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EXECUTIVE SUMMARY

I INTRODUCTION (PAGE 1)

The maln purpose of the present siudy was the development of a preliminary
mathematical-phyvsical model, describing ground-wiater flow in thw Athintis agquiter.

The muin obj2etive in developing the maodel was io:

tiv  simulate the physical conditions prevailing in the aquiter,

iy delimit arcus wiere additional information shoull be generated in order to

b albe to construct a pvouded suitabie Tor managemsnL purposs,

(il determing he period lor which the existing rround-water supply will Last.

given it certan demand.
{ivy  optimize the Tuture development of the production Tields. and

tvi study the phenomenon of sea-waler intrusion in the Atlantis agailier,

1 PHYSIOGRAPHY (PAGE 7}

The moin physiowraphical Ceatuee which influences the flow of grouml water in
the aren is & coastal flat running parallel to the coast with o width of upproximacely
3 kilometres. The inland part of the aguiler, in the vicinity of Aflantis and Woes-
fleur, is separated from the coastal Mat by a sudden rise in bed-rock topography,
also manifested in the present (oposraphy.

Another important physioeraphical leature 35 ¢he existense of dnflt sand Jdunes
on the farms Buifels River, Duynetonteim and Kleine Springzfontein. These Features
may play 2 significant role in natural recharze of the agquifes due 1o rainfall and

requires furghar attention,

The climate of the Atlantis area is Medilerranean with @ mean annual rainfall
varying between 369 mm and 416 mm. The variability of the rainfull, both on
monthly and anpul basis, is relatively laree,
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3 GEOLOGY (PAGE 12)

The geolorical features of the arca is of impertunge only in $o Tur us they form
the physical Now medivm and the boundaries of the aguifer. For this reuson it
will suffice to sav that the aguifer i3 bounded from below by weathered muterial
of the Malmesbury formation, consisting of o relacive wniform clay lever, gssunmd

to be impervious to ground-water movement,

The Jateral boundaries are delined by e couast-bine in the west, und by the

pinching out of the water-bearine sand Fformations in the north., east and soukly,

The witer-bearinge stria of the Atlantis squifer consists of Cenozoic sand Jepoe-
sits of both murine and acolian origin. Depending on lithaloey und areal distelbu-
tion. the sand can be divided into o nember ol seratigeaphic units and sub-uniss.
For the purpose of modelling the agpaiter. however, the water-bearing steata is
taken as [he Cenazoic sand. AN differensces in lichology and hydroulic chasacier
was mcorporabed in the moded by ueilizing the Tesibility of the finiee clomeni

method used 1o constrct the moatel,

4 GEOHYDROLOGY iPAGE 18)

Tn modelling an aquifer. the need Tor an accucate physical and hydraolic descrip-
tion ol the aquifler cannot be overcmphasized.  The aeewracy attainable by any

model can never exceed the accuney af The daga used in the construction thercol’

Some of the more impoctant propecties o be cansidered in the physical and hy-
draulic description of the aquifer are:

fiy the seometry of the aquiler with specific relerence to the boundary condis
tions.

iiiy  the water-level distribukion,
(i) the aquifer paramebers, hydranlic conductiviey and storativity,
(ivy  the total discharee Mrom the aquifer, and

iv)  the total recharge 1o the aguifer.
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41 GEOMETRY

A detailed peometrical description of the aguiler entails the determination of the
three-diinensional distribution of the meslogical formations prevailing in the arca.
To accomplish this, the spatial distribution of both the underlying Malmesbury
rocks and the Cenozoic sand deposits have to be Known,

In previous studies several geophysical techiniques were uddlized to determine the
clevarion of the bed-rock topogruphy and the thlekness of the overfying sand de-
posits,.  None of these rechnigques, however, provided conclusive answers and
therelore the veolovical logs of 128 boreholes drilled in the rewion. tosether with
the existing veological map of the area, were used in establishing the wcometry

of the aquifer.

Contour maps depicting the bed-rock clevution and the sind thickness were conse-
gquently Jrawn by utilizing advanced computer techniques.  Before discussing
these maps, it should be stressed, howevee, that Jue 1o o kck of inlormation in
cerGrn areas. especially in the vicinity of the aguifer boundaries. one should be

careful not to absolutize che resulis.

The mwost outstanding [eatures of the bed-rock elevation contour map are:

(i}  The sharp decline in bed-rock clevation parallel o the couse at a distance
of approximately 6 kilometres lrom the coast. This feature will most cer-

tainly influence the ground-water Mow in this region siznificantly,

fiiy {n the Silwerstroomn urea the elevatlon of the bed-rock is below sea-level.

thus facilitating the possible intrusion of seu-water.
In studying the sand thickness contouwr map the following is noteworthy:

(i)  The continuation below sen-level of the sind deposits in the Silwerstroom
ured.
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{ii) The thick sand deposits between Silwerstroom and Atlantls which ppear
to be contradictive to the vxistence of the steep gradients in ehe bed-rock
topography in the same region.  This f2ature may. however, be sttribured
[0 the existence of the drift sand duaes in this area,

{iily  The closed contour lines in the south near Melkbosstrand, Mo signilicanes
should be uttuched to this. because it s known thui thick stnd deposits
continue right down to Melkbosstrand. The closed contours werg caused

by a lack of quantitafive data.

iivy  The not-uniformity of the sand thickness coudd wifect the modelling ol the

aquiter adversely, if signilicant lowering of the watee-table was o oceur,

4.2 WATER-LEVELS

Perhaps, the most imporeant quanticy in the study of any aquifer is the prevaling
waler-icvels.  Both the physical amd bhydraulic characterisucs of an aquiler are

manifested in its wiker-level distribution,

During ihe present investigation vonsiderable dilficuley was experivaced in ob-
Wiming representative witter-level contour maps far the Atlentis aguiler for pro-

loned periods of time. This was mainly due [0 ©wo Facrors:

i) Observation boreholes are clustered accund the production lNelds and very
little informacion along the boundaries are available. -

(ii) The observation network varied considerably with time, This presented

a seriocus problem in the standardization of the maps drawn by computer

The problems experienced, hampered the accuente estimation of the volime of
waler present in the agquifer, as well as the accurate calibration of the numericul
model.  In spite of this, quite o few interesting deductions could, nevertheless,

be made:
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(iy  The sharp pradient paralle] to the ceast, formed by the bed-rock. s clearly

manifested in the water-levels,

il  Revions where waler may leak oot of the svstem dalong the cosst-line.
in the north near Mamree, in the south-castern part of the aguifer, and in

the exireme south near Melkbossirand ) could be identlfied.

tiiit  The positive 2round-water srdient alonz the coas-line will counteract

possible sea-watet intrusion.

livy  Theaquifer is. in principle, un unceniined aquiter.

4.3 HYDRAULIC PARAMETERS

From o modelling point of view. the quantimative knowledge of the hydraulic
paramelers is of the utmost importance,  Usoally these vulues are guantitied by
means of conducting pumping tests.  Vafues for 16 focations were obtained in
this way and values for 22 more locitions were ablained by utilization of Hazen's
Farmuly applicd o the srunwlomettic properties of sand obtained from additional
borcholes. The dewrge of these values being representative of the entire aguilyvr,
wis studicd by utilization of an advanced weostatisiical merhod known as Kriging.

The advantages of osing this method are:

i) Areas where addicional data should be generated, can be Jdelimited.

