+ B and a =3 "r.
Outside the sphere (r > R) equation (10) in spherical co-ordinates becomes:
dp
. d 2 9P
for r > R: g¢ (r 3?_) =0

wit solution Py = - % + D.
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The constant D vanishes, with the condition that for r - e« P, becomes zero.

dp
C 2 o]
So p2,= - T and o= ;7

Continuity at the sphere surface requires that both p,(R) = p,(R) and
1 2

de

dp2
i (R) = ar (R).

The last condition gives % nR = 97 from which C = % n R3, while the first con-
dition yields: R

2 2

% n R2 + B = - % n R® and thus B = - % n R™.

The complete solution is:

r<R:p, =-%n (38 - r? (12)
3
r>R:p, =~ % n %— . (13)

According to (13), a spherical pressure generator with intensity n and strength
n VR, with VR
infinite field, which is inversely proportional to’' the distance from the centre

= volume of the sphere = % x R3 gives a change in pressure in an
of the sphere:

n
P=- 4 VR, (14)

The dimension of n = [FL™%] and of strength nVR'= teu™ M.

The magnitude of the volume V_ in (14) is immaterial for the foregoing analysis;

R
so the region of generator strength can be reduced to a volume as small as
pleased, such that VR becomes the infinitesimal small volume dV. The spherical
pressure generator becomes a point generator that gives a small pressure change

everywhere in the field according to:

n_dv
dp=—z——‘—r-. (15)

If n is a function of place: n = n(x,y,z) in some region R, then the total
contribution of the infinite pressure generators in that region to the pressure
in the field becomes:

n(xo,yo,zo) dxodyodzo

1 h
R R .

J{(x-xo)2 + (y—yo)2 + (z-zo)z}

: dy
According to (7), n(xo,yo,zo) = - 3z (xo,yo,zo).
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The solution of the Poisson differential equation (7) now can be found as the
solution of the Laplace differential equation (8) with initial and boundary
conditions for the same problem, assuming the groundwater is homogeneous (constant
¥) with an added pressure distribution caused by a: infinite number of

Y

infinitely small pressure generators with strength - 3z at those points, where

the density varies in the z-direction.

For an infinite field this pressure distribution becomes:

_1 1 v .
Py = 73 Iif T 3z (xo,yo,zo)dxo,dyo,dzo (16)

with r = J((x-xo)2 + (y-yo)z + (z—zo)Z}

in which the volume integral has to be taken over the region where %% #0.
As‘pl is the solution in an infinite field, a second solution P, must be found,
such that vzpz = 0 and Py + P, satisfies the initial and boundary conditions.
The sum p = Py + P, then represents the pressure distribution caused by the
pressure generators.

The integral in equation (16) is called a singularity integral, because of the
fact that a rotational flow is transformed into a potential flow by means of

introducing pressure generators in an infinite number of singular points.

A particular case of the singularity integral (16) originates from a sharp
interface S between two fluids of different densities Py and Py

Assume initially for instance the equation of the interface (t = 0):
i

zZ, = zi(xi, yi)

where i denotes interface. If we consider a strip between the two surfaces z;

) Ty "~ Y2
and z; + dzi then 3% becomes — and integration in (16) in the z-direction
i
Yy - X
becomes T
. 2 2 2
where: r = Jﬂx-xi) + (y—yi) + z-zg (xg,y,) “) .

So the singularity integral in an infinite field in the case of a sharp inter-

f . = Z, . . H
ace z,; zl(xl,yl) become

Yy =9
1 2
Py = 4x £2 T
xy

dx. dy
i i (17)

with r defined above.

170



The integration must be performed over S the projection of the interface S

xy’
on the xy-plane; r is the distance between a small element dS on the interface
with projection dxidyi and the arbitrary point P(x,y,z), where pressure changes
take place in an infinite field as a result of an infinite number of pressure

generators with intensity LR P located on the interface S.

Along an interface a so called shear flow exists, which means that there are
differences in velocity, tangential to the interface, of the fluids with dif-
ferent density at both sides of the interface.

This can be shown as follows:

Assume that the interface separates fresh water with specific weight Yf from
underlying salt water with specific weight Vg

Equilibrium considerations require that at points of the interface the pres-

sures pg and Py for the fresh and the salt water are equal (pf =P, = pi).
The piezometric heads at points of the interface become:
p. X
i i
Pig =5, +t2zyand @ ==+ 2z
f s
respectively. Elimination of Py gives:
V(B e-2) = Ys(¢is_?i) (18)
at the interface.
Differentiation of (18) with respect to L gives:
S eV S W e SRR ¥ ke TR die Wi SPPPNN
£ X 9z, X, %, -~ Ys'93x, EER X, ax, °
i i i i i i i

Within each region on both sides of the interface, Darcy's law for potential
flow is applicable separately, though with different permeabilities:

L LS i S L B B
xf £f 8x H dx ' 'xs s 9x [T
assuming He = W = ¢ (equal viscosities).

. Thus at the interface we get with (19) a first relation between the differences
of the Darcy velocities for the fluids on both sides of the interface:

azi 9z,

i
- sz’ + (vzf -v, ) — = . (20)

tv zs' X, brg = 1¢) 3%
i i

®Ix

xf
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In the same way differentiating (18) with respect to y we find a second relation:

9z
k i
s) + (vzf -V, ) = = u (y_ - vf) — . (21)

v
vE y oy,

The interface is in general non-steady and may be represented by zg =24

(xi,yi,t).

At every point of this moving interface the following expression holds

dzi - azi dxi N Ozi . dyi R Ozl (22)
at 8x, At dy. at t .
i i
dxi
As IT represents both the real velocity component in the x-direction for fresh
dy. daz

and the salt water, at points of the interface, and also ETl and ETL the real
velocity components in y- and z-directions, respectively, we get in terms of Darcy
velocities:

t’zi o:i Dzi

oz, Vg * 3y, Vye ~ Vze * Pe 3t = 0
and

9z, 8z 8z

i i i
ax,; Ves * 3y, Vyse " Vs * "o BT " 0.

Subtraction of these two equations gives the third relation between the diffe-
rences of the Darcy velocities in the three co-ordinate directions on both sides
of the interface at points of the interface:

azi Ozi
(vxf - sz) 3;: + (vyf - vys) 3;; - (vzf - vzs) = 0. (23)
Denoting Ve ™ Vs by d, (d = difference) and vyf - vys = dy and Vog = Vag = dz
the equations may be solved for dx' dy and dz:
Bzi
. ko, . ™
Ay = Vee ~ Vis = % lyg = 7¢) oz
i,2 i 2
1 4+ (F) + (W-)
Ozi
k dx
d = - = - -
y = Vyr " Vys m (18 Yf) - - (24)
14 (=22 4 (=12
(33 3y
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(Ozi)z (Bzi)z
= k CE 17 (24)
d; = Vyg " Vg = o (vg = 7g) 8z oz :
1+ (=32)2 , (12
ax oy

These velocity differences may be considered as the components of a vector
d (dx' dy' dz).

The vector n, normal to the interface at a point on the interface, is, if we
write the interface as:

£, =z, -z, (xi,yi) = 0:

N azi Ozi
n = grad £, = (-3x—, - Fy o 1.

It can easily be seen that d and n are orthogonal vectors and the scalar product

equals zero:
d-n=o0.
The absolute value of the velocity difference vector is, if K* = % (15 - Yf):
312 2 2 2
|4} =dy + 4y + 8y =K+ d,
as can be shown easily.

Conclusion: the velocity difference vector d at a point of an abrupt interface
between two homogeneous fluids of different density is directed along the inter-
face (lies in the plane tangent to the interface at that point) and is called
shear flow; the absolute value amounts to:

|d] =V k* a,.

It follows that in the direction normal to the interface the velocity difference
equals zero and the flow is continuous in that direction, as might be expected.

In two-dimensional flow, for example flow only in the x- and z-directions, g% =
== = tg B; equations (24) then become:

dx = K* sin B cos and dz = K* sin2 B
and

|[d] = k* sin 8

in which B = the angle between the tangent at a point of the interface line and

the positive x-axis.
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As soon as transport of a solute in groundwater takes place, as in the case of
density flow, we encounter the phenomenon of dispersion.

However, the differential equations that describe the transport may be considered
as additional to the here described differential equations and need not be neglec-

ted; instead of equations (6) we get:

p+5>-=20 (26)

a_ .8 Lk . 8y _ 8
and n 3] (Dij ai) + o (grad p « grad p + pg az) = n 3%

if the density p is a linear function of the concentration of the solute. The
dispersion terms are written according to the Einstein convention with i,j =

X,y,z:
%T (Dij g%) = §7 (Dxx %& + ny %% + sz gz)
+g—y(Dyx%%+Dyyg—;+Dyz%)

+ %; (sz 2% + Dzy %% + D, %%) .
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3.6. A RANDOM-WALK SIMULATION OF DISPERSION AT AN INTERFACE BETWEEN FRESH AND
SALINE GROUNDWATER

G.J.M. UFFINK

ABSTRACT

. Simulation techniques for fresh- and saline-groundwater flow are usually based
on the assumption that fresh and saline water do not mix. However, due to
dispersion mixing occurs and a zone with brackish water is formed. Modelling of
the brackish zone is important for management of the fresh-water reservoir in
the deep aquifers along the coast in Holland.

In principle convective-flow models may be extended with a dispersive component
using a random-walk method. With this method solutions for sharp interfaces could
be used to study the width of the brackish zone, if additionally the velocity
distribution and dispersion coefficients near the interface are known and the
amount of salt entering the brackish zone. In the paper the velocity distribution
in the brackish zone has been found with a boundary layer analysis. The analysis
also gives an expression for the total amount of salt flowing into the brackish
zone. An example of a random-walk simulation is included, using the information
from the boundary-layer analysis.

1. INTRODUCTION

The fresh groundwater lying under the dunes along the coast forms an important
source for the drinking-water supply in the west part of the Netherlands. Arti-
ficial recharge with ponds is applied in the upper aquifer to increase the fresh-
water reservoir. Experiments with infiltration wells are carried out in the deep
aquifer where both fresh and saline water occur (KOOIMAN & UFFINK, 1986). Manage-
ment of a future fresh-water reservoir in the deep aquifers requires a simulation
technique. This concerns not only the position of the interface, but the growth
of a brackish transition zone as well.

Problems with fresh and saline groundwater are usually studied with a sharp
interface assumption, while mixing by dispersion is neglected. These purely
convective-flow models may be combined with a random-walk method to include the
effect of dispersion (UFFINK, 1985). So far this technique has not been used in
sharp interface problems, since information on the amount of salt flowing into
the brackish zone is missing and a detailed description of the velocity (and the
dispersion coefficient) in the transition zone is not available. In this paper
the flow in the brackish transition zone is studied in detail and the required
information is derived from a boundary-layer approximation. A set of first-order
boundary-layer equations is given and reduced to a single non-linear ordinary
differential equation by introducing Lagrange's stream function and a similarity
transformation. This equation has been integrated numerically with a Runge-Kutta
method. The solution is given in terms of the stream function, so stream lines
in the brackish zone can easily be plotted. The flow pattern shows a convective
flow of saline water perpendicular to the original interface. This flow is an
important source of salt entering the brackish zone, and in most cases much more
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important than transport by diffusion. An expression for the flux of salt into
the brackish zone is given. All data required for a random-walk simulation may
be derived from this boundary-layer solution. The solution is also applicable
to a curvilinear interface. In the last section an example is given, in which an
analytical solution for a sharp interface (STRACK, 1973) is chosen and particle
tracking is applied using the random walk to simulate dispersion in and outside
the brackish zone.

2. THE PROBLEM

Consider an interface between fresh and saline groundwater under steady-flow
conditions. If it is assumed that fresh and saline groundwater do not mix, the
fluid density shows a discontinuity at the interface. For physical reasons,
however, a continuous-pressure distribution is required. EDELMAN (1940) has
shown that this requirement leads to a shear flow along the interface (fig. 1).
q

k .
-a =- lp, - py1 gsins (1)

1
Here q, is the specific discharge in the x-direction, u the dynamic viscosity and
p the density of the fluid. k is the intrinsic permeability of the aquifer, B is
the angle of interface with the horizontal and g is the constant of gravity.

When mixing of fresh and saline water is taken into account, a sharp interface

no longer occurs. Due to dispersion a brackish transition zone will be formed,
where density and specific discharge vary continuously. As a first approximation
one may assume that the density in the brackish zone is described by a function
of y only: p = p(y). If also parallel stream lines are assumed (fig. 2), EDEL-
MAN's formula could be rewritten as:

qx(y) = qx1 - % Le(y) - pl] g sin 8. (2)

It will be shown that in the boundary-layer approximation this expression holds,
even if stream lines are not exactly parallel.