(i) During the calibration af the numerical model. the method can be used o
ensure that the hydrawlic parameters used in the model. ore realistic in that

they do nod coatradict physical acceptable values,

Using this method, it could be shown thot there exist laree areas in the castern part
and along the boundaries of the aquifer, where the uncertainty in the prasent datu

is disturbingly Tarze,  Anociher interesting feature evident from the data is the
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existence of a steep conductivity gradient between the Atlaniis-Weslleur and the
Silwerstroom-Witzand areus,  This transition zone once uguln. correspands with
the zone of steep gradients evident in both the bed-rock and water-level contour
maps. Furhermove. the storativity in the Silwersiroom and Witzand areas is Tairly
constant, sugwesting that the water-bearing strata is relatively homogensous. The
range of storativivy values in the Adants aquiter Tuesbee strensthens the beliel

chat it is. in lact, 2 water-table (unconfined) aquifer.,

44  VOLUME OF WATER IN THE AQUIFER

Determination of the volume of wiater in the aquiler was based on the information
discussed so far, Because ol the unceritintics in the water-level and storaivity
values especially, it was decided 1o base the caleulation for volume on a mean
storativity vilue of 10 per cent: the mean value For the determined storativity
values being i oxcess of 17 per cent, thus compensating lurgely for the uncer-

tainties.  Henee 4 volume af 4{3 x 108 m? for Junuary, 1979, was obrained.

43  PRODUCTION RATES

At present water is supplied to Adantis from 13 production boreholes and the
Silwerstroom spring.  OF these boreholes Five are sitweted in the Silwerstroom
production leld, six in the Witzand production ficld and mwo in the Adanbs-
Westleur area, In |981 the volume of water withdrawn totalked 1.783 693 x 100
m>. As the demand will cectainly increase in the foresecable Tuture, more atien-
tion should be directed to the understanding and development of the aquifer.

Expansion of the existing production fields is already being planned.

46 RECHARGE OF THE AQUIFER

Although racharze of the Atluntis nquifer is 2 very important aspect. almost no
information is available on this subject. The present study could, therefore, only
touch this important aspect. The estimation of recharge was based only on the
chonge in siorage observed for the period January, 1979, till January, 1980.
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Onee again, due to unceriainties in information rewarding water-levels. sand thick-

ness und storabivity values, the estimated value cannot be taken as conclusive,

A wvalue for effective recharse as manlivsied by rising waterlevels, amounts o
4, 403 x 105 m3 for the period January, 1979 « Junuary, 1980, This feure wus
arrived ar by raking artificial withdrowal into account, but neglecting factors such
a¢ seuward seepage and evapotranspiration, The above value decounds for 632 per
cent ol the annuak rainfall lfor the same period. When sesward seepage (approxi-
mately 2,169 x 108 m? annually ¥ is alse taken into considenation. 4 total recharze

of .39 per cent of the anntal raintall is obrained.

+

4.7  GROUND-WATER QUALITY

Onee again very little information was availuble, thus restricting the present inves-
tigetion to the construction ol o chloride ¢ontour map. This map indicates that
there is a possibility of interuction between water Itom the Malmesbury formation
and water trom the Cenozoic sand deposits.  No covidence could be lound of

sey-waker intrusion along the cossi-line at present.

5 CONSTRUCTION AND CALIBRATION OF THE NUMERICAL MODEL
IPAGE 60}

The model proposed is hosed on the finlte element method whercby the twos
dimensional flow of ground water as described by the well-koown diltusion equa-
tion, is solved in a piecewise continuous fashion, subject o the specification of
suitabie (nitial and boundary conditions., Unfortunately. tlie boundaries of natu-
ral nquifers ore very terely, if ever, regular ond simple. The flexibility of the finite
¢lement method in haniling curved boundary conditions. is one of the main rea-

sons for it bejng such a powertul tool ip modeling ground-water systems.

The basis for the construction of a model of this Kind is the construction af a finite
element mesh, The mesh used in this vestigarion consisted of isoparamettic quadri-
lateral elements, The I'pllowing factors hove 10 be considered when drawing up
the finkte clement mesh:
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(i) Topography.

{ii] Bed-rock.

{iii} Ground-water levels,

{ivi Geology.

{vi  Natural boundaries ol the aguifer,

ivi)  Locality of borchotes and springs.

In retrospect, it can be said that the present mesh needs a Few refinements before
it cen be wsed to construct 3 management model, These include: the incerpera-
iion of proposed produciion borcholes at nodes in the mesh. and a refinement
of the mesh (smaller elements) in the vicinity ol the steep sround-warer gradients.
Althoush the latter was implemented in the present mesh, a management mode]

would require even smalier vlements,

With the mesh constructed, the nexe step in the development of the model., is the
seneration of the necessary data.  The relevant information requirel. consists of
initial heads, bottont of the Qow domain, hydraulic paraometers, rates of withdrawal
and boundary conditions. In the present modgl constant bewd boundary con-

ditions were used and the January, 1979, water-levels were ulilized as initial heads.

5.1 CALIBRATION OF THE NUMERICAL MOOGEL

The basic pocedure for the calibration of the model is rather straightforwanl,
The computer is supplied with the necessary information. [t then calculates head
values [or the different rime steps, These calculated values are chen compared with
the heads observed at these times. 1F they agree, the model can be assumed as
being calibrated. 1F not, the numerical solution must be considersd in error and
corrective measures taken, These measurss comprise the manipulation of the
physical data. 1t must, howsever, be kept in mind that the observed values are the
only physical information avaflable for the system, and hence when adjusting these

parame ters, care should be taken o keep within physical acceptable limits.
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During the calibration of the present model, severul deficiencies were identified

while tie existence of orthers were confirmed, Among these were:

(i Insutficent incaorporation of production facilities.

iliy Too large clements in regions of steep ground-water gradisnts.

(i) Insufficient knowledue reganling rechirgs.

tivl  BEwficiencies in daty reparding initiad heads and hydrawlic parameters.

The initie! calibration over the one yeur period January. 1979, till January, 1930,
was verilled wirh a three vear simulatlon for the period January, 1979, nll Ju-
auary, 1982, Once azain the existing deficigncies in the available daka were con-
firmed, The model net only confirmed the [eakaee from the systetn in the regions
indicuted in section 4.2, bt also requirgs un influx of watetr (rom the area north

ot Silwerstroom.

6 APPLICATION OF THE NUMERICAL MODEL (PAGE 110)

Although not quite fif for manasement purposes. the peeseit model can never-
theless be used advantagecusly in studying the geperal behaviour ol the system in
g quulitative fashion, One such applicarion culled for at this srage is the eva-
luation of the proposed additional production boreholes in the Witzand and il
wersiroom production fields, where the future need is estimared at 11,82 108 m3

per annum.

The only problem experienced during this exercise was that the cxact positions
of the proposed production boreholes were not fully derermined and could, there-
tore. not be incorporated in the fnite element mesh. To simulaie their effece, an
agsumed production rate for each borehole was distributed among the nodes in

their immediate proposed vicinily.

Apart from the etfect of the proposed ndditional incrensed withdrawal rates,

the effect of recharge on the system was also simulated.

The results olitained from these simulations can briefiy he summarized g5 follows:
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The proposed rate of withdrawal of 11,82 x 106 153 Per anngm. causes

exlensive cones of dewatering to develop around the produciion loelds
and will dewspter the coastal plain the the long run.

A recharge rate of 9.39 per cent of the annusl cainfall lad aimost o cifece
an the cones of Jdewatering. [t was only when a recharge rate of 30 per
cent of the annual rainfall was specified that the interference of the wo
production ficlds could be minimized, [n this connection it may be interes-
ting to wooe that the Silwerstroom and Witzand preoduction fields srare
to intecfere with cach ocher after 2 period of 36 months, with u rechurge
rate af 9.39 per cent.

Il the ground-water grudient towards the sea is reversed, sea-witer intrusion
will be inevitabie.

MODELLING SEA-WATER INTRUSION {PAGE 136)

Therg are rwo methods that can be utflized (o study the phenomenon of sea-wuter

intrysion:

(i
(i}

The analytical method.,

The numericai mathod.

To derive an analytical solution, a number of slmplifying assumptions have 1o be

made, Ag these assumptions exclude some gf the most importany physical features

of the real system, it was decided to opt lor the numerical appeoach,

In view of the complexkity of the phenomenon and the lack of sujtpixe data. it was

decided ta restrict the present invesiigation to 2 two-dimensionsl vertical model,

based on the alternaling direction collocation approximation of the equation ol

mass conservation.
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All the relevant information regarding physiczl and hydralic parameiers as well
a5 initial and boundary conditions were obtained from the hotizonta! Mow model.

Deficiencies in existing information inchude:

{iy  Physicul dimensions of the permeable zone connecting the aguifer with the

svil.

tii) Representative values For hydraulic parameters.

iy Present position andd dimensions of the saltffresh interface.

7.1  RESULTS OF THE SIMULATIONS

Three simulations were curried out Juring which the critical boundary conditions
were varied in order to obtain @ complete imoge remarding the possibility of sco-
wiler intresion into the Atluntis aguifer, The results can be summarized as {ol-

lows:

fiy  Given rhe present peevaliing physical and hydraulic conditions. a positive
vround-woater gradlent towards the sea caty be maibtained and no sea-waler

intrusicn will take place.

(i} The large-scale withdrawal ot warer from the Silwerstroom production field
can result in a serious seg-water intrusion problem. This intrusion can be
prevented by recharging the aquifer artificially on the seaward side of the
field.

Seen in the light of the above resules, a detajled study remarding the physical and

hydraulic characreristics of the region, borderine the coast-line, is recommended.




CHAPTER 1

INTRODUCTION

1.1 SCOPE OF THE INYESTIGATION

The main purpose of the present study was the development of a preliminary
mathematical-physical model, based on existing data and to evaluate the
sufficiency of the data for such a model. The questions arising from such a
study are numergus and cannot all be answered in a preliminary study. It
was, therefore, necessary to restrict this investigation to the following more
important aspects:

{i)  The construction of a suitable numerical model that describes
the physical conditions according to existing information,

(ii) The delimitation of uncertainties in the model and areas where
further information should be generated, in order to comstruce

a management model.

(iii) The period for which the existing ground-water supply will
last, given a certain demand.

(iv) The future development of production fields to ensure the op-
timum use of the ground-water supply.

{*} The possible contamination of the aquifer by sea-water intrusion.

1.2 LOCATION AND EXTENT OF THE STUDY AREA

The Atlantis aquifer is situated on the west coast of the Cape Province, ap-
proximately 50 kilomeires north of Cape Town and covers an area of ap-
proximately 250 square kilometres. A locality map of the aguifer is shown
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it Fignre 1.1, The Atlantis development area, which was declared a national
growth point by Parliament, is situated in the centre of the study area and has
an approximate population of 3G 000 {Van der Merwe, 1980), No iess than
45 factories were in production by the end of 1981, The new Koebarg
auclear power station, situated on the farm Duynefontyn, lies in the southern-
maost part of the study area.

1.3 PREVIOUS WORK
1.3.1 GEOLOGICAL INVESTIGATIONS

The area was first mapped by S.H. Haughton (1933), who reviewed eatlier
work on scattered depesits of phoscretz, The ares has subsequently been
ramapped under supervision of H.W. Visser and J.N. Therom, but unfortu-
nately the revised map is still in preparation and could, rherefore, not be
included in this report. Adjoining sheets 3118C, Dotingbaai, and 32184,
Lambartsbaai, were mapped by Visser and Tat;rien {1971} and shests 33178
and 3318A, Saldanhabaai, by Visser and Schoch (1973). A detailesd des-
cripton regarding the composition and lithostratigraphy of the Cenoczoic
sediments in the area, was undertaken by Rogers (1980}, The [nterpreta-
tion of geophysical data concerning Cenozgic sediment thickness and pre-
Mesozoic bed-rock topography, was initially wndertaken by Noble (1975/
1978}, but has since been re-interpreted by Botha and Bekker (1977).

1,32 GROHYDROLOGICAL INVESTIGATIONS

The first geohydrological investigation in the area was initiated in 1972
by the Geological Survey on behalf of the Cape Divisional Council, The
first of 182 boreholes drilled in the arza, was sunk by the then Depariment
of Water Affairs in 1974,



N
EALDANHA
DARLING
]
DASSEN R\
15 LAKD HALUESAURTY
M ANRE °
]
o ATLANTIS
h ' WELLINGTON
[
1] zZ0 40 ken MELKEOSETRAND
[ s - PAAAL
)
KUILS RIVER FrEncH HOEK
a
-]
GAPE TOWN STELLENROBCH

-]
SOMERILT WEST

Figure 1.1.  Locality map of the study area.



The initial investigation info the ground-water potential of the area was car-
ried qut by Noble {1976), while Smit (1976) investigated the drainags pat-
tems and general ground-water levels in his study on sewage disposal, Other
reports pertaining to the ground water ace those by Vegter ef af (1976) and
Kok (1977).

The first comprehensive report on the ground water of the area was com-
piled by Van der Merwe (1980), This was foilowed in quick succession by
the reports of Vandoolaephe and Bertram (1982) and Bredenkamp and
Vandoolaeghe (1982), The main objectives of these studies can be sum-
marized as follows:

(i)  The behaviour of the ground-water systern under artificial stress.
(ii) Re-estimation of the available volume of water in the aquifer.
(i) Suggestions for the optimal use of the aquifer.

The resalts obtained during these investigations will be discussed in more
detail when the need arises.

.4 OUTLINE OF THE PRESENT INVESTIGATION

As stated sarlier, the main objective of this study is the construction of a
numerical model based on available information. Alithough not directly a
part of such a model, the physiopraphic features of the Atlantis area do
play g role inn the construction of such 2 model. For this reason factors such
as topography and drainage, palectopography and climaie and vegetation are
discussed in Chapter 2 of this report.

Inherent to the construction of any ground-water model, is a sound know-
ledge of the geology of the area, Of particular importance are ;



{i) the formations forming the bed-rock of the aquifer and

{ii) the Cenozgic sediments thst actuzlly form the water-bearing
units of the aquifer. A discussion of these formations can be
found in Chapter 3.

The most basic information needed in the construction of a numerical model
describing a ground-water system, is ils geometry and hydraulic properties.
Chapter 4, therefore, starts with a discussion ol the geometry of the bed-
rock Formation and delineation of the aquifer boundaries. This is foliowed
by a discussion of the observed waterlevels for the period 1978-1983 in
section 3 and the hydraulic parameters in section 4.

The volume of water in the aquifer, determined by numerical integration,
iz estimated in section 5, while section 6 describes the behaviour of the sys-
tern under stress.