To determine the velocity and density distribution around the original sharp
interface, dispersion has to be taken into account. However, the dispersion
coefficient in turn depends on the velocity, so obviously the problem leads

to a system of coupled equations. VERRUIJT (1971) treated the problem assuming

a layer between the fresh and saline water, with a resistance to solute trans-
port. VERRUIJT'S solution, however, does take into account the effect of density
differences on the flow pattern. For the one-dimensional case de JOSSELIN,

de JONG & VAN DUIJN (1986) recently published a non-steady solution, in which
density vaiiations have been taken into account (also VAN DUIJN, 1986).

The problem studied in this paper is illustrated in fig. 3.

At the left hand side of point 0 saline and fresh water are supposed to be
separated by an impermeable sheet, while at the right hand side mixing of fresh
and saline water starts to take place. The problem is described in two dimensions
and is considered to be in a steady state.
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3. BASIC EQUATIONS
The equation of continuity is:

du av
3;+——Y-=0. (3)

Here u is written for qx/c, and v for qY/e,t being effective porosity. A mass
balance for salt leads to:

ac dc
U=+ Vv By - v . (DVc) (4)

where c is the salt concentration and D the dispersion tensor. Darcy's law

gives:
u= - E; [%g + pg sin B] (s)
vV o= - 5? [%5 + pg cos B8] (6)

where p denotes the pressure. In these four equations five unknown variables
occur (p,c,u,v,p). A 5th equation follows from a relation between p and c. If

it is assumed that the presence of salt molecules does not influence the spatial
distribution of the water molecules, one may write:

p=pz+c. (7)

The pressure p may be eliminated by cross differentiation of (5) and (6).
Eliminating density as well with (7), the set of equations becomes:

du . av

x *oy - O (8)
ac [:]e]

UH+V-—ay-V + (DVe) (9)

du av k dc _. dc

Jy "B < " E% [3; sin B + 57 cos 8l. (10)

Note that (10) expresses the vorticity rot(q/e). Dimensionless variables are now
introduced, given by:

Cuv,xv,b,Kkcl=[3, & X i, D , &1 (1)

v
2 Y2

where S is transversal dispersivity, L a characteristic length of the problem
in a x-direction and u, the original fresh-water velocity. The concentration of

the pure saline water <, is given by:

€y =Py = Pye (12)
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Next, a quantity 6 is introduced, defined by:
2 _ %1

and a parameter T by:
Py = P
r=—1+—-2, (14)
P2

In dimensionless form (8), (9) and (10) may finally be written as:

au av

ax*toy =0 (1s)
acC ac 2

U X + Vv W = 6“ Vv « (DVC) (16)

[:18) av ac . ac

Y "X - " r K[FY- SlnB-}-a—iCOS 8l. 17)

4. BOUNDARY LAYER EQUATIONS

In hydrodynamics the description of the viscous friction at the surface of a
streamlined body forms a classical problem (SCHLICHTING, 1978). Assolution based
on the full Navier-Stokes equation does not exist. Approximate solutions are
known, based on a boundary-layer approach. In this approach viscosity is taken
into account only in the vicinity of the surface (the boundary layer), where
high-velocity gradients exist. Outside the boundary layer viscous forces are
neglected.

The problem encountered here is similar. High concentration gradients occur
locally near the interface, while in the hydrodynamical problem high-velocity
gradients are found near the surface of the body. Outside the brackish zone
density differences are so small that effects on the flow pattern may be neglec-
ted, as is done outside the boundary layer with respect to viscous forces. The
groundwater problem differs from the hydrodynamical problem with respect to the
transport parameter. The dispersion coefficient is a space-dependent variable,
while in hydrodynamics viscosity is a constant parameter.

The boundary-layer technique is described in more general terms in perturbation
theory (COLE, 1968; VAN DYKE, 1975). In equation (16) the dispersion term is
considered to be a perturbation. Here the order of the differential equation is
determined by the perturbation term, which is known as a singular perturbation.
In such a case the solution consists of two parts, an inner solution that holds
in the domain where the perturbation term dominates, and an outer solution that
is valid only in the domain where the perturbation term is neglectable. The
inner-region corresponds with the boundary layer and in the hydrological problem
it corresponds with the brackish zone. Equations for the inner-region are
obtained by co-ordinate transformations, such that the perturbation term itself
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does not vanish if A approaches zero. The transformed variables (inner-variables),
denoted with ~, are:

o,v,x,v,cl = [u, %. X, %, cl. (18)

With (18) equations (15), (16) and (17) are rewritten as:

8,8 _, (19)

X [:)'4

s v L.y, (ovo) (20)
ax ay

2 62 L r Kbgg sin g + & 22 cos g]. (21)

aY X ay ax

First-order boundary-layer equations are obtained neglecting terms of order

6 and 62.

Evaluating all terms of the dispersion-tensor (BEAR, 1972) at the right-hand
side of (20), writing molecular diffusion separately and dropping the term of
order 6 and 52 yields:

i - 27
v - (ove) = & (U ) 4 2 £ (22)
Y Y aY

where A denotes the ratio between molecular diffusion and dispersion:

A= . (23)

Here v is the diffusion constant for salt. Letting & approach zero, equation
(21) reduces to:

gg =-7T Kgg sin 8. (24)
aY - Y

This equation can be integrated with respect to Y, giving:
U =Alx) - T K C sin 8. (25)
A(x) is obtained from the boundary condition:

U= 62' for Y - ® (26)

é=0.
Therefore A(x) = u, = 1 and (25) can be written as:

6=uz-rxésins. (27)
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In fact this is equation (2) in dimensionless form, which means that the distri-
bution of the flow component parallel to the original interface is equal to this
‘generalized’ EDELMAN equation, even though in the boundary-layer approximation
no parallel stream lines are assumed. In the next section it will be shown that

in the boundary-layer approximation there is still a flow perpendicular to the
original interface.

The second boundary equation:

ﬁ = 61, for a - - = (28)
c =1

is satisfied if
U, - U, =T K sin 8. (29)

This is EDELMAN's original expressioq (1) in dimensionless form. This equation
is always satisfied, since the inner solution should match an outer solu-
tion, based on a sharp interface assumption. Note that in the inner-region
y-co-ordinates are stretched due to transformation (18), so, if Y goes to infi-

nity, the y-co-ordinate itself remains finite and in fact will be quite small.
The first-order eguations now become:

W, ov

U 0 (30)
X ay

6"—9+G°—§-°—_(6°—?)+A°T§ (31)
X (D 4 8y ayY ayY

Us=U,-TKC sin 8. (32)

5. STREAM FUNCTION

Because of (30) a stream function exists for which (VERRUIJT, 1970):

U = 9; and V a - 21, (33)

aY 8Xx

If C is eliminated from (31) and (32) the equations may be reduced to a single
partial differential equation:

ay o2y av o’y - [021]2 4 8Y a3y . o3y . (34)
oY aXaY  8x oy® av? oY av3 8y .
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6. SIMILARITY TRANSFORMATION

In many boundary-layer problems a similarity transformation is used, given by:

X

n = —= (35)
VX
and
£fn) = & (36)
vx
f-1e)
1 8Y _ _n f' - f
aY ax 2Vx
a2y o £ o’y __nf'
ay X axay 2 X (37)
83‘ = flll
oY X

where £'(n) stands for df(dn.
This transformation reduces (34) to the following ordinary non-linear diffe-
rential equation:

£ror (2 ¢+ 2A) + £ [£f + 28] =0 (38)

7. NUMERICAL INTEGRATION

If
h1 = f
h2 = f' (39)
h3 = £

a set of three first-order ordinary differential equations equivalent to (38)
is obtained:

1 2
hy = hy (40)
ne _ h3(h1 + 2h3)

k '3R3 ¥ 2%
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This set of equations has been integrated numerically with a Runge~Kutta method,
using the boundary conditions for the case, where the saline water has no flow
component in the X direction, so U1 = 0:

f'=61=0

£'' =0 , for n-- e (41)
we also have

f--> ®

fre=>1 for n - + » (42)
To perform the integration a set of starting values ("o' fo,fé, fé') is

required.

Starting values

As far as n is concerned, it is observed that (38) is autonomous, which means
that if £(n) is a solution, f(n - b) is also a solution, b being an arbitrary
constant. The choice of b influences the position of the stream line ¥ = 0 (or
f = 0), since b corresponds to a shift of the whole solution on the Y-axis. In
this paper we have chosen b such that the line Y = 0, representing the original
interface, coincides with the line ; = 0, so in fact:

£(0) = 0. (43)

A full discussion on this aspect of the problem cannot be given here because of
the length of the paper. A starting value f° is not available, but may be deter-
mined with the "shooting method" using the boundary condition f' - 1 for n - =
as an aim "to shoot at". The shooting method results in the following starting
values no and fo‘

A fo no
0,5 -1,1209 -7,5125
0,2 -0,8953 -5,0355
0,1 -0,8050 -3,8414
0,05 -0,7554 -3,0855
0,02 -0,7238 -2,5336
0,01 -0,7196 -2,3184
0,005 -0,7074 -2,1990
0,002 -0, 7041 -2,1201
0,001 -0,0730 -2,0912

182



The case A = 0,02 has been investigated in detail. Fig. 4 gives the velocity
components ﬁ and 6, while in fig. 5 stream lines are plotted.
The value of the stream function in the saline water is:

Y =f_ JX. (44)

From table 1 it follows that this value is always negative. With increasing

X, 's decreases further. Physically it means that the amount of water flowing

in the X direction increases compared to the original amount of fresh-water flowing
along the impermeable sheet. An explanation is shown in fig. 5, where stream

lines are coming “"upward" from the saline water adding water (and salt) to the
brackish zone. This transverse-flow component is equal to

v = .n_.___f"l: £ (45)
2Jx

Substitution of f'(no) = 0 and f(no) = £ leads to:

. £
Ving) = - =, (46)
2Vx

It is noted that this result does not depend on the value chosen for Ny The
salt flux along the interface is given by:

c, V(“o) =c,u, £, Jch (47)

8. CURVILINEAR CO-ORDINATES

The analysis above may also be carried out for a curvilinear interface. In that
case curvilinear co-ordinates are also used as shown in fig. 6.

In this case the angle of elevation B is a function of s : B = B8 (s).
Using a transformation:
s

i sinza(s) ds and 1 =
o

|5

€= (48)

1
L

o
[

and neglecting transport by diffusion (A = 0) the problem can be handled in the
same manner as shown before, leading to the equation:

£'r £+ 2€£'] +2f £ =0 (49)

which is equation (38) for A = 0. In this case however

£ =L (50)
JE
noXsin8 (51)
JE
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The salt flux along the interface is given this time by:

€, VIn ) = c, u, £ JcTE . (52)

9. RANDOM WALK

The principle of the method proposed in this paper is illustrated by an example
based on an analytical solution for a (sharp) interface in the case of a drain
infiltrating fresh water above a body of stagnant saline water. The upper boun-
dary consists of an equipotential line. This solution, given by STRACK (1973),
will not be discussed here. From the solution the convective-flow components are
derived and particle tracking has been applied using the random-walk approach
(UFFINK, 1985) to take dispersion into account (fig. 7). The convective flow of
the particles close to the interface is corrected using the velocity distribu-
tion found by the boundary-layer approximation (fig. 4). In the brackish zone
particles are followed as they flow along the interface. They are traced as well
when they leave the transition zone. Further work will be done to study upconing.
Upconing problems treated with a sharp interface may answer such questions as when
the pure saline groundwater enters the pumping well. However, long before that
moment the water will already be unsuitable as a source for drinking water. It
may be expected that with random walk techniques questions like this may be
answered in a more detailed sense e.g., at what pumping rate the upper part of
the brackish zone starts entering the well.
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3.7. MODELING A REGIONAL AQUIFER CONTAINING A NARROW TRANSITION BETWEEN
FRESH WATER AND SALT WATER USING SOLUTE~TRANSPORT SIMULATION.
PART 1 - THEORY AND METHODS

C.I. VOSS & W.R. SOUZA

ABSTRACT

Methodology based on a consistent approximation for calculating vertical
velocity in a variable-density fluid is required to successfully simulate narrow
transition zones between fresh water and salt water with a solute-transport
model. The need for local fluid density and numerical vertical-pressure gradient
to be accurate and consistent with one another in order to avoid artificial
velocities in regions of high-density gradients applies to finite-element and
finite-difference models as well. Classically, only cases involving wide transi-
tion zones have been simulated with transport models. Moreover, adequate spatial
discretization is required to allow simulation of the low transverse dispersivi-
ty related to flow in both isotropic and anisotropic aquifers. The available
tests for the correctness of density-dependent transport simulators are inade-
quate to check for consistency of the approximations and the accuracy of densi-
ty-driven flow. Additional tests are suggested by the analysis.