Although a detailed study of recharge and losses from the aguifer do not
fully Lie within the scope of the ﬁresent investigation, a short discussion re-
garding it is given in sections 7 and 8, The Chapter concludes with a sum-
mary of the ground-water quality in section 9.

The construction of the numerical model is discussed in Chapter 5. The
first section gives an introduction to the mathematical statement of the
problem of ground-water flow and its two-dimensional representation by the
heat equation. In section 2 the solution of this equation is discussed with
special reference to the boundary and imitial conditions.

The finite alament approximatian of the ground-water flow eguation is dis-
cussed in section 3, with emphasis on the Galetkin formulation and time and
space discretization, as well as the construction of a suitable finite element
mesh, The calibration of the numerical model is defailed in sections 4 and 5.



Chapter § i3 concerned with the application of the model. Particular atten-
tion was paid to the behaviour of the system when subjected to external
influences, &.g. large-scale abstraction of water and natural recharge, Sec-
tion 2 contains a short discussion of the proposed expansion of the pro-
duction fizlds and its effect on the water-levels, while recharge is investigated
in section J3.

The final Chapter is devated to a discussion of a numerical model that can
be utilized to study the praoblem of sea-water intrustion into the aquifer.
The modal itself is described in section 3 and the results obtained with it
in section 4.
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CHAPTER 2

PHYSIOGRAPHY

2.1 TOPOGRAPHY AND DRAINAGE

The main topographicel features of the study area can briefly be summarized
as follows. The western part, adjacent to the Atlantic (ean, consists of
featureless coastal plains with an elevation that varjes between 20 metres and
60 metres above mean seg-level. Fusther to the east thers is a sudden rise in
the topography to form a high-lying area of approximately 100 - 150 metres
above sea-level in the south-eastern corner. In the vicinity of Atlantis and
Mamre the topography varies between 160 metres and 200 metres above
seadevel. Tt continues to rise in a north-easterly direction to reach a height of
418 metres in the granite kopjes of Dassenberg, Kanonkop and Mamre-
Darling, Along the sastern boundary of the study area, a significant drop in
the topography, due to the eroding effect of the Diep River, can be observed.

A very distinctive feature of the area is the drift sand dunes. These dunes are
present north of the Silwerstroom beach on the famm Buffels River, and
southwards adjecent to the coast on the farms Duynefontyn and Kieine
Springfontyn. It also occurs to the north-cast on the farms Witzand and Melk
Post (see Figura 2.1).

The main arteties for surface drainage in the area are the Buffels River in the
north-west, the Green River and Diep River in the east and the Sout River in
the south.
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2.3 CLIMATE

The climate of the Atlantis area is Mediterranean, with 2 mean maximum
temperature of 23,29C and a mean minimum temperature of 11,8°C as
measured at Darling,

The main rainy season 5 in the winter months. The mean annual rainfall
varies from 416 mm, as measured at Melkbosstrand, to 369 mm measured
at Marnre. The variability of the rainfalf, both on monthly and annual basis,
is relatively large as can be seen in Figure 2.3,

Another form of precipitation frequently observed, is condensetion from
fog. Nothing is, however, known about the contribution of the condensa-
tion to the total precipitation. It will consequently be neplected in the
discussion to follow.

24 VEGETATION

According to Acocks {§975), the vepetation in the Atlantis area, commonly
known as Fynbos, is of the Macchia type. It is a very complex vegetation,
consisting of a preat number of indipenous species. Some forelgn species,
for example the Rooikrans (dceciz cyelops), are abupdant [n the arez and
easily supplant the indigenous vegetation, The Fynbos is particularly asso-
ciated with sandstone and poor, white, sandy soil and requires at least
250 mm of winter rain per anpum.

This form of vepetiation tends to develop a deep root systam and may, there-
fore, contribute significantly to the evapotranspiration rate of the agea,
especislly during the warm and generally dry summer months. As evapo
transpiration can play a significant rols in both replenishing and depletion
aof the ground-water reserves, it will be necessary For the future development
of the aquifer to pay more aftention to it. For the present if will, however,
be neglected,
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2.2 PALECTOPOGRAPHY

OF particular importance for the movement of ground water is the paleo-
topoeraphy of the area. The available information indicates ¢hat this con-
sists mainly of rocks of the Malmesbury Formarion, weathered over a larpe
area. Mot much is known about the hydraulic characteristics of the Malaes-
bury Formation, except that it tends to form an impervious clay in the
weathered siate. For the present it will, therefore, be assumed that the Atlan-
tis aquifer i5 bounded from below by this clay layer, A thres-dimensional
represeitation of the paleotopography, derived from available borehole
logs (Rogers, 1980) and geophysical soundings (Van der Merwe, 1983), is
given in Figure 2. [t is interesting to note that the surface topography

more ot less follows the paleatopography,

LAND

" EHORT LINE
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---------------------------------

Figure 2.2, Three-dimensional representation of the poleotopography,
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CHAFPTER 3

GEOLOGY

3.1 INTRODUCTION

A detailed description of the seclogy of the area does not [all within the
scope of the present discussion. However, singe the physical conditions
prevailing in the aquifer are lareely dependent on the geclogy, it cannct
he completely neplected. A zeclogical map, given in Figure 3.1, was thus
compiled from data received from the Department of Environment Affairs
(Van dar Merwe, [983) and the Geological Survey (Bellville Office), Tlis map
may nol be accurate to the last detail, but is the best available. {A more
detailed one may be published in the near future by the Geolosical Survey).

The gzology in the Atlantis area can be divided chroneclogically into three
main units.

{iy  The Malmesbury Group.
(i} Intrusive granite of the Darling Pluteon,

(iii) Cenozoic sediments.

Although the Cenczoit sediments are considered to be the main water-
bearing unit, the other geological units form an integral pasrt of the aquifer,
at least to the extent that they form the physical boundaries of the flow
domain.



—13—

Figure 3.1.  Geological map of the Atlantis area,
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32 THE MALMESBURY GROUP

The Malmesbury Formation underlies the younger sediments over the entire
area and, as noted in section 2.2, forms the impervious bottom of ihe flow
domain. [t is important to note that the upper contact of the Malmesbury
rocks is seldomly observed below sea-level (Rogers, 198Q). In fact, it fre-
quently rises above sea-level along the coast, where it can be observed as
rocky shoals such as Robbesteen. Inland the bed-rock rises relatively steaply
and is vary close (o the surface in the transition zone betwsen the coastal
plain and the plateaw.

According to Visser and Schoch (1973}, the Malmesbury Formation con-
sists predomimantly of greywacke that ranges from a massive medivm-grained
type to & fine-grained, more phyllitic variety. Subordinate phyilitic shale
occurs as partings and bands of varying width in alternation with greywacke.
Small quartz veins are very comunon in the Malmesbury rocks and are most
abundant in the shale.

Bedding can clearly be distinguished, but in the massive greywiacke the clea-
vage and bedding ¢an easily be confused. Generzlly, the cleavage has a stegper
inclination than the bedding.

Numerous boreholes in the area indicate that the Malmesbury rocks are deep-
ly weathersd beneath the Cenozoic sediments. The weathered zone consists
of a clay layer of varying thickness. Accornding to Vandoolaeghe {personal
communication}, this clay layer can easily be confused with layers consisting
of sedimentary clay. The elevation of the bed-rock, as given in the bore-
hole logs, may, therefore, be under suspicion in certain cases. Exploratory
dritling has also revealed fhat along the coastal region, from Matroosbaai
to Melkbosstrand, the clay layer may often be absent, and that the Malmes-
bury rocks in this region tend to be more sandy.
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Very little is at present known about the water-bearing characteristics of
the Malmesbury rocks. What is known, however, is that when waier is en-
countered in the Malmesbury rocks, the quality tends to be relatively poor.

3.3 INTRUSIVE GRANITE OF THE DARLING PLUTON

The importance of the granite in the area is 1o be found in that it presumably
forms an impervious lateral boundary of the sand aquifer. Seveml varicties
of granites, whose muiual relationships are highly compiex, are present.
Mumerous xenoliths of Malmesbury rocks are found in the intrusive Darling
granites. As is the case with the Malmesbury rocks, very little is known
regarding the water-bearing characteristics of the granite.

34 CENOZOIC SEDIMENTS

The sedimentary Cenozoic deposits form the main water-bearing unit of
the Atlantis aquifer. These marine and asolian deposits reach thicknesses
of up to &0 metres in the ceniral and eastern parts, while a thickness of
80 metres has been observed in the sonth-western part of the area.

Because of the variation in lithology, both vertically and horizontally, the

sand cannot be regarded as being homogeneous, Rogers {1930) consequent-
ly divided the sand into a number of stratigraphic units and sub-upnits,

3.4.1 VARSWATER FORMATION (MARINE ORIGIN)

This Formation, which is of marine origin, is divided by Rogers into two
members: Silwerstroom and Duynefontyn members.
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34.1.1 SHlwersrraom member

This member comprises gravel, sand and mud. The pravel consists of shell
fragments and rounded pebbies of weathered Malmesbury metzsediments
{Rogers, 1980). The sand fraction is poorly sorted and contains quartz and
shell fragments, with its most distinctive component being phosphatized sheil

fragments. The Silwerstroom member never occurs above sez-level (Rosers,
1980).

3.4.1.2 Duynefontyn member

The Doynefontyn member overlies either the Silwerstroom member or
whare the latter has pinched out, Malmeshury metasediments. [n the Duyne-
fontyn area it is found below sea-level, but in other parts of the area it cogurs
as high as 42 metres above sea-level. The Duynefontyn member comprises
fine sand that is well-sorted. [t is composed of polished quartz and minor
guantities of black phosphatized shell fragments.

34.2 BREDASDORP FORMATION (AEOLIAN ORIGIN)

Although the sadiments of the Bredasdorp Formation are considersd to be
of aeolian origin, the Gastropod bed of the Springfontyn member is inter-
preted as being a regressive, exposed-beach horizen (Rogers, 1980).

3.4.2.1 Springfontyn member

According to Rogers (1980), a distinctive characteristic of the Springfontyn
member is & basal Gasiropod bed. Internal casts of gastropods are distributed
along subhorizontal laminae in laminated, well-sorted, fine and coarse sand.
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The rest of the Springfontyn member 18 a clean, wellsorted fine to coarse
quartz sand. No shell. fragments are found in the Springfontyn member.
This member seems to be the main water-bearing unit in the area,

3.4.2.2 Mamre member

The Mamre member is considerad to be the inland equivalent of the Spring-
fontyn member. The main differsnce iz the high peat and silt content of the
Mamre member. According to Bredenkamp and Vandoolaeghe (1982), this
characteristic i very promiaent in the deposits south of Mamre, in the Wit-
zand area and in the boundary zone of the Silwesstroom area. The high
silt content of this member can clearly influence the hydraulic conductivity
of the aquifer adversely.

1.4.2.3 Wirzond member

According to Rogers (1980), the Witzand member consists mainly of semi-
consolidated, shelly, calcareous, aeclian sands. Since the Witzand member
usually occurs above the water-table, it does not play a significant role in
ground-water movement as such (Br=denkamp and Vandoolaeghe, 1982).
It could, however, play a very significant role in the recharge of the aquifer,
a factor which has to receive more attention in future research,
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CHAPTER 4

GEOHYDROLOGY

4,1 GENERAL

The main cobjective of this investipation, as stated earlier, is to construct a
numerical model that describes the physical condjtions according to exis-
ting information. At this stage, it should be pointed cut that the accuracy
attainable by any mode] can never exceed the accuracy of the data nsed in
construgting the model., An accurate model for a given system can thus
only be constructed if suffivient infommation on the system is zvailable.

Some of the more important properties, as far as ground-water modelling
is concemned, are (i} the peometry of the aguifer with specific reference to
the boundary conditions, (ii) waterlevel distribution, (iii) the aquifer para-
meters, hydraulic conductivity and storativity, (iv) discharge rates, ie. ab-
straction and evaporation rates and {v} recharpe retes including natural in-
filtration.

In the present chapter the availzble data for the Atlantis aquifer will ke
analyzed with the view of obtaining as much information as possible on
these properties.

- 42 GEOMETRY OF THE ATLANTIS AQUIFER

42,1 INTRODUCTIOMN

The important cole played by the boundary conditions in any mathema-
tical model requires a3 knowledge of the physical boundaries ¢f the system



- 19—

that is as accurate as possible. After careful consideration of all available
information (Van der Merwe, 1983; Bredenkamp and Vandoolasghe, 1982),
it was decided to restrict the extent of the Atlantis aquifer to the sand de-
posits int the area. Although there are indications of some interaction be-
tween the sand aquifer and water in the Malmesbury Formation {Van der
Merwe, 1583), this had to be negiected in the present investigation due to
insufficient information.

422 BED-ROCK ELEVATION AND SAND THICKNESS

The sand deposits in the Atlantis area are bounded in the west by the sea
and inlapd by outcrops of Darling granite and the Malmesbury Formation
{see Figure 3.1). The extent of the area, covered by sand, cap thus in prinei-
ple be obtained from the peolopical map of the area. The thickness of the
sand cover and jts spatial variation can, however, only be obtainad from
geaphysical soundings and borehole logs.

The main sources containing the geophysical soundings of Atlantis are the
gravity and selsmic surveys, conducted by the Geclogical Survey of South
Africa {Botha and Bekker, 1977; Batha and Thompson, 1977, Hawever,
the difficulties experenced in distinguishing between the assumed clay
layer that underlies the sand and the sand itself, cannot zlways be explained
from these prefiles alone. In fact, cases are known where the interpreted
profile does not comespond with the known geology of the area. A case
in point 15 the interpreted pravity profile, AL, located as shown in Figure
4.1. While the profile line is bisected by an outcrop of Malmesbury racks,
the interpreted profile (Figure 4.2) shows a constant thickness of sand across
the peological contact. This is in agreement with an observation by Van
der Merwe {1983) that neither the pravity nor the seismic surveys give con-
clusive results reparding the elevation of the weathered Malmesbury Forma-
tlon. Hs, in fact, states categorically that where no borehole data is avail-
sble, the elevation of the bed-rock cannot be established beyond all doubt,
using the geophysical results alone,
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Because of this uncertainty in the peophysical profiles, it was decided to
base the bed-rock elevation, used in this investigation, soiely on the geolo-
gical logs of 128 boreholes in the area (Rogers, 1980) and the geclogical
map in Figure 3.1,

A contour map of the bed-rock elevation, determined in this way, is given
in Figure 4.3, In view of the limited number of data points used in its con-
struction, this map may not be very accuraie, but it is the best that can be
constructed from the available data,

The most cutstanding feature of the contour map in Figure 4.3 {5 perhops
the sharp decling in the bed-rock elevation, parallel to the coast and at a
distance of + 9 km from the coast. This phenomenon will surely influence
the ground-water flow in the aquifer sippificantly. It is also interesting to
note that only in the Silwersiroom area does the bed-rock actually lie helow
sea-level. This could be of great importance when the case of sea-water
intrusion is to be considered,

[t is 2 simple exercise to determine the sand thickness once the bed-rock
elevation has been determined. For this purpose use was again made of
the geological records of the 128 boreholes, and Figure 3.1, supplemented
by data taken from the published topographical map of the area. A con-
tour map of the sand thickness, determined in this way, is shown in Figure
4.4, This map may, for the same rezsons stated earlier, again not be very
accurate. In particular the position of the 1 metre samd isopach may be in
doubt. This & so, because only a small number of boreholes are sifuated
near the boundarizs of the system and thersfore the position of this con-
tour line had to be based mainly on data obtained from the peological map
in Figure 3.1.