The flow of fresh and saline groundwater in the layered-basalt aquifer of
Southern Oahu, Hawaii, is simulated in cross section with the USGS-SUTRA finite-
element model of two-dimensional, density-dependent flow and transport that is
based on a consistent velocity approximation and that satisfies the complete
series of tests. This simulation has the unique aspect that not only is a trans-
port model applied to a complete regional flow system, but results are ob-
tained for the difficult but common case where the transition zone is broadly
dispersed near the discharge or pumping area, and is very narrow elsewhere.
Simulation with an inconsistent velocity approximation gives incorrect results
for this system. The hydrologic analysis of Southern Oahu based on this simu-
lation is described in a paper of the 9th SWIM proceedings.

1. INTRODUCTION

The problem in analysing a regional aquifer system containing a narrow transi-
tion zone between fresh water and salt water with a density-dependent fluid flow
and dissolved-solids transport model is two-fold: (1) The adequacy of the dis-
persion theory is not certain and values of dispersion parameters are neither
well known nor may they be directly measured at the regional scale. Clearly,
the transport simulation must be successful before a study of the adequacy of
old and new dispersion models and the determination of field parameter values
can be undertaken. Further, investigation of the physical reasons for the
structure of a particular transition zone may be done only after careful
fitting of model hydraulics to the field conditions. (2) Transport codes have
considerable difficulty simulating the movement of narrow concentration fronts
on a regional scale. The difficulties are: a) instabilities in the numerical
solution when tracking a narrow front, b) inability to maintain the sharpness
of a front due to insufficient discretization, and c) significant numerical
errors in calculating fluid velocity within narrow transition zones causing

broadening of the zones.
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Classically, the problems inherent in transport simulation of systems containing
narrow portions of transition zones are skirted by basing analysis on a variety
of sharp interface approximations. The various areal and cross-sectional appro-
aches are reviewed by REILLY & GOODMAN (1985). While not minimizing the great
value of such approaches in representing fundamental aspects of aquifer-system
dynamics, they do not account for the often significant effect of the mixing
process on the structure and position of the transition zone, nor do they allow
prediction of the concentration of seawater arriving at water-supply wells. The
impact of these limitations is clear when considering that water of potable
quality contains less than about one percent seawater. On the other hand, regio-
nal scale analysis based on transport simulation is capable of representing
system dynamics including the effects of mixing, as founded on current theories
of dispersion in aquifers, and is capable of making predictions of concentra-
tion. However, transport simulations have typically dealt with transition zones
that are quite broad on the regional scale (in the order of aquifer thickness).
These include analyses reported by LEE & CHENG (1979), SEGOL & PINDER (1976),
VOLKER & RUSHTON (1982), FRIND (1982 b) and LEBBE (1983). While some authors
(VOLKER, 1980, and FRIND, 1982 a) have shown results for narrower transition
zones, it may be questioned whether broad transition zones are typically chosen
as candidates for transport-simulation analysis to avoid the numerical problems
in representing narrow zones, or whether inaccuracies in variable-density trans-
port models give broad transition results that are accepted for lack of defini-
tive field data that shows otherwise. Often in regional aquifers, the transition
zone is quite narrow except in areas that undergo pumping or recharge, discharge
and tidal stresses. The ability to simultaneously simulate the dynamics of both
narrow and broad portions of the transition zone is vital to hydrologic analysis

and water-supply prediction in such cases.

This paper describes a numerical modeling approach that deals with the problems
inherent in the representaton of fresh water and salt water systems. The approach
guarantees a regional-scale transport simulation of narrow transition zones with
minimal numerical dispersion. Through application of the modeling approach to

the Southern Oahu aquifer, Oahu, Hawaii, it is demonstrated that successful
transport simulation combined with a parsimonious fit of hydraulic parameters

to field conditions provides an excellent tool for hydraulic investigations.

2. THEORY

The solute-mass balance per unit aquifer volume at a point in the aquifer is
given by:

218

*
€p +€py - ¥C -9 - [ep(D I + D)+ ¥C] = Qp(c - C) (1)
where:
C(x,z,t) is solute concentration as a mass fraction, (mass solute/mass
fluid) in units [Ms/M], where [Ms] are units of solute mass
and [M] are units of fluyid mass,
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e(x,z) is aquifer volumetric porosity, [1],

v(x,z,t) is fluid velocity, in units [L/T], where [L] are length units
and [T] are time units,

D is molecular diffusivity of solute in pure fluid including aquifer

material tortuosity effects, in [L2/T] units,
1 is the identity tensor (1],

D(x,z,t) is the dispersion tensor, in [LZ/T],
Q

p(x,z,t) is a fluid-mass source, (mass fluid/aquifer volume/time), in
units of [M/L3 . ],

C*(x,z,t) is concentration of solute as a mass fraction in the source fluid,

[M_/M],
s
p(x,z,t) is f£fluid density in units [M/Lg] where [Lg] is fluid volume,

and density is given as a linear function of concentration:

= k7] -
p Po + Bc (c Co) (2)
where:

Po is fluid density where C = co,

Co is a base solute concentration, and

ap/ac is a constant coefficient of density variability.

Darcy's law gives the mass-average fluid velocity as:
k .
v==-1[571 - (@ -eg) (3}
where:

5(x,z) is the permeability tensor, in units [L]
u is fluid viscosity, in units [M/L - T] and
g is the gravity vector, in units [L/T2]

p(x,z,t) is the fluid pressure in units [M/L - Tz].
The mass balance of fluid per unit aquifer volume at a point in the aquifer,

assuming the contribution of solute dispersion to the mass-average flux of
fluid is negligible, is given by:

S
8p 8p 2C . =
[FT%T +pS,,] gr + e e TE T v (epy) = Q. (4)

Substitution of Darcy's law (2) for mass-average velocity in the fluid-mass
balance (4) gives:
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3 8p 8
[F’g-ri'ﬂsop]b-%-ft?%ig-z'(['u—]'(ZP—PQ)]*QP (5)

This form of the fluid-mass balance allows a cross-sectional model to include
both fluid storage at the water table (sy term) and compressive fluid storage

where:

Sy(x,z) is the water-table specific yield [(volume fluid released/aquifer
volume) for unit drop in hydraulic head] in units [L],

b(x,z) is the effective thickness of the water-table aquifer in units
(L1,

lg| is the magnitude of gravitional acceleration in units (L/Tzl,
where:

sop is the specific pressure storativity in units of [M/(L - '1'2)]—1
and sop = (1 -¢) a + B (6)
where:

« is porous matrix compressibility in units [M/(L - T)] and

8 is fluid compressibility in units [M/(L - )11,

The water table is modelled as a finite thickness layer (of height b(x)) that
is superposed at the top of an aquifer modelled in cross-section, in which S
is non-zero. The dispersion tensor in two spatial dimensions is given by:

b - [Dxx sz] (7)
= Dyx P2z
where:
1 2 2
Dxx -[?][dbvx + dTVz] (8)
1 2 2
Dzz -[?-][ dTvX + dva] (9)
1
D,, .[?][dl‘ - d,r][ vxvz] (10)
where: dL =av (11)
dT = ch (12)
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v is the magnitude of velocity and:

GL(x,z,t) is longitudinal dispersivity in units [L], and

uT(x,z) is transverse dispersivity in units [LJ].

3. CONSISTENT VELOCITIES

When the governing equations are solved by a numerical method, velocities must
be evaluated at points within the modelled region to calculate the solute
advective term and the velocity-dependent dispersion tensor.

A contradiction in approximation of velocity arises in the Galerkin finite-ele-
ment method and sometimes in a finite-difference method. The contradiction gives
rise to artificial vertical velocities in the case where both pressure and
density are allowed to vary linearly (or have the same order in space) in the
vertical direction across an element or cell of the spatial grid. This contra-
diction may be the reason for previous difficulties with simulators solving for
pressure and concentration which employ velocities that are discontinuous for an
element (SEGOL et al., 1975). This contradiction may also cause problems in
simulators based on other hydraulic variables such as equivalent fresh-water
head, or a quasi-stream function. The contradiction is most clearly demonstra-
ted by consideration of hydrostatic conditions for an element in which pressure
and concentration are allowed to vary linearly from the top to bottom of the
element. If the pressure at the top of an element with height, H, is zero, then
the bottom pressure, under hydrostatic conditions, is given by Pg = Payg °* |g |8,
where PavG is the average density of fluid in the element. If linear relation
(2) holds between density and concentration, then when the concentration varies
linearly from top to bottom, the density does as well. If the density changes
linearly, the pressure must change quadratically in order to maintain hydro-
static equilibrium. However, the discretization for pressure allows only a
linear change across the element and a linear constant pressure change exists
only under conditions of constant fluid density. Combining a linear change in
density with a linear change in pressure in relation (29) would result in an
upward velocity calculated at points in the upper half of the example element
and in a downward velocity in the lower half. A zero velocity exists at the
element centroid, however, as the density and pressure gradient are consistent
at this point. The artificial velocities calculated within a finite element
because of inconsistent discretization of pressure gradient and density would
disperse a sharp transition zone even under hydrostatic conditions. Only
employing Pave at all points in the element, in lieu of p(C), would yield a
calculated value of zero vertical velocity throughout the element. Artificial
velocities of hundreds of meters per year easily arise as shown in the sub-
sequent discussion related to model verification.

An artificial velocity would be calculated in any numerical method whenever
allowed spatial variability of pressure gradient and density are not consistent.
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This discrepancy arises both in the Darcy's Law terms of the fluid mass balance,
(5), and in evaluation of fluid velocity, and it generates artificial velocity-
dependent dispersion coefficients (11) and (12). If density is allowed to vary
spatially in the vertical directions as an (N)th power polynomial,‘then pressure
must be allowed to vary as an (N + 1)th power polynomial in order that the
pressure gradient be consistent and vary to the (N)th power. For finite elements
and a linear density-concentration relationship, this would be satisfied by a
choice of linear basis-function discretization for concentration and quadratic
basic-function discretization for pressure. Quadratic basic functions, however,
significantly increase computational expense and another approach is preferable.

Another approach may be found for finite elements by observing that strictly
the requirement of consistency governs the choice of discretization only in

the co-ordinate direction parallel to the direction of gravity. In other direc-
tions the density-gravity term drops out of both the fluid-mass balance, (5),
and the velocity calculation based on (3). Thus, within an element, a higher-
order approximation for density may be employed horizontally than vertically.
Such an approach is described in VOSS (1984).

4. DENSITY-DEPENDENT MODEL VERIFICATION

Densgity-dependent transport models are typically verified by comparison with

the HENRY (1964) approximate analytic solution for steady-state salt-water
intrusion. No model to date has successfully matched the Henry solution even
for simulation times which approach steady state. However, a number of numerical
models based on significantly different methods give simulated results nearly
identical to one another for the Henry problem. These include a particle track-
ing model by PINDER & COOPER (1970), finite-element models by SEGOL et al.,
(1975), HUYAKORN & TAYLOR (1977), DESAI & CONTRACTOR (1977) and FRIND (1982 a),
a finite-difference model by INTERA (1979), and the USGS finite-element/inte-
grated-finite-difference model, SUTRA (VOSS, 1984). This evidence indicates

some inaccuracy in Henry's results that may be due to missing higher-order terms
which were originally dropped by Henry for the sake of reducing computation
time. A more accurate semi-analytic calculation would now be practical to carry
out on high-speed computers. While verification of a model by exact comparison
with Henry's results is not possible, some confidence in the accuracy of a
particular model may be gained if it matches the results of the above listed
suite of models.

The Henry problem involves fresh water in a confined aquifer discharging to a
vertical open-sea boundary over a diffuse wedge of salt water that has intruded
the aquifer. Fig. 1 describes the physical system. Dispersion is approximated

in the simulations by using a large constant value of molecular diffusivity and
zero dispersivity. The comparison between various models and the Henry solution
must be shown in a few figures as some authors have published either a different
representation of the solution or have used different parameter values. The
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parameters chosen to match Henry's dimensionless values and the other simula-
tions are:
-9 2
e =0,35 k = 1,020408 x 10" "[m“]
(based on K = 1,0 x 10~2 [m/s])

- kg(dissolved solids) - 2
Cg = 0,0357 [ kg (seawater) ] lg] = 9,8 [m/s“]
Pg = 1025'[kg/m3] = sea water density a = a, = 0,0
2
g% =700 - [ kg(seawater) . 1B =1,0Ln]
(kg dissolved solids-m“)
3 6,6 x 10 [m%/s] two
p, = 1000 - [kg/m~] D, ' s 2
18,8571 x 10° " [ m“/s) cases

Q.. = 6,6 x 1072 [kg/s] C.y = 0,0

IN ! IN ’

The total fresh-water recharge is chosen as 6,6 x 10'5 (ma/s) per meter of
cross-section thickness. Two different values of a total dispersion coefficient
have been used by the various authors. For the chosen total-recharge rate,

and Henry's non-dimensional factor of total dispersivity divided by recharge
equal to 0,1, the total dispersivity must be 6,6 x 10"6 (m2/s). Because total
dispersivity for the SUTRA model, (relation (1)) in the case of no velocity-
dependent dispersion, is given by a product of porosity and the molecular-
diffusion coefficient, the diffusion coefficient should be set to 18,8571 x 10~
(mz/s) when the porosity is 0,35. This gives a simulated result for the concen-
tration at the bottom of the aquifer after 100 minutes (essentially steady
state) as shown in fig. 2, where a comparison is made with steady-state results
from three different models of HUYAKORN & TAYLOR (1977).