No sipnificance should be attached to the closed contour lines in the area
south of Duynefontyn. 1t is, in fart, known that relative thick sand deposits
continue right down to Melkbosstrand, but no quantitative data is available
at present.
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Anaother interssting phenomenon that can be observed in Figure 4.4 is the
non-uniformity of the sand thickness., This could affect the modeliing of
the 2quifer, as well as iis potential, adversely if significant lowering of the
water-levels were to oceur.

413 LATERAL BOUNDARY

The restriction of the aquifer to the sand deposits immediately provides an
upper bound for its lateral boundaries. However, as indicaied by the water-
levels in the few boreholes close to these boundaries, the present water
table cavers a much smaller area. It was therefore decided to select the
sed and the | metre sand thickness contour in Figure 4.4 g anuifer boun-
daries. This choice hag the advantage that it makes ample provision in case
the water-table rises considerably in the aquifer.

4.3 WATER-LEVELS IN THE ATLANTIS AQUIFER

The single, meost important, quantity in the study of any aquifer is perhaps
the water-levels, To construct water-level contour maps, useé was made of
the waterdevels suppliied by the Division of Geahydrology of the Depart-
ment of Environment Affairs. Unfortunately, the number ¢f borsholes used
to observe these water-levels vary considerably over the years for which
observations are available. Furthermore, the borehecles form a few large
clusters instead of being spread more evenly across the aquifer. The result is
that the accuracy af contour maps is not always the same. This is, for exam-
ple, shown in the contour maps of the January water-levels for each vear from
1978 up to 1983, given in Figures 4.5 - 4.10. The + signs on these maps
indicate the position of the observation boreholes, the water-levels of which
have been used in the construction of the maps.
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It is rather unforiunate that the number of cbservation boreholes in the
Atlantis apguifer decreased over the yvears. This doss not only make it more
difficult to estimate fundamental quantities such as the volume of the aqui-
fer, but will certainly also hamper the calibration of any model set up for
the aguifer. It is, therefore, suggested that, depending on the planned fu-
ture development of the aquifer, the number of observation holes in the
aquifer be increased or at least better spaced than the existing enes. [n the
diseussion that follows, only the three maps for the period January 1979 -
January 1981 will, therefore, be considered.

A comparson of the water-level contours, with the bed-rock contours, in
Figure 4.3 indicates that the water-levels follow, in penerat, the bed-rock.
Just as in the case of the bed-rock, there is a fairly steep ground-water gra-
dient running parallel to the coast, which separates the Silwerstroom and
Witzand production fields from the Atlantis-Wesfleur production area. This
implies that the gradient of the ground water {s always positive towards the
sea) 1 very importani situation as far as the possible intrusion of sea-water
is concerned.

According to the ground-water contours, there are four regions whers water
may leak out of the system:

(i  Along the coast-line.

{ii) In the north near Mamre.

(i) In the south-eastern part of the aquifer.
(i¥) In the extreme south near Melkbosstrand.

One region where the aquifer may be iecharged from outside is the regon
just north of the Silwerstrocom area. Whether water aciually leaves or enters
the system at these regions, cannot be decided on from the avajlable data.

However, although the abstraction of ground water in the Silwerstroom area
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has almost doubled during the peried Tanuary 1979 till Janosry 1981, no sig-
nificant Jowering of the ground-water levels lor this region can be observed
in the contour maps. This lact must surely Indicate that some form of re-
charge must exist in this area. If the aquiler is golng o be used more inten-
sively i future, these regions should be investigated in more detail. Anothar
interesting observation that follows from the contour maps, is the relative
high elevation of the rround water along the coast-line in the vicinity of
Grootte Springfontyn. This could be an indication of the low permeability
of the Malmesbury rocks.

The fact chat the water-level contour lines seem 1o continue across the boun-
daries, does mot necessarily mean that the actual water-levels in the sand
aquifer continue acrogs the boundaries into the surrounding rocks. Although
it may well be the case, it can at present also be ascribed to a lack of water-
level data along the boundaries of the aguiler.

When taken together, the prasent evidencs indicates that the system is basi-
cally 2 non-homogeneous water-tzble aquifer, Thiz will, therefore, form the
basis of the model to be developed for the system.

44 HYDRAULIC PARAMETERS OF THE ATLANTIS AQUIFER

From a modelling point of view and more specifically for the purpose of con-
structing 2 management model, knowledge of the hydranlic parameters of
a ground-waier system is of the ulmost importance. It is therefore neces-
sary tc obtain as much accurate data concerning these parameters as pos
sible. Normally values for hydraulic conductivity and storativity are ob-
tained by means of pump tests, Unfortunately such tests were only carried
out at the 14 production boreholes. Bredenkamp and Vandoolaeghe (1981)
supplemented these pump test data with results obtained from Hazen's
formula, applied to the granulometric properties of the sand obtained by
sampling of the sand during the drilling of the horeholes. In this way they
succeeded in estimating these values at the 38 locations shown in Table 4.1,



TABLE 4,1. HYDRAULIC PARAMETERS OF THE

ATLANTIS AQUIFER

LOCATION CONDUCTIVITY 1 meday) STORATIVITY

Spring 100.8 018
G748 3,2 010
19757 9. 1]}
G 5.4 0,18
GI9T1S .40 0,18
Ga9TaL L7 0,05
G29782 L3 0,03
29786 &0 0,18
G297 9.7 0,18
G19794 13,2 0,22
Gl9800 1,8 005
CA0835 0.8 0,15
G048 14 0.15
G30as0 6,9 0,18
30851 0,0 0.18
CIIRSS 8.2 (1 %] |
G30926 1.2 0,15
G30927 173 0,18
G391 ED 0,18
G919 3n 0,18
G932 104 0,18
G30935 16,2 $18
GM9IE 4.2 01]
CHIas a3 018
C3093% 1.5 0158
G30940 49 0,18
30943 6.3 018
330944 9.3 0,18
C30%44 46 0,18
Ci0s4a8 8.3 0,20
G30965 0.6 0,27
S30946 .5 0,14
Gineas a9 G192
G309 14,9 0,23
GHISTI 9 a,19
C30%81 123 0,25
G30e91 11,7 0,21
L - 14,1 0,15

The way in which these values have heen derived, casts some doubt on their
accurdcy. Fortunately there exisis a good objective method to investigate
this; the method of kriging. This method is particularly useful when applied
to hydraulic parameters (Van Tonder, 1982). Contours of these parameters
and the associated 95 per cent confidence levels were consequently calculated
for both parameters. The contour maps are shown in Figures 4,11 and 4,12,
while the 95 per cent confidence maps are shown in Figures 4.13 and 4.14
for the hydraulic conductivity and storativity respactively.
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It is important to remember when discussing these maps that the conlour
lines on the 95 per cent confidence maps represent the standard deviation
from the field data. Thase maps should, thersfore, alweys be studied in con-
text with the conductivity and storarivity contour maps {Figures 4,11 and
4.12). There are various advantages in using this approach of which the most
inportant are:

(a)  The delimitation of areas where additional data should be gene-
rated. (This is particularly usaful when considering the develop-
ment of a manzgement model).

{bY During the calibeation of the numerical model, thase maps can
be used to ensure that the hydraulic parameters used in the
model, are realistic in the sense that they do not contradict
physical acceptable values for sand Jdeposits.

The most important deduction that can be made from these maps is thag
there exist large areas, particularly in the eastern part and along the bounda-
ries of the aguifer, where the uncertainty in the preseni data is disiurbinely
large. For example, the standard deviation of the hydraulic conductivity
in the Mamre area may be a5 much as eight times larger than the hydraulic
conductivity itself. [n view of the planned future development of the system,
particolar attention should be piven to the problem of det¢rmining more
accurate hydraulic parameters for the aquifer as a whole.

In view of the inaccuracies in the present data, no general conclusion can
really be drawn from them, Nevertheless, the data does indicate that there
exists a steep conductivity gradient that forms a transition zone bebwsen
the lower conductivitles of the Atlantis-Wesfleur area and the higher con-
ductivities of the Silwerstroam and Witzand areas. It is also interesting tq
note that this transition zone more or less coincides with 3 Zone of steep
ground-water eradients. Another interesting fact is that the storativity in
the Silwerstroom area is fairly constant, This suggests that the sand is fairly
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homogeneaus in this erea. The range of the storativity values in the Atlantis
anuifer is also typical of a water-table aquifer.

4.5 VOLUME OF THE AQUIFER

451 VOLUME OF THE SATURATED SAND

Of pritne impoitance in the evaluation of any aquifer, is the volume of sato-
rated materials it contains. This can easily be calculated once the bed-rock
elevation and water-levels have been determined, In view of the remarks in
section 4.3 on the quality of the watet-level data, it was decided to hase this
calculation for Atlantis on the January 1979 water-levels.

There are 2 number ¢f ways in which the volume of an irregular body, such
as an aquifer, can be calculated. The zimplest method is perhaps through
the numerical integration of the saturated sand thickness of the aguifer.
An isopach map of the saturated sand thickness was thersfore constructed
(see Figure 4.15). Three straight tines X| Xq, X4 X4 and X5 Xg were then
imposed on the map (see Figure 4.16). The line X; X, is perpendicular
te the coasiline and more or less bisects the aquifer, while the lines X3 X,
and Xg Xz are used to approximate the northern and southemn boundaries
of the aquifer respectively. The isopach map was then divided into a series
of elements by proflle lines on regular intervals (500 metres), perpendicular
to line X; Xy. The length of each profile line, which & bisected by line
Xy Xq, is determined by taking the bigger distance along the profile line
between line Xy X, and either line Xy X4 or line Xy Xg. This procedure
ensures that every profile line will always be of sufficient length to reach
the boundaries of the aquifer. Each of these profile lines was again divided
into regular intervals, 500 metres apart. The completz network of these
profile lines, covering the entire aquifer, can be seen in Figure 4,17,
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Figure 4 16. Map showing the locality of the lines X 1 Ao X 3 X4 and
X Xg constructed to facilitate the construction of the profile
fines by means of a digital computer.






To calculate the volume of the aquifer, one has to interpolate saturated
thickness values to each and every one of the interval marks on all the pro-
file lines. This was effected by using the kriging method of interpolation
(Van Tonder, 1982). Applicaiion of Simpson’s rule to the interpolated
sand thicknesses yields cross-sectional areas whose mid-points lay on line
X1 Xo at 500 metre intervals. Subsequent integration along line Xy X5
will vield the saturated volume of the aquifer.

Although the procedure, described above, may seem to be complicated, it
can easily be implemented on a computer. Following this procedure, the
total volume of saturated sand in the Atlantis aquifer for January 1579
was caleulated as

213605 x 106 m3

452 VOLUME OF WATEE. IN THE AQUIFER

An accurate estimate of the volume of the water in the aquifer can zasily
be established once the storativity throughout the aquifer is available. How-
ever, as indicated in section 4.4, this is not the case. It was therefore deci-
ded to base all caleulations on the conservative value of 10 per cent, the
measn; of the values in Table 4.1 being 17,53 per ceni. With this value, the
estimated volume of water in the Atlantis aquifer for Yanuary 1979 amounts

to

413,605 x 106 m3

46 ABSTRACTION FROM THE ATLANTIS AQUIFER

Aatificial abstraction of ground water from the Atlantis aquifer commenced
in September 1976, with 16 730 m> water pumped from the Silwerstroom
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spring. Since then several production boreholes have been drilled and by
December 1982, 13 of these were utilized to withdraw ground water from
the aquifer. In the Silwerstroom area 5§ production holes were in use by
December 1982. They are boreholes G 29757, G 25794, G 30865, G 30991
and G 30999, In addition to water being pumped from {hese borzholes,
water from the Silwerstroom spring is also used. In the Witzand area 6 bore-
holes are In use, They are G 30965, G 30966, G 30969, G 30972, G 30974
and 5 30981. The other production boreholes in use at present, are situa-
ted in the Wesfleur area. They are boreholes G 29749 and & 29800, The
locations of all the production boreholes can be seen in Figure 4,18,

The actual volume of water abstracted from the Atlantis aquifer has esce-
lated from a humble 0,103 x 108 m3 during the last four months of 1976
to a Formidable 8,896 » 108 m3 by the end of April 1983, Bar charis sho-
wing the monthly abstraction of ground water for the period September
1976 up to April 1982, are given in Fipure 4.19. Ascan be expected froma
winter rainfall area, the demand for water during the winter months is much
lower than during the summer pericd.

4,7 RECHARGE OF THE AQUIFER

A detailed study of the recharps of the Atlantis aguifer falls cutside the
scope of the present inﬁsﬁgatinn. However, some information on the re-
charge of the system will be needed in the model to be developed later. In
view of the limited knowledge regarding factors such as subsurface ssepage
into and out of the aquifer, as weil as evapotranspiration, it was decided to
use a simplified version of the classic ground-water balance equation to
obtain an estimate for the affective recharge due to precipitation. Such an
estimate can be based pn the equation

A=P+ as {4.1)
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where
A =  recharge
P =  abstraction from the system
4s = change in ground-water stosage

The only unknown gquantity that appears on the rght-hand side of equa-
tion (4.1) Is As. Henee, if this tesm can be estimated or calculated, one would
have an estimate for the recharge. In section 4.5.2 the volume of water in
the aquifer, as at Januwary 1979, was calculated to be

413 605 x 106 m3

Subsequent caleulations for Japuary 1980 and January 1881 vielded the
following results:

Yolume of water (January 19801 =417,365 x 106 m?
Volume of water (January 1981) =393 202 % 106 m?

The change in storage is therefore as follows:

Period (January 1979 - Janvary 1980) « (+) 3,597 x 106 m3
Period (January 1980 - January 1981) = (=) 19,163 x 10% m3

[{+) increase in storage; (-} decrease in storage].