6

The same parameters give a concentration distribution in space as shown in

fig. 3. Here, the Henry solution for the 0,5 isochlor is compared with results
of SEGOL et al. (1975), and results from new simulations using SUTRA and the
INTERA (1979) transport code. Mesh blocks were 0,1 (m) by 0,1 (m) for both the
SUTRA finite-element solution and the INTERA solution which was done with both
centreed-in-time and centreed-in-space finite-difference approximations. SUTRA
and INTERA results are nearly identical but do not compare well with SEGOL and
HENRY. Moreover, the SUTRA results do not approach the Henry solution even for
simulations lasting thousands of minutes. Assigning a value of 6,6 x 10'6 (m2/s)
to the molecular diffusivity would give a total dispersivity of 2,31 x 10"6
(mz/s) when the porosity is 0,35. This diffusivity value, rather than that which
Henry used appears to have been employed by PINDER & COOPER (1970), SEGOL et al.
(1975), DESAI & CONTRACTOR (1977) and FRIND (1982 a). Published results for

=6 (n?/s)
are compared to the Henry solution in fig. 4. Simulated results are nearly
identical including those of DESAI & CONTRACTOR (1977) who employed a coarser
mesh than the others. None of these solutions compare well with Henry's.

these models and SUTRA using the molecular diffusivity value 6,6 x 10
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" Through the preponderance of simulators that have identically matched results
for the Pinder-Cooper version of the Henry problem, this has become the standard
test for all density-dependent transport models. However, because of the unrea-
listically large amount of dispersion introduced in the solution by the constant
total-dispersion coefficient (required to make the analytical solution converge),
this test does not check whether a model is consistent, nor does it check whether
a model is accurate in the more realistic field situations with relatively
narrow transition zones. In fact, experiments show that Henry-problem results
are the’ same for both non-consistent and consistent discretization of the terms
involved in the velocity calculation. Thus, when the transition zone is broadly
dispersed and concentration gradients are low, the artificial velocities created
by the non-consistent approach are insignificant compared with the field velo-
cities, and the artificially-generated velocity-dependent dispersion due to the
artificial velocities is small relative to the total dispersion.

In the case where the transition zone is narrow, artificial velocities do have

a significant effect on the transport solution. This is especially true for long
term or steady-state simulations in which very small velocities can strongly
affect the solution. The magnitude of artificial velocity at the top of an ele-
ment may be calculated to be v = (1/2)(k|g|Ap/cu), where Ap is the difference

in density from top to bottom of the element. For example, when permeability

0! m? with porosity € = 1, and an

corresponds to that of silty sand, k = 1
element changes from fresh water at the top to sea water at the bottom (4p =

25 « (kg/ma)), the artificial,veiocity is about 380 . (m/yr). In simulating such
a system with the non-consistent method, the particularly sharp transition zone
initially contained in one element would artificially begin to broaden at a rate
of 760 + (m/yr), even when no other natural velocities were superimposed on the
system. Moreover, the velocity-dependent dispersion coefficients, relations (7)
to (12), take on large non-zero values based on the artificial velocities, and
further disperse the sharp transition zone. This is clearly unacceptable for
steady-state simulation, and, depending on the geometry and scale of the system,
would cause significant errors in simulations of a month or more.

Two additional tests are suggested in order to test for consistency: first,
steady-state simulation of a completely closed horizontal aquifer containing a
horizontal layer of fresh water above a layer of salt water; and second, steady-
state simulation of the same system with open vertical sides and perfectly
uniform horizontal flow. (1) The first additional test simply checks for con-
sistency under hydrostatic conditions with a stable density configuration and
no flow allowed across any boundaries. The choice of geometric scale and hydrau-
lic parameters is not important because the system goes to steady state. Longi-
tudinal and transverse dispersivities should be set to values equivalent to the
length of the largest finite element; diffusivity should be set to zero. The
correct solution is obtained only if the pressure gradient and density-gravity
terms are consistent and is uninteresting to view as the transition zone should
remain fixed in one row of elements. (2) The second additional test checks for
consistency in a system where flow is perfectly parallel to the transition zone
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and to the mesh. The simulation should be carried out with a longitudinal dis-
persivity of half the horizontal mesh spacing and a zero transverse dispersivity.
The correct steady-state solution is also uninteresting to see as the transition
zone should remain in the same single row of elements. Inconsistent approxima-
tions would result in spreading of the sharp interface in both cases.

The numerical results of ELDER (1967) for a problem of natural convection make
up a useful basis for a test to check transport simulators in the case of flow
driven purely by fluid-density differences. While ELDER (1967) dealt with ther-
mally-driven convection, the solute analog to this 'long-heater problem' is a
closed rectangular box, modelled in cross-section, with a source of solute at
the top implemented as a specified concentration-boundary condition (fig. §),
and concentration specified as zero along the entire base. Solute enters the
initially pure water by diffusion, increases its density, and thereby begins a
circulation process. A zero value of pressure is specified at each upper corner.
The following data are used to match Elder's dimensionless results:

¢ =0,1 gl = 9,81 (m/s)

k = 4,845 x 10713 (n?) D, = 3,565 x 10”% (m?/s)
po=1,0x 103 (kg/m-s) o -ap =0

p = 1000 (kg/n®) + 200) € €, i =0

R 3
Note: (c - cmax) = p(C = 1) = 1200 (kg/m”).

Pmax
Fig. 6 compares results of simulation with SUTRA (mesh: 44 elements horizontally,
25 elements vertically) to those of ELDER (1967) for solute concentrations. The
results compare very well, spatially and through time, showing that both numeri-
cal solutions give like representation of the complex density-driven flow and
solute-transport behaviour. As with the Henry problem, comparison of simulation
results with other numerical solutions (such as Elder's) gives confidence in the
accuracy of the simulation.

5. EXAMPLE - SOUTHERN OAHU, HAWAII

The USGS finite-element/integrated-finite-difference model, SUTRA (VOSs, 1984),
with consistent velocity terms is applied for simulation of flow and salt-water
movement in the Southern Oahu aquifer near Honolulu, Hawaii. The simulation
problem is difficult, as the transition between fresh water and salt water is
expected to be extremely narrow inland, although it is broad near the coast.
Because important hydraulic boundaries are relatively close to areas of interest
near pumping centres, the entire aquifer must be simulated, including both nar-
row and broad portions of the transition zone. In a hydrologic model of the
Southern Oahu aquifer, a consistent-velocity approximation is a vital factor

in successful simulation. A more comprehensive description of the hydrologic
modelling of what follows is given in a paper in the 9th SWIM proceedings by
SOUZA & VOSS (1986).
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The Southern Oahu basaltic aquifer is composed of thinly-bedded lava and rubble
layers. Regionally the aquifer is very thick and quite permeable. The aquifer
fabric may be expected to have anisotropic permeability between 10:1 and 1000:1
due to the layered structure, although the regional anisotropy value is not yet
well established. Near the coast, and below the sea, the basalt is semi-confined
by a wedge of interlaced sediment and coral formations, referred to as the
'caprock' (fig. 7). Primary recharge occurs over the Koolau mountains where
significant intrusions of vertical dike walls into the horizontal beds make
horizontal flow difficult. The dike-intruded region is considered a no-flow
boundary that contributes a large specified recharge to the basalt aquifer.
Discharge in the undeveloped section of the aquifer occurs primarily at springs
along the inland edge of the caprock. Some diffuse discharge is expected as
upward leakage through the caprock into the sea. A cross-sectional model is
highly appropriate for representation of syStem behaviour because of the region-
wide nearly uniform flow field.

The finite-element mesh for the cross-section consists of a region of very

fine vertical discretization (15,24 m) in the region of the aquifer where the
transition zone between fresh-water and salt-water is expected to reside. This
allows sufficient discretization to represent the thin portion of the transition
zone. Below this region, concentrations, velocities and pressures change very
slowly in space and coarse discretization is sufficient. Pressure changes and
converging high fluid velocities occur near the edge of the caprock; thus,
horizontal discretization is increased in this region to a horizontal spacing

of 304,8 m. Although regional longitudinal dispersivity is expected to be less
than 100 m, horizontal spacing may greatly exceed the stability limit (400 m),
based on a mesh Peclet number of four, because lines of constant concentration
will, for the most part, parallel the flow directions. All boundaries of the
mesh are closed to flow except where fresh-water recharge is specified at the
back of the aquifer. The mesh boundary is also open where pressure is specified
to be zero below the sea, and at hydrostatic pressure where the mesh is arbitra-
rily cut off on the seaward end. Based on the results of a parsimonious model
identification (SOUZA & VOSS, 1986), the following parameters define the one-
meter thick representation of the system.

Q inflow = 0,404 kg/s Sy = 0,04

K horizontal = 457,2 m/day « = 2,5 x 1070 (kg/rn-sz)-1
K, = (K horizontal)(107%) 8 = 4,47 x 100 (kg/m-s?)"!
K caprock = (K horizontal) (10~ %) M o=1,0 x 1073 (kg/m-s)

¢ = 0,04 a = 76 m

by = 1000 (kg/m®) oy = 0,25 m

8p/ac = 700 (kg/ms) C seawater = 0,0357

p seawater = 1024,99 (kg/ma)
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where K is hydraulic conductivity, and C is the dissolved solids concentration
as a mass fraction, and Ks is the hydraulic conductivity of the vertical seaward
boundary in the basalt aquifer.

The simulated concentration distribution (for anisotropy value of horizontal
divided by vertical conductivity, Kh/Kv = 200) for predevelopment steady-state
conditions is shown in fig. 8 to scale and in fig. 9 with vertical exaggeration.
* The transition zone is extremely sharp inland, as expected, and gradually
broadens near the caprock. These solutions are impossible to obtain with an
inconsistent velocity approximation (standard Galerkin method). Experiments

show that neither low values of dispersivity nor high anisotropy (Kh/Kv) allow

a relatively narrow transition zone to be simulated. The artificial velocity and
resultant dispersion generated by the inconsistent approximation give highly
incorrect results. However, an accurate simulator based on a consistent velocity
approximation provides a fundamental tool for hydrologic analysis of the system
as described in the companion paper (SOUZA & VOSS, 1986).

6. DISCUSSION

The problem of cross-sectional transport-simulation analysis of a fresh-water/
salt-water aquifer system including a relatively narrow transition zone has not
previously been approached. Most published analyses either deal directly with
the case where data indicate a broad transition zone, or give simulation results
that imply a broad zone in the absence of data. The question must be asked
whether these analyses have accﬁrately represented the transverse dispersion
process (albeit given by the standard dispersion model) that is the primary
force which creates a narrow of broad structure of the transition zone in such
systems. A narrow transition zone amplifies any inconsistencies, inaccuracies
or instabilities inherent in a given simulation model. The likely sources of
simulation error are three-fold: (1) Vertical discretization is typically too
coarse for the desired level of transverse dispersion. (2) Inconsistent appro-
ximations of terms involved in the fluid velocity calculation can lead to large
artificial velocity and dispersion components in a simulation. (3) The process
of flow driven by density differences in the fluid may not be accurately re-
presénted by the simulation. Tests typically used to verify such models do not
verify that a given model is free of the above sources of error.

The following modelling approach rectifies these difficulties: (1) Vertical
discretization must be in the order of the transverse dispersivity value when
flow is predominantly horizontal. Transport simulation studies should always
begin with a steady-state simulation for the case of zero transverse dispersion
to check for the sharpest transition zone possible with a given mesh and flow
field. (2) A numerical method that gives a consistent velocity approximation
must be employed. The standard Galerkin finite-element method gives an inconsi-
stent velocity approximation that can generate overwhelming artificial velo-
cities in a simulation. Finite-difference methods may or may not be consistent
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depending on the particular approach used. (3) Two new model tests for con-
sistency of the velocity approximation are suggested. These simulate a simple
system with a sharp interface that should remain sharp for all time. (4) The
HENRY (1964) seawater-intrusion problem serves only as a most simple basis for
verifying a variable-density transport code. The test does not check for con-
sistency. Because of the unrealistically high level of dispersion in this pro-
blem, the Henry problem does not serve as a sufficient verification of the
accuracy of a transport simulator for typical field systems. (5) The ELDER
(1967) natural-convection problem is suggested as a test for verification of
the accuracy of simulation of flow driven purely by density differences in the
fluid. While an analytic solution of this problem is not available, the Elder
test serves to build confidence in a simulator by comparison with results of
other simulators.

A variable density flow and solute transport simulator based on a consistent
velocity approximation, when verified with the before-mentioned tests, and
when used with proper spatial discretization is a state-of-the-art tool that
can give excellent results for a range of difficult problems at various scales
of analysis. An interesting case in point is the simulation analysis of the
regional aquifer of Southern Oahu, Hawaii, that contains both narrow and broad
sections of a transition zone. This analysis is described in a companion paper:
SOUZA & VOSS (1986).
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FIGURES
Fig. 1: Boundary conditions and finite-element mesh for HENRY (1964) solution.

Fig. 2: Match of isochlors along bottom of aquifer for numerical results of
HUYAKORN & TAYLOR (1976) and SUTRA.

Fig. 3: Match of isochlor contours for Henry-analytical solution (for 0,50
isochlor) (long dashes), INTERA code solution (short dashes)
SEGOL et al. (1975) (dotted line), SUTRA solution (solid line).

Fig. 4: Match of 0,50 isochlor contours for Henry problem with simulated
results for Dp = 6,6 x 10~9 (m2/s) of PINDER & COOPER (1970),
(short dashes), SEGOL et al. (1975) (dotted line), FRIND (1982)
(long and short dashes), DESAI & CONTRACTOR (1977) (long dashes).
SUTRA results at isochlors (0,25, 0,50, 0,75) (solid line). HENRY
(1964) solution for D_ = 18,8571 x 10-é (m2/s), (0,50 isochlor,
dash-dot). n
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Fig.

Fig.

Fig.

Fig.

Fig.
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Boundary conditions for ELDER (1967) problem.

Comparison of concentration results for ELDER (1967) problem,
showing 20 ¥ and 60 ¥ of maximum concentrations.

Typical cross-section of Southern Oahu aquifers.

Simulated pre-development distribution of total dissolved solids (as
percent seawater) for Southern Oahu aquifer (to scale).

Transition zone as simulated for pre-development conditions
(concentration as percent seawater) for Southern Oahu aquifer (not
to scale).
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3.8. UPCONING OF BRACKISH AND SALT WATER IN THE DUNE AREA OF THE AMSTERDAM
WATERWORKS AND MODELING WITH THE KONIKOW-BREDEHOEFT PROGRAM

J.W. KOOIMAN, J.H. PETERS and J.P. van der EEM

ABSTRACT

For the water supply of Amsterdam, groundwater is abstracted from the dune area
near the North Sea; since 1853 from the phreatic aquifer by means of canals, and
since 1903 also from the deep aquifers. From 1957 the upper aquifer is artifi-
cally recharged with river water which has higher chloride contents than the
original dune water.

The Boogkanaal, in the northern part of the dune-water catchment area, is im-
portant because of the low chloride content of the abstracted water. As a result
of the continuous abstraction a heavy intrusion and upconing of brackish and
salt water occurred. Tlerefore, in 1978, the deep-well abstraction was termina-
ted. Before taking these wells into use again research has to be done, by com-
puter modeling, to assess the consequences for the fresh-water pocket.

A supplementary version of the two-dimensional groundwater contaminant transport
program Konikow-Bredehoeft, as presented by LEBBE (1983, 1984), is suited for
the calculations mentioned. The program calculates the transport of solutes in
the saturated zone. In an adaption to the original version the effects of dif-
ferences in density are taken into account.

The model was calibrated with the available data. The consequences of different

groundwater-abstraction policies on the chloride content of the abstracted water
can be computed.

1. INTRODUCTION

Amsterdam Waterworks is in charge of the drinking-water supply for more than
1.000.000 citizens. Three production units are used:

1. Dune waterworks 83 - 10° m3/a (72 %)
2. Lake waterworks 30 - 108 m3/a (26 %)
3. Hilversum Pumping Station 2 - 106 m3/a (2%

The dune-water catchment area is a very important unit, not only quantitatively
but also qualitatively: it is the property of Amsterdam Waterworks and so ground-
water quality can be protected effectively against pollution by agriculture,

industry or waste disposal.

On the other hand there is the continuous threat of salt-water intrusion and
upconing of brackish and salt water. Especially in the last decades this pre-
sents problems in water production. To minimize these problems the optimum
distribution of total capacity over the different abstraction units in the dune

area, especially those in the deep aquifer, has to be determined.
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2. DUNE-WATER CATCHMENT AREA

The dune-water catchment area of the Amsterdam Waterworks is situated along the
Dutch North Sea coast, south of Haarlem (fig. 1).

Withdrawal of water in this area - some 36 sqg. km ~ started as early as 1853,
by the simple method of draining a system of excavated canals. In this way,
water was abstracted from the phreatic aquifer, and it was not until many years
later that the presence of a vast stock of semiconfined water of good quality
was discovered deeper in the subsurface.

In the catchment area, the subsurface at greater depth is saturated with salt
water. The fresh water is limited to a fresh-water pocket, or lens, under the
dunes. Since 1903 water has been abstracted from the deep aquifer by a system
of wells.

Over the years the volume withdrawn from the dune area increased gradually.
From the early twenties the total water production exceeded the natural reple-
nishment by effective precipitation. A heavy salt-water intrusion occurred in
the deep aquifer, resulting in an increasing number of wells contaminated with
salt water (ROEBERT, 1972).

To stop this process of intrusion, from 1957 a part of the upper aquifer is
artificially recharged with pretreated water from the river Rhine. The water
abstraction from the deeper aquifer at that time decreased to a low level.

There remains, however, a vast stock of groundwater of good quality which is
used for quality reasons and during periods when the river-water intake has to
be interrupted. To avoid continuous salt-water intrusion and upconing the deep
abstraction is limited (SCHUURMANS, 1983).

Nowadays the total water production of the entire dune area varies between

55 and 60 million m3/yr. Some 10 million m3/yr is natural dune-water.

3. PRODUCTION UNIT BOOGKANAAL

The Boogkanaal in the northern part of the dune-water catchment area has a
length of 1000 meter, more or less parallel to the coast at a distance of

2,5 km (fig. 1). The geohydrological situation in a cross-section perpendicular
to the Boogkanaal is given in fig. 2.

Abstraction from the Boogkanaal started in 1887. By artificially maintaining a
low water level (N.A.P. - 1,70 m; N.A.P. is approximately mean sea level), the
canal abstracts water from the upper aquifer in an amount which varies between
1 and 1,5 million m3/yr (fig. 3). In 1903 withdrawal from the upper part of
the deep aquifer started (table 1). Because of the increasing chloride
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content of the abstracted water the abstraction of deep groundwater was termi-
nated in 1978 (fig. 4).

For the quality of the abstracted water from the dune area it is desirable that
the total installed capacity at the Boogkanaal can be used. In the direct sur-
roundings of the canal there is no artificial recharge, so the abstracted water
has a very low chloride content (40 mg/l). Therefore it is used mainly for
mixing purposes in order to lower the chloride content of the supplied water.
If, as a result of the deep abstraction, the chloride content increases to 90 -
100 mg/l1, which was the case in the early seventies, the Bodgkanaal will lose
this important function. Nowadays the amount of 1 to 1,5 million m3/yr is only
2 % of the total water production of the dune area, including the infiltrated
river water, but it is 10 - 15 % of the total amount of abstracted natural
water. Regarding the fact that a substantial part of this natural water is mixed
with the infiltrated water, the importance of the Boogkanaal for the water
supply is obvious.

Table 1. Deep-well abstraction from the Boogkanaal.

Period Number of Maximum Remarks

wells abstraction
106 m3/a
1903 - 1909 40 1,4 Along north-west side of canal
1909 - 1929 55 3,7 Extension to the south with 15 wells
1929 - 1954 79 3,6 24 extra wells along south-east side
1954 - 1978 20 2,9 20 new artesian wells along canal
1978 - now 20 0,0 No deep abstraction

The movement of the salt, brackish and fresh water until 1970 has been studied
by ROEBERT (1972) as a result of the continuous abstraction. He used the ob-
servations of three boreholes located on a line perpendicular to the centre of
the Boogkanaal (fig. 1): no. 31 (just near the canal), no. 48 (500 meter to the
west) and no. 257 (500 meter east of the canal).

In table 2 and 3 the developments from 1920 until 1985 are presented, which,
for é good understanding, have to be compared with the abstraction amounts as
presented in fig. 3 and 4.

From these tables one can see the rise of the 100 mg/l isochlor at a rate

of 1,5 m/yr in the years 1920 - 1950 at the site of observation well 31. Due to
the increasing abstractions in the years between 1950 and 1960, from the Boog-
kanaal as well as from other abstraction units south, east and north at distan-
ces of 500 to 750 meter, the rate of rise increased to some 3 m/yr. After the
start of the artificial recharge in 1957 and the dectease in the
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'abstractions the rate reduced to 1 m/yr. The period 1968 - 1978 is characterized
by a stabilization of the situation, whereas in the last period the ending of
the deep-well abstraction in 1978 resulted in a displacement in the opposite
direction.

Table 2. Average rate of rise (m/yr) of the 100 mg/l1 and 10.000 mg/l isochlors
in wells 48, 31 and 257.

Period 100 mg/1 10.000 mg/1

48 31 257 48 31 257
1920 - 1930 1,0 1,5 1,5 0,5 0,5 0,5
1930 - 1940 0,5 1,5 1,0 0,5 0,5 0,6
1940 - 1950 0,4 1,5 1,5 0,4 0,5 0,8
1950 - 1955 1,2 3,0 1,5 0,2 0,5 1,4
1955 - 1960 2,4 1,5 2,0 0,1 0,5 0,0
1960 - 1968 1,0 1,0 1,0 0,0 0,5 0,0
1968 -~ 1978 0,0 0,0 - 0,8 0,0 - 0,5 - 0,4
1978 - 1985 0,0 -1,0 - 0,7 0,0 - 0,7 - 0,5

Table 3. Position of the 100 mg/1 and 10.000 mg/l isochlors in meters below
N.A.P. (Mean Sea Level) in wells 48, 31 and 257.

Year 100 mg/1 10.000 mg/1

48 31 257 48 31 257
1920 - 116 - 108 - 112 - 124 - 116 - 120
1968 - N - 33 - 46 - 105 - 92 - 94
1985 - n - 40 - 60 - 109 - 102 ° - 102

4. COMPUTER PROGRAMS FOR SALT-/FRESH-WATER

To manage fresh-groundwater resources that are in contact with saline water it
is essential to obtain gquantitative understanding of the pattern of movement
and mixing between fresh and saline water. Recently REILLY & GOODMAN (1985)
amply reviewed the factors that determine the appropriate methods to be used.
They considered three major factors:

- assumptions about the physics of the mixing process,
- characteristics of the aquifer system under study and
- desired scale and detail of the resulting analysis.
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In practice problems are often presented by the movement of slightly brackish
water. This is why an approach with sharp interfaces between finite numbers of
(immiscible) fluids is instructive but academic. It is more appropriate to model
the behaviour of just one fluid with differences in concentrations of dissolved
solids (transport models). These differences bring about gradients in density
that can influence the flow pattern.

All aquifers are inhomogeneous. In practice an approach with homogeneous €£low
s&stems might suffice, most of the time it does not. In that case resort to
numerical models - that can account for differences in characteristics of the
aquifer - is essential. Once the flow problem is solved, transport of solutes
due to both advection and dispersion has to be determined. Well-known are the
problems that go along with this. Solutions sometimes contain errors - due to
numerical dispersion - which invalidate the solution. Numerical dispersion can
be minimized when the method of characteristics (MOC) is used. The two-dimen-
sional model as documented by KONIKOW & BREDEHOEFT (1978) is a numerical trans-
port model that uses MOC. In the case that is presented in this paper, flow
predominantly occurs in two directions (vertical and horizontal). An approach
with a two-dimensional flow system can be justified. However, it is essential
to adapt the original version of the model to account for the flow induced by
density differences.

5. GROUNDWATER-CONTAMINANT TRANSPORT MODEL KONIKOW-BREDEHOEFT

The Konikow-Bredehoeft model has been developed by the U.S. Geological Survey
and is based upon the finite difference method (for solution of the flow equ-
tion) together with the method of characteristics (for solution of the solute
transport equation). The model requires that the aquifer in the area of inter-
est is divided by a regular grid into a number of blocks. The purpose of the
model is to compute heads and concentrations at any specified time and place
(in the centre of a block, 'block-centred grid').

To account for density-induced flow the model has been adapted as described by
LEBBE (1983, 1984). Water pressures are computed as fresh-water heads. Vertical-
flow components are adjusted for relative densities. Further information on the
program and adaptions can be found in the reference list (KONIKOW & BREDEHOEFT,
1978; LEBBE, 1983, 1984).

Some practical problems were encountered when running the program:

- The program first computes the head distribution. With this information
the velocities (and dispersion coefficients) on cell boundaries are de-
termined. These velocities depend on the average density in a cell. With
these velocities so-called tracer particles are moved within the flow
field. After the displacement of the tracer particles and the calcula-
tion of the dispersion the new average density in a cell is computed.
Then the process restarts with the computation of the head distribution.
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It was found that instabilities arise when the displacement of tracer
particles within one time step, without recalculation of the pressure
head, becomes too large. This can be explained by the following example
(rather) exaggerated!): Under an abstraction well with limited capacity

a sharp interface is found. Salt particles under the well will have a velo-
city component in anupward direction. If such a salt particle is allowed
a large displacement it can move upward beyond the equilibrium position of
the interface. Then recalculation of heads takesplace. A large vertical
velocity downward will be computed (because of the extreme upconing). The
particle can now move.

The remedy for the problem is clear: the displacement of particles between
two successive computations of the pressure-head distribution should not
be too large.

- Especially when abstractions are limited, the calculation of the pressure
head has to be done very accurately. A tolerance of 0,00001 m was used.

- The water pressure in the model is expressed in fresh-water heads. If
the solute content along the boundary is not constant, the fresh-water
head will not be constant either, even if there is no vertical flow. To
eliminate boundary 'rotations' the pressure head has to fit the chloride
content along the boundary. In our case the heads had to be accurately
given in millimeters. ‘

6. SCHEMATIZATION AND CALIBRATION

Computations are made in a vertical plane perpendicular to the Boogkanaal.
The cross section contains several observation wells. Three of them are mea-
sured for chloride content (wells 48, 31 and 257; fig. 1 and 2). The west
boundary is located at well 48, the east boundary at 257. With the computer
model an attempt is made to describe chloride content at the middle observa-
tion well 31, just near the Boogkanaal (calibration).

The input for the model is extensive. As with all groundwater-flow models the
characteristics of the flow domain have to be given, i.e. the spatial distri-
bution of hydraulic conductivities in a horizontal and vertical direction, poro-
sity and storage coefficients. Because a solute-transport model is used, in-
formation is also needed on the behaviour of the solute. Furthermore, initial and

boundary conditions have to be described for heads and concentrations.

The schematization of the subsoil is straightforward as shown in fig. 2, i.e.

three aquifers separated by semi-permeable clay and loam layers. The hydrologi-
cal base is situated at 155 m below mean sea level. The quantitative data are

based on a pumping-test analysis and borehole information. The vertical hydrau-
lic conductivities are chosen to be ten times smaller than the horizontal con-

ductivities throughout the system (anisotropy).
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Chloride is a non-reactive (decay equals zero) and non-adsorbing solute.
Introduction of dispersion deals with the process of mixing of fresh and salt
water. It should be noted that actually it is not justified to model hydro-
dynamic dispersion in non-isotropic media with longitudinal and transversal
components (BEAR, 1979).

Very small dispersivities showed the best results (dispersion is the product

of dispersivity and velocity). A longitudinal dispersivity of 0,02 m is used.
The transversal dispersivity is smaller by a factor 10. LEE et al. (1980) found
comparable values.

In literature, laboratory tests show very small dispersivities indeed (see for
example LI & LAI, 1966). Field studies indicate larger values for the dispersi-
vity (several researchers reported about the scale-dependency of dispersion
(MOLZ et al., 1983; GILHAM et al., 1984)). Sometimes these values are found at
locations where tidal movement is important. In our case tidal influence is
small, which might explain the low dispersivity. It should be emphasized here
that in the case of a predominantly horizontal flow the solute transport in a
vertical direction is mainly caused by transversal or lateral dispersion
(dispersion perpendicular to the flow).

The relative density difference amounts to 2,5 % for a chloride content of
18630 mg/l.

Boundary conditions are taken from observation wells 48 and 257. A sharp inter-
face between fresh and salt water is chosen as initial condition. The salt-
water layer extends over the lower 30 m of the lower aquifer (horizontal inter-
face). Because no storativity effects are taken into account initial values of
heads are not necessary. )

The groundwater suppletion by effective precipitation is taken constant at
0,465 m3/m%/yr..

The finite difference grid consists of rectangular blocks of 40 m - 10 m. The
number of blocks in the horizontal direction is 27 and in the vertical 16. In
each cell initially five tracer particles are placed. A period of 80 years is
simulated, starting in 1903, coinciding with the start of deep groundwater ab-
straction. For periods of five years groundwater abstractions and boundary
conditions are defined. Pressure heads and the position of tracer particles
are computed in time steps of one month. The time steps are this small to
avoid the maximum displacement of tracer particles exceeding 30 m.

The abstractions of phreatic and deep groundwater have to be computed as an
abstraction per meter. It is not sufficient to simply divide the total ab-
straction by the length of the abstraction means. Becauée of the finite length
of Boogkanaal and the line of deep wells the abstraction will not be equally
distributed. Right in the middle of the Boogkanaal, where the vertical cross-
section is made, the abstraction will be a factor R smaller than the average.
For the phreatic and deep-water abstractions this factor was fixed at re-
spectively 0,75 and 0,70 (HUISMAN, 1972).
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7. RESULTS

The measured chloride content in time is compared with the calculated chloride
content for three filters of observation well 31 (fig. 5, 6 and 7; for a loca-
tion of the filters see fig. 2). The peaks and dips in the figures are caused by
the discretization of the solute in space (only five tracer particles in each
grid). Despite the simplifications (two-dimensional flow, little spatial
variability in aquifer characteristics, no storativity, constant dispersivities
etc.) the chloride content in time can be satisfactorily simulated with the model.
The largest deviations are found for filter 6. This can be explained partly be-
cause small absolute deviations here are relatively large and partly because fil-
ter 6‘is located at distance from the chloride-source, i.e. the salt-water body.
Furthermore, as we look at the spatial distribution of the chloride content

(fig. 8), we can see an upconing of brackish water on the east side of the ab-
stractions. This is caused by natural groundwater flow from west to east. When

we slightly overestimate this natural groundwater flow the cone of brackish water
is displaced too far to the east. This might be anothef cause of the observed
deviations in filter 6.

With the model the chloride content of the abstracted water is predicted for 25
years. Deep water abstraction is assumed 0,5 Mm3/yr and the phreatic abstraction
is fixed at 1,0 Mm3/yr. The initial concentration profile is the generated
chloride-content at the end of the simulation period of 80 years. Boﬁndary con-
ditions are kept constant.

During the prediction period no serious increase in chloride-content of the ab-
stracted water is found. From analysis of the head distribution it become clear
that a stagnation point occurs just east of the deep-well abstractions. This
stagnation point causes the brackish cone to more or less stabilize at its
current position.

It can be concluded that a deep-well abstraction of e.g. 0,4 Mm3/yr might be
safe. Additional observation wells at the east side of the Boogkanaal are
necessary to trace the movement of the brackish cone under the renewed withdrawal.

8. GENERAL CONCLUSIONS AND RECOMMENDATIONS

With the computer model of two-dimensional solute transport in groundwater, as
documented by KONIKOW & BREDEHOEFT and adapted for density-induced flow by LEBBE,
a good insight can be obtained in the formation and behaviour of the brackish
water. However, predictions on whether an abstraction will show a chloride-content
of 100 mg/l or 200 mg/l, a relevant difference if the water is used for production
of drinking water, cannot be given accurately enough. Yet, the model can indicate
whether problems with brackish water can be expected. Furthermore it can be used
as an effective tool in developing a system for monitoring the brackish water.

The reasons for obtaining rather small dispersivities are not clearly understood.

For the sake of future investigations research on actual values for the dispersion

parameters should be carried out.
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1:

Situation of dune-water catchment area.

Geohydrological cross-section perpendicular to the Boogkanaal.
Annual abstraction of phreatic groundwater from the Boogkanaal.
Annual abstraction of deep groundwater from the Boogkanaal.
Measured and calculated chloride-content in filter 3 of well.
Measured and calculated chloride-content in filter 4 of well.
Measured and calculated chloride-content in filter 6 of well.

Computed spatial distribution of chloride-content in 1982.
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METHODS AND INSTRUMENTS

4.0. INTRODUCTION

R.H., BOEKELMAN

When reviewing past research on groundwater in coastal areas and more particu-
larly the methods and instruments used in order to determine salt-water intru-
sion, considerable changes become evident.

In the late sixties, the emphasis was laid upon borings for chemical analysis
of groundwater samples and determination of flow patterns based on piezometric
levels. Later the use of geophysical methods became more important, as faster
drilling techniques (rotary drilling) required additional information.

In the last decade isotope techniques, dating and research in the field of
physico-chemical processes have become more and more important, as have the
development of methods to prevent salt-water intrusion by infiltrating fresh
water.

In fact the investigations of salt-water intrusion developed from hydrogeolo-

gical into multi-disciplinary research.

Today there are a great variety of methods available, all of which have their
place. For instance well logging; vertical electric, electro-magnetic and Very
Low Frequency (VLF) resistivity measurements; dating, isotope techniques and
chemical analysis of groundwater samples, sometimes using trace elements;
classification of groundwater; research into the interaction between aquifer
matrix and groundwater etc..

Much attention is paid to numerical modelling for simulation and/or prediction
of salt-water intrusion, especially for non-steady cases and with varying salt
concentrations. Too often calibration of these models appears to be cumbersome,
due to a lack of data, particularly if time series are needed or due to a poor
knowledge of the system and the processes involved. Looking into the future,
when three-dimensional models will be available, knowledge of systems processes
and the collection of data will become even more important.

This leads to the conclusion that, although field research is very laborious

and the results achieved may seem to be limited, it remains very important and

should be intensified.
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An inter-disciplinary approach to salt-water intrusion problems and integration
of the results of the different methods and instruments will prove to be essen-
tial to an achievement of a better understanding of the systems and processes
involved and will lead to better modelling results.

From the contributions, as presented during previous SWIM's in the group "Methods
and instruments", two papers were selected:

In the first, by MUELLER & ERIKSSON, the application of the VLF method is tested
to locate saline groundwater in different situations and from different origin.

The second paper, by SCHUURMANS & VAN DEN AKKER, deals with the effects of in-
filtration of fresh water in a saline aquifer in order to store a volume of
fresh water as a reserve for public water supply.
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4.1. TESTING VLF-RESISTIVITY MEASUREMENTS IN ORDER TO LOCATE SALINE GROUNDWATER

C.-F. MULLERN & L. ERIKSSON

ABSTRACT

VLF-resistivity measurements are being tested as a rather cheap and rapid tool

for making rough estimations of the occurrence of saline groundwater. In this
study the method has been tested in order to: 1. locate fossil saline groundwater
in a Pleistocene esker (sand and gravel) aquifer, 2. locate fossil saline ground-
water in the Precambrian crystalline basement, 3. locate the saline-water/fresh-
water boundary on the coast of the Bothnian Sea, 4. outline the boundary of pol-
lution from storage of salt used for de-iceing and dust prevention on roads. The
results of these tests are presented and discussed.

1. INTRODUCTION

During the last few years VLF-measurements have been used to locate groundwater-
bearing fracture zones. This method has in many cases been successful and many
geological consultants, and others, in Sweden have acquired this kind of equip-
ment. Since it is also possible to make at least approximate resistivity measure-
ments with this kind of equipment, preferably in single- and two-layer cases, it
was thought worthwhile to test it in connection with problems concerning saline
groundwater. Under favouraBle geological conditions, the measurements are not ve-
ry complicated, quickly made and inexpensive. It must be pointed out, however,
that the results of this study are the first obtained in Sweden in order to loca-
te saline groundwater, and some of the results are not yet properly verified.

The different sites where the measurements of this study were carried out are
shown in fig. 1.

2. THE VLF-RESISTIVITY TECHNIQUE

The VLF-instrument, including the attached resistivity device, is mainly a radio
receiver measuring the ratio and phase angle between the horizontal electric and
magnetic fields of very low frequency radiowaves (15 - 20 kHz) transmitted from
distant stations. The instrument is calibrated to read the resistivity directly.
If the earth is of constant electrical conductivity down to the depth of penetra-
tion the phase angle is 45°. If in a two-layer case the top layer has lower resi-
stivity than the bottom layer, the phase angle is less than 45°. If the situation
is reversed, the phase angle is more than 45°. The penetration depth depends on
the measured resistivity and can be determined from a graph, supplied with the
instrument. From other graphs the thickness of the upper layer, the resistivity
of that layer and of the lower layer can be determined. One of these three para-

meters must however be known (or almost correctly inferred).

225



3. FOSSIL SALINE GROUNDWATER IN A PLEISTOCENE ESKER

During the uplift of land after the latest glaciation, saline seawater has been
trapped in different aquifers under varying geological and morphological condi-
tions.

About 70 km west of Stockholm a row of small islands in lake Mdlaren constitutes
a part of the Enkdping esker. On one of the islands (Tallholmen) drilling for
groundwater was undertaken by a Swedish consulting company (AIB). It was found
that underneath a fresh-groundwater layer, about 10 m thick, there is saline
groundwater. This is shown in fig. 2.

The resistivity values of the sand and gravel above the groundwater table were
obtained from Beam Slingram readings.*) The resistivity values below the ground-
water table have been calculated from the chemical analyses of the groundwater.
In the left part of fig. 2 the geological setting constitutes a rather clear-cut
two-layer case, with fresh groundwater on top of saline down to penetration depth.
In this part the high phase angles indicate low resistivities below high resisti-
vities, and the interpreted depths to the saline groundwater are in rather good
agreement with the actual depths. In the right part of fig. 2 the geological set-
ting constitutes a multi-layer case. Down to penetration depth the geological se-
quence is, from top: 1. dry sand and gravel, 2. sand and gravel with fresh
groundwater, 3. ditto with saline groundwater, 4. Precambrian crystalline bed-
rock, probably with saline groundwater (not shown in fig. 2). It can be seen that
the more pronounced the multi-layer case, the more difficult it is to make cor-
rect interpretations from the measured data. (At the right-most part of fig. 2,
the interpreted depth to the saline groundwater is more likely the depth to the
fresh-groundwater table.)

4. FOSSIL SALINE GROUNDWATER IN THE PRECAMBRIAN CRYSTALLINE BASEMENT

At Ostervala, about 100 km north-north-west of Stockholm and about 40 km inland
from the coast of the Bothnian Sea, two wells were drilled into the Precambrian
basement for the supply of water to the municipality. One well 79 m deep yields
fresh water and the other 69 m deep yields saline water. The wells are 1 km apart
and are drilled in two different, almost parallel fracture zones. The geological
setting at the two well sites is almost identical (see fig. 3).

Calculations made from the resistivity readings at A show that the resistivity
pz of the second layer, the granite with fresh groundwater, is 30 000 ohm m. At
A the resistivity of the granite with saline groundwater is only 1 000 ohm m. Due
to this large contrast in resistivity it is probably possible to roughly outline

the borders of the saline groundwater body.

*) A moving electromagnetic source receiver instrument (9,8 kHz) calibrated for
direct resistivity reading.
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In this context it can be mentioned that the total output from the two wells over
a ten year period is about 1 000 000 m3 of saline groundwater and 1 500 000 m3 of
fresh groundwater, respectively. The chloride concentration has been almost éon—
stant in the two wells over this period of time. This indicates that the body of

trapped saline groundwater is rather large.

5. THE SALINE-/FRESH-WATER BOUNDARY ON THE COAST OF THE BOTHNIAN SEA

In order to test the VLF-resistivity method in connection with salt-water intru-
sion, a profile was measured from the shore of the Bothnian Sea to 20 km inland.
This was done in the vicinity of Forsmark about 120 km north of Stockholm. The
results of these measurements are shown in fig. 4.

The geological setting is the same in all the measured points: 1 - 3 m of till
on top of the Precambrian basement consisting of granites and metamorphic vol-
canics. In fig. 4 it can be seen that the resistivity rises from 100 ohm m close
to the shore to roughly 5 000 ohm m a few hundred metres inland (except for two
peaks and one low). The high phase angles (more than 45°) close to the shore indicate‘
the occurrence of saline groundwater within the depth of penetration. Somewhere
around 200 m inland there is a sudden change in phase angle, where the values
turn from high to low. This means that further inland there is no saline ground-
water within the depth of penetration along this profile, and that contact with
saline groundwater is lost at about 175 m depth. Obviously this does not exclude
saline groundwater at greater depth.

Fig. 5 shows a map of Slingram (horizontal-loop‘electromagnetic survey, 18 kHz)
measurements, from the area corresponding to the first 1 000 m in fig. 4. On
this map the influence of the seawater can be seen to generally reach between
100 and 150 m inland except in certain north-south and northwest-southeast
trending zones, probably related to minor fracture zones. The penetration depth
of the Slingram instrument is in this case about 80 m.

Measurements with the Beam Slingram instrument recorded an influence of the sea-
water between 25 and 50 m from the shore. The penetration depth of this instru-
ment is usually about 6 m (perhaps in some cases about 10 m).

Using these data the slope of the interface between saline and fresh groundwater
can be roughly calculated to be something like that shown in fig. 6. However,
the interface can be expected to be rather irregular due to the nature of the
different fractures in this kind of aquifer.

6. POLLUTION OF GROUNDWATER FROM A STORAGE OF SALT
At Rasbo, about 70 km north of Stockholm, salt (NaCl and CaClz) used for de-

iceing and dust prevention on roads has been stored for a few decades. The

geological setting is shown in fig. 7 a and b.
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Concerning the pollution of the wells, the two dug wells had a very high content
of cloride (between 1 800 and 1 900 mg/l Cl~) for some time before they were
abandoned. Today only the drilled wells are being used. As a consequence of this,
the most northern of the dug wells no longer yields saline groundwater but is now
in an area of fresh-groundwater flow towards the drilled wells. The salinity of
this well is now 96 mg/1 Cl~, while the salinity of the southernmost dug well is
still 1 800 mg/l1 Cl~ and still in an area of polluted-groundwater flow. The dril-~
led wells are somewhat polluted, but the main part of the groundwater probably
derives from deeper and larger fractures conducting fresh groundwater (see

fig. 7 a).

The VLF-resistivity readings are shown in fig. 7 b. Resistivity values lower than
4 000 ohm m can in this case be considered to be influenced by salt pollution.

It can be seen that the polluted area is something like 200 by 300 m (although
the distribution of polluted groundwater below the southern clay area is un-
certain. The phase angle readings are not very helpful in this case since this

is a multi-layer case down to penetration depths, ranging from 45 to ca. 200 m
within the polluted area.

In fig. 7 ¢ the Beam Slingram resistivity readings are shown. Since the penetra-
tion depth of the Beam Slingram is of the same order as the thickness of the till
and the clay, and, this overburden being more polluted than the bedrock, the rea-
dings of the Beam Slingram measurements can be expected to be more accurate for
outlining the borders of the salt pollution. Resistivities lower than 800 ohm m
measured with this instrument in the till area can be considered to be influen-
ced by salt pollution. Comparing fig. 7 b and c one can see that the polluted
area shown by the Beam Slingram measurements is somewhat larger than that shown

by VLF-resistivity measurements.

7. CONCLUSIONS

This study has shown that when the VLF-resistivity technigue is used it is neces-
sary to have some knowledge of the geology including groundwater conditions in
the measured area down to penetration depth, in order to make correct interpre-
tations of the readings. Supporting information can be rather easily gained by
other electromagnetic measurements in the same frequency interval (10 - 20 kHz).
The obtained depth and resistivity values are often not completely exact due to
the geological conditions not being as uniform and simple as one often tends to
think they are. But mostly they are good enough for approximate estimations.

The VLF-resistivity measurements are more useful in pure one- or two-layer cases,

but important information on the apparent resistivity in multi-layer cases can
often be obtained.
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FIGURES

Fig. 1: Geographical positions of the sites where VLF-resistivity measurements
of this study were carried out.

Fig. 2: VLF-resistivity measurements were carried out in order to determine the
depth to the interface between fresh and saline groundwater on an is-
land constituting a part of the Enkdping esker in lake Mdlaren.

Fig. 3: Two wells supplying drinking water to the municipality of Ostervala.
One well with low salinity, another with high. The resistivity of the
granite aquifer was in the first case normally found to be high, in
the second case definitely lower than normal.

Fig. 4: A VLF-resistivity profile was measured from the shore of the Bothnian
Sea to 20 km inland. Both resistivity and phase angle readings inci-
cate saline groundwater a few hundred metres inland.

Fig. 5: slingram measurements have earlier been carried out in this area,
corresponding to the first 1 000 m in fig. 4. These measurements re-
corded saline groundwater generally 100 - 150 m inland except in
certain north-south and northwest-southest trending zones, probably
related to fractures.

Fig. 6: A rough estimate of the slope of the fresh-water/saline-water inter-
face, interpreted from VLF-resistivity, Slingram and Beam Slingram
readings.

Fig. 7 a: Section showing the geology and position of wells at a storage of
salt at Rasbo. The salt has polluted the groundwater.

Fig. 7 b: VLF-resistivity and phase angle readings at the storage of salt at
Rasbo.

Fig. 7 c¢: Beam Slingram readings at the storage of salt at Rasbo.
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4.2. ARTIFICIAL REMOVAL OF INTRUDED SALINE WATER IN A DEEP AQUIFER

R.A. SCHUURMANS & C. VAN DEN AKKER

ABSTRACT

For the water supply of Amsterdam groundwater is extracted from the dune area
near the North Sea, since 1903 also from a deep aquifer. Severe salt-water
intrusion has occurred.

After 1957 the situation stabilized because the infiltration of river water

at the surface of the area strongly diminished the deep extraction. The remaining
fresh-water pocket is considered as a storage that can be used to improve or to
replace the river water during pollution periods.

Because of the increasing production of drinking water and the worsening of the
situation around the river Rhine (quality and accidents) the storage in' the dune
water catchment area should be enlarged. As no works are allowed at the surface,
the deep aquifers with salt water are investigated in order to create a storage
of fresh water by means of deep-well infiltration.

1. INTRODUCTION

Amsterdam Waterworks is charged with the drinking water supply for more than
1.000.000 people. The production now amounts to about 90.106 m3/yr. The company
has three sources:

a) East of the town:

1. Lake Waterworks: Capacity 30.106 ma/yr
2, Hilversum Pumping-Station: Capacity 2.106 ma/yr
b) West of the town:
3. Dune Waterworks: Capacity 83.106 m3/yr
6

The total installed capacity (115.10 m3/yr) appears ‘'to be large in comparison
with the demand. Even when one adds a certain percentage to the demand for
safety reasons (in Holland 10 - 20 %) there is still about 10.106 m3/yr extra-

capacity available.

But there are reasons why the situation is worse than it seems. The dune water-
works get the raw material for the production of drinking-water from:

6

1. effective rainfall, average 13.10 m3/yr,

2. river water from the Rhine.

The river water is infiltrated in the dune area by shallow canals and collected
by drains and by deep canals around the infiltration area. The system was started
in 1957 and is still very effective. One of the properties of the system is that
an increasing demand on the capacity of the infiltration works asks for lower
levels in the deep canals around the area. This measure affects the storage in
the first aquifer with phreatic water and the proportion of storage and real
‘production decreased during the years 1957 - 1980. In fact the period of full
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production, when the intake of river water has to be stopped, was reduced from
about 60 days to 30 days.

In the meantime the condition of the river Rhine grew worse. In general the
quality became bad and the number of shipping-disasters, in which dangerous and
poisonous loads are involved, increased. Therefore the chance that the intake of
river water should be stopped increased as well. However, there is little insight
as to how long such a calamity could continue and the period of 30 days is consid-
ered possible.

The storage in the dune water catchment area now limits the capacity to 70.106

ma/yr, while the production plant has a capacity of 83.106 m3/yr.

Measures have to be taken to change this situation. The problems of the river
Rhine could not so far be solved and another source is not available. This
makes it necessary to enlarge the storage in the dune area. The phreatic first
aquifer is not available for this anymore. Nowadays the area has the big inter-
est of nature conservation and it is impossible to make new infiltration and

storage works. Attention is thus turned to the deep aquifers.

2. GEOHYDROLOGICAL SITUATION

The deep aquifers are situated between 20 and 160 m below 0.D. (= Mean Sea Level)
and are separated from the first aquifer by a clay layer, which has an average
hydraulic resistance of 12 years or 4400 days. At 160 m depth layers of fine sand
with silt and clay layers start.

The deep aquifer itself can be divided into three important layers: two aquifers
separated by a semi-pervious layer from about 60 until 90 m below O.D. This layer
has a resistance varying from 500 days in the north-east to 5 days in the south
of the area.

The second agquifer extends from 20 to 60 m below O0.D. It consists of rather

coarse sand with a total transmissivity of 1000 mZ/d. The third aquifer, from 90
until 160 m, has layers of very coarse sand. The transmissivity is about 3000 mz/d.
Most of the aquifer always contained salt water; the fresh-water pocket

originally had a maximum depth of about 110 m on the east side of the area. On

the west side the depth was 70 m. The thickness of the brackish zone varied from
20 m (east side) to 10 m (west side).

The second aquifer was originally filled with fresh water. In this layer pumping
by deep wells started in 1903. The pumping increased until 1957 to an amount of
20.106 m3/yr. The leakage from the first aquifer is about 7.106 m3/yr. This led
to intrusion and upconing of brackish water followed by an alarming situation
during and after the second world war. This was stopped by the artificial in-
filtration of river water in 1957.
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Since then the fresh water in the second aquifer has been reserved, for quality
reasons, for periods when the river water intake has to be stopped. It is con-
sidered as a deep safe storage. To use this storage 290 deep wells are now avail-
able with a total capacity of 3000 m3/h. Reconstruction of the well-system is
going on in order to restore the original and allowed capacity of 4000 m3/h. This
is about 40 % of the required capacity for the catchment area.

The use of this capacity in time of calamities on the river Rhine is limited, in
the first place, from the point of view of the water balance. In about 60 days
the total input per year of the second aquifer by leakage would be abstracted.
Secondly, there would be an immense salt-water intrusion, especially by upconing
from the third aquifer.

Something therefore has to be done about this upconing of salt water. The solution
may be to create a new fresh-water pocket below the semi-pervious layer between
the second and third aquifer. The artificial storage of fresh water in the salty
third aquifer requires the technical science of deep-well infiltration. If know-
ledge and experience prove the validity of the operational system, extraction of
the existing 4000 m‘/h can perhaps be increased. In that case, the safety of the
water supply of Amsterdam is ensured.

3. DEEP-WELL INFILTRATION

The technique of deep-well infiltration has been used for many years in the Nether-
lands. Operational systems exist for discharge of waste water, for cooling and
for temporary drainage by deep wells. To keep the wells in operation for a long
time special precautionary measures are required. If the wells get clogged they

are cleaned in a mechanical or chemical way. After some time the well may often
have to be abandoned because the clogging cannot be removed from the surrounding
material.

Drinking-water supply makes special demands on deep-well infiltration. The amount
of water is generally rather high and the system must be in operation for a

long time. The infiltration water has to be conditioned in a rather simple way
and preferably without chemical measures. If there is some clogging of the

wells there must be a good method for cleaning. This method should also not be
chemical but mechanical or hydraulic. Besides, the system has to be feasible
from an economic point of view. In the Netherlands some research has been done

on the economic feasibility of injection wells.

The mentioned technical construction of the well and the conditioning of the in-
filtration water have been tested previously by Amsterdam Waterworks in a special
well that was situated in the second aquifer to the east of the area. The water
available for infiltration is river water. This water is pretreated at the
intake st;tion by coagulation, sedimentation and rapid sand filtration. The
experimental well was clogged by the river water because sometimes the water had
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not the right properties. An important property is represented by ‘the MFI
(Modified Fouling Index), a test of the water by membrane-passage. A low index,
e.g. drinking-water with number 1, works excellently; the pretreated river
water with sometimes 6 to 12 clogged the well. The important conclusion from
the test well was that the river water needed a better treatment.

During this period of tests the spreading of the infiltrated water was observed
intensively. The difference in quality parameters for the river water and the
groundwater showed the shape of the recharged waterbody with rather sharp inter-
faces. A fairly good agreement was obtained between a numerical calculation with
a finite element technique and the observations from the test. In this case both
liquids had the same density.

4. SALT-WATER REMOVAL

After the preliminary experiments a new deep well for infiltration was designed.
The objective in this case was to infiltrate fresh water with low density into the
third aquifer, containing salt water with a high density. This well must confirm
that the system also works in the new circumstances, being the deep aquifer near
the sea. An extra-treatment of the river water should improve the infiltration
condition of the river water. Most of all, however, the proof was wanted that the
fresh water would stay in a lens with rather sharp interfaces and without too

much mixing with the salt water. Water supply has no use for brackish water.

The pretreatment of the river water was extended with a type of slow sand fil-
tration. This was achieved by drains at a depth of 0,5 m below the bottom of
existing infiltration canals. The value of MFI up to now was decreased to below 3.

The construction of the well did not change much. The head of water in the third
aquifer was about 5 m below ground level and the level of the infiltration canal
was sufficient to achieve a flow of about 20 m3/h. The diameter of the screen
is 230 mm, the depth of the screen is from 10t m to 116 m below 0.D.

In the surroundings of the injection well three observation wells were sited

at distances of S m, 15 m and 40 m. In the wells many small screens were placed
at different levels; geohm cables were installed for measuring the electrical
resistance at many points. A processor registers several parameters. These can
be telemetered to the office over a distance of 4 km. Here a second processor
takes over the data for handling, printing and plotting.

The test started on Janmary 26, 1981, and measured data until about August 14

are presented here. Over a period of about 200 days a volume of nearly 100.000 m3

river water has been recharged to the deep aquifer.

The objectives of the injection well test can be summarized as follows:
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- to investigate the possibility of infiltrating pretreated river water in
the deep aquifer of the dune water catchment area;

- to investigate the salt-/fresh-water interaction in the deep aquifers, where
problems such as hydrodynamic dispersion, unsteady recharge by the injection
well, inhomogeneous and anisotropic soils and the extréction of the infil-
trated water play an important role;

- to investigate the possibility of monitoring and controlling the storage in
the deep aquifer by means of observation wells with filters and geohm cables.
Here also the automatic processing of data with the help‘of a computer is
essential;

- to find out the basic design rules for a recharge/recovery system.

S. THE RESULTS OF THE TEST

At this moment (September 1981) the injection well is almost 8 months into
operation. Of course this period is too short to deal adequately with the
questions and problems as stated in the previous chapter. However, with the

data and the experience already obtained, some interesting results can be
presented. Furthermore it is important for the investigations to hear the opinion
of specialists on salt-/fresh-water problems with respect to such tests as
described here. One should keep in mind that tests like these take several years
in order to obtain the maximum information on the groundwater movement and salt-/
fresh-water interaction.

Therefore a discussion with colleagues and suggestions would be a great help

in obtaining the maximum results from tests like these.

However, the tests with the well will continue; already it can be established that
the main objective of the pilot plant has been achieved, namely the proof that in
the local aquifer, filled with salt water, storage of fresh water can be created.

From the different measurements it is easy to infer the shape of the fresh-water
body at a certain point in time. Moreover the plot of the measurements makes
clear that the extension of the fresh-water body has the. following characteristics:

a) there is a brackish zone at the bottom of the fresh-water body with an order
of magnitude thickness of 5 m;

b) the quick extension of the fresh-water body in the most coarse layer of the
aquifer does not cause a very large amount of brackish water, in spite of the
high velocity;

c) on the top of the fresh-water body the present salt and brackish water is
displaced slowly.
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6. THE BRACKISH ZONE

Until now it is calculated that about 50 ¥ of the infiltrated fresh water is
present in the fresh-water body, if this body has a regular circular'shape. This
will be monitored by new observation wells in several directions at a distance
of about 100 m from the infiltration well.

This rather high loss of fresh water is largely because the screen of the infil-
tration well is about 15 m below the semi-pervious layer. This depth is chosen
because between the mentioned layer and the screen there is brackish water. More-
over, the very coarse layer in the aquifer between depths of 95 m and 125 m should
be used to observe the phenomenon under conditions of high velocity. The present
well is therefore not representative for a pilot plant investigating a system with
operational characteristics.

Within the period of 200 days the thickness of the brackish zone is relatively
small in comparison with the natural situation in the aquifer. The brackish zone
"below the dune water catchment area was originally 10 to 20 m thick, but is now
only about 5 m. Very near to the injection well the thickness is even less.

It is not known if the several small silt or clay layers in the aquifer have a
large influence on the amount of brackish water. These' layers will cause disper-
sion. The inhomogeneous properties of the aquifer, as a result of the sedimento-
logy, should be studied in a more fundamental way. Tests at laboratory-scale
should be carried out to evaluate the influence of sedimentary properties on
dispersion.

7. CONCLUSIONS

During the first 200 days of the test with the injection well it was been shown
that:

a) the quality of the available river water can be improved by a simple drainage
method with a long effective life;

b) the construction of the well is satisfactory;

c) storage of fresh water can be achieved in a saline aquifer. It seems that
dispersion stays within predictable limits.

8. FUTURE AIMS

The well will be in use for many years. During at least 1 year there will be
observations of the increasing body of fresh and brackish water. These obser-
vations will mainly concern the periphery of the body, the bottom and also the
top. In the long term it is expected that the brackish water on the top of the
fresh-water body will be displaced beneath the semi-pervious layer. The infiltra-
tion capacity may have to be increased from 20 to 30 m3/h.
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If the brackish water is removed, a second phase can start. A pumping well will
be installed with a screen at a short distance above the semi-pervious layer. The
influence of the extraction by this well on the fresh-water body can be studied.
A combination of abstraction and infiltration is also possible. In this phase of
the investigations it must be made clear if the losses of fresh water can be kept
within acceptable limits. If so, the next step might be to install a new deep
well, specially designed to investigate the possibilities of deep storage for
operational purposes; or , the capacity-increasing effect and the influence on
quality resulting from the choice of travel and residence time distributions in
the system.

It is clear that in this case the pumping cannot be from the same well. Extrac-
tion from this well, situated so near the brackish and salt water, would imme-
diately cause upconing of salt water. A dual-purpose well would be inappropriate.

Instead, extraction by many small wells in the second aquifer above the semi-
pervious layer would make it possible to utilize the leakage from storage in the
third aquifer.
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FIGURES

Fig. 1: The aquifer system, the salt-water intrusion and the situation of the
infiltration well.

Fig. 2: Examples of measuring the electrical resistance in two points of the
Geohm cable. In this case the cable is situated 5 metres from the
infiltration well.

In about 10 hours the front passes the point and the surrounding water
turns from salt into fresh.

Fig. 3: The spreading of the infiltrated fresh water with time. Fresh-, brackish-

and salt-water zones are measured by Geohm cables, water samples from
filters and by temperature-logging in the wells.
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Salt-water encroachment in the Western Belgian coastal plain,
by I. BOLLE, L. LEBBE & W. DE BREUCK

247



248



HYDROCHEMICAL AND SOIL-PHYSICAL INVESTIGATIONS

5.0. INTRODUCTION

V. COTECCHIA

Today the extensive usage of chemical and isotopic methods in hydrogeology is
taken for granted. :

But just looking through the stages in the progress of the Salt-Water Intrusion
Meetings we can realize that only recently have these methods of investigation
become important.

From being only a complementary source of information on the quality, age and
provenance of fresh, salt and mixed waters, chemical and isotopic methods have
today acquired a fundamental role. They are now essential in the study of a wide
range of problems, including hydrogeological research of coastal areas. In rea-

"lity, in a particular environment, the presence of both fresh and salt water of
different origin and age, interacting with aguifers often overexploited, and
having different geological characteristics, creates complex conditions not
easily interpretable without the help of these methods.

Several different statements can be made on the present state and future deve-
lopments in the field of hydrochemical and isotopic studies, particularly in

research on sea-water intrusion.

On the one hand isotope methods can be viewed as well established. The attainable

targets are clear and the method of application well outlined.

Rightly research continues in several directions: testing new fields of appli-
.cation within hydrogeological studies of coastal areas for the great number of
available enrivonmental isotopes, especially where remarkable water-soil inter-
actions are present: tracing back the original characteristics of the recharge,
starting from groundwaters having an isotope content profoundly changed by salt
contamination and by their entire hydrogeological history; identifying salt-
contamination processes different from sea-water intrusion; recognizing the
involvement of salt waters of progressively deeper origin in the contamination
of groundwater resources as a result of overexploitation.

On the other hand hydrochemical methods show ever increasing potential. As the

technology advancement leads to faster and more reliable determination, the

application horizons become larger and larger.
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For instance, in addition to accomplishing its main role, hydrochemistry is today
being used to solve problems which have previously been studied exclusively with
the help of environmental isotopes.

In some cases the results obtained during the hydrochemical study of sea-water
intrusion have interesting implications for other important areas of applied geo-
logy. Not only do they allow the interpretation of the history and evolution of
waters, but also of the rocks in which these circulate. It may be redundant to
underline the importance of all this when we think for example of soils whose
present geomechanical characteristics are linked to their geological and hydro-
geological history. ‘

Just this is enough for encouraging research aimed at a better understanding of
the complex phenomena of water-soil interaction.

In the history of SWIM one can trace signs of the continuous progress in hydro-

chemistry; this is proof that this science will play an even more important role
in the future studies of sea water intrusion.
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5.1. ASPECTS OF GROUNDWATER SALINIZATION IN THE WITTMUND (EAST FRIESLAND)
COASTAL AREA

J. HAHN

ABSTRACT

The dynamics of sea-water intrusion phenomena has been investigated in the

East Frisian coastal aquifers near Wittmund by