The value for the period January 1979 - January 1980 beihg positive, coin-
cides with an increase in observed waterdevel elevations. The substantial
negative value for the period January 1980 - January 1981, however, does
not coincide with a comesponding drop in water-evels. The only possible
explanation for this big decrease in storape is the fact that waterdevels in
only 81 borcholes were available for the calculation of the January 1981
volume, whilst 92 and 93 boreholes were used for the January 1979 and
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Tanuary [980 calculations respectively, The mmiportance of having the larpest
possible observation network or perhaps a more suitable gbservation network
available I the area, can therefore not be overemphasized. Based upon this
evidence, it was therefore decided to restrict calculations concemning the
storage of the aquifer to the period Japuary 1979 - January 1980.

According to the data supplied by the Depariment of Environment Affairs,
the total volume water absiracted during the period January 1979 - January
1980 amounts o

1,006 x 105 m?

This figure includes the natural flow of the Silwerstroom spring as far as it
can bz represented by the pumping rates measured at the reéservolr. Subsri-
tution af these calculated values in equation {(4.1) yields

Aw3597x105m3 + 1006108 m3
= 4,603 x 106 m3

as eifective recharge for the period January 1979 - Japvary 1980. This
figure amounts to 6,52 per cent of the annual rainfall for the same period.

It should be stressed once mofe that the fgure derived sbove, doss not in-
clude sither subsurface leakage or evapotranspiration, Nevertheless, the
way in which 4s was calcuiated, will partially cormrect for this.

48 SEAWARD SEEPAGE OF FRESH WATER

Another quantity that plays an important part in coasta] pquifers is the loss
of fresh water to the sea, This can be calculated if one knows the arga of the
leakage face and the gradient of the water-levels, This information is unfor-
tunately not available for Atlantis. In what foliows, it will be assumed that
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the Malmesbury rocks are impervious to ground-water flow. With this as-
sumption there are, according to Figure 4.20, two areas where water can
possibly leak towards the sea, These are accentuated in Figure 4.20.

Profile lines were constructed along the coast-line for both areas and sand
thickness values were interpolated to points on the profile line, In the case
of area II (see Figure 4.20}, it was found that the sand deposits do not con-
tinue below sea-level and therefore no subsurface leakage can take place in
this region. The cross section obtained for area 1 along the profile line A-B
(see Figure 4,20) is shown In Figure 4,21. The total area of the cross section
for area I amounis io

9212,5 m2

Once the cross-sectional area of a region exposed to the sea is known, one
can easily calculate the flux of water to the sea from Darcy’s law:

Q@ = KADh(x) (4.2)
where

Q = pround-water flux [m3,"day]

K = hydraulic conductivity [mfday]

A =  cross-sectional area Emzl

Dhix}=  gradient of the water-table at the coast

As in the case of the sand thicknesses, vaines for the hydraulic conductivity
were also interpolzted to peints on the profile line A-B. In view of the in-
accuracy of the hydraulic conductivity vaiues throughout the aguifer (sec-
tion 4.4), it was decided that the mean value obtained from the 11 interpo-
lated hydraulic conductivity values, will be taken as being representative of
the hydmulic conductivity for the entire cross section. The mean of the 11
interpolated values is

32,25 mjday
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The only unknown quantity remaining i the eradient of the water-tabie at
the coast. The gradient used, was calculaved over a distance of 1 000 metres
from the coast inland, along the line shown in Figure 4.20. The Januvary
1979 water-level elevations were used in this calculation. A value for Bhix}
of 0,02 is obtained. Substitution of the above-calculated values in equation
(4.2) yields a flux of fresh water towards the sea of

2,169 x 108 m3fyear
This figure represents 3,07 per cent of the annual rainfall for 1979.

To summarize, it is interesting to note that 6,52 per cent of the annual rain-
fall con be taken as effective recharee to the aquifer, whilst a fusther 3,07 par
cent of the annual rainfal is lost from the system due to subsurface leakage
along the coast-line. This implicates a recharge of 9,59 per cent of the annual
rainfall for 1979,

4.9 GROUND-WATER QUALITY

According to Van der Merwe (1983} and Bredenkamp amd Vardoolaeghe
(1982), the general quality of the ground water in the Atlantis aquifer is
satisfactory, The only problem at this stage is the hardmess of the water
pumped from the Witzand boreholes. This problem can be overcome by
mixing this water with water from the Silwersiroom prodoction feld (Bre-
denkamp and Vandoolaeghe, 1982). ;

A factor that must be considerad is the possible contamination of the aquifer

from extarnal sources. Two such possible sources are:

(i} Contamination of the aquifer by seepage of low quality ground
water from the Malmesbury Formation, due to the abstraction

of large quantities of ground water.
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(i) Sea-water intrusion along the ceast-line.

To distinguish between the two sources is aimost impossible with the avail-
able data. In the first place very little information is available. Secondly,
water from the Malmesburg Formation is characterized by a relatively high
Nat and CI° content (Van der Merwe, 1983). It would thus be difficult to
distinguish between pollution from the Malmesbury Formation and sea-water,

A list of the boreholes for which data is available, is given in Table 4.2, to-

gether with representative values of their CI” content. These values were used
ta construct the contour map in Figure 4,22,

TABLE 4.2. CHLORIDE CONCENTRATION OF ATLANTIS

GROUND WATER
BOREHOLE YEAR SAMFLED CONCENTRATION img.
G201 1975 1960
629749 1974 4350
Q29112 1975 1680
G973 1975 880
Q27778 1175 60,3
Gigne 1976 73.0
G297681 1978 280,08
G978 1975 1300
329784 1875 040
G29786 1975 1830
429730 1975 000
G975 1975 1320
G19791 1913 7940
20714 1975 128,0
G29800 1977 191,32
G30835 1978 730
G30850 1978 340,9
$30854 1276 o5
G308563 1376 80,0
G308R2 191 .7
30883 1974 1855
Cga2 1977 9458
30503 1937 1i5.%
G004 1977 Jgiz0
30913 1977 §7.4
G914 1977 1312
G30923 1977 95,1
G096 . 1977 714
Gi0928 1918 204
G30929 1976 13,8
30932 1978 450.5
G30931% 1978 1213
330740 [97E 704
G20944 1978 673
Gi0347 1578 835
30965 1578 750
G008 1979 160,0
(z3096% 1979 143,0
G30aM 19602 105,0
G30972 1978 80,0
G399l 197% 150

330999 1974 230
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Figure £.22. Contour map showing the chloride concentration distribution
of Atlaniis ground water.
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As shown by the map, the general chloride concentration is within the
500 ppm limit, however, in the vicinity of the production fields, it ranges
between 100 ppm and 350 ppm. Only two boreholes, namely G 30902 and
G 30904, which be in the extreme south of the aquifer, yield values in excess
of 500 ppm. According to Van der Merwe (1983), this can be ascribed to
contemination from the Melmeshury Formation.

As noted in section 4.8, there are two areas where sea-water intrusion may be
of importance; one in the Silwerstroom area and the other one further south.
The latter has since besn ruled qut as a possibility, Nevertheless, the only
region on the coast where a relatively high chloride concentration can be
observed in Fipure 4,22, lies between the Silwerstroom and Witzand produc-
tion areas and does not comespond to either area I or II jn Figurs 4.20.
As it can be comelated with an area where the Malmesbury Formation kies
close to the surface {see Figure 4.4), the high chloride concentration in this
tegion can thus probably again be ascribed to the Malmesbury Formation.
Sea-water Intrusion thus does ot seem to be a problem, at least nat at pre-
sent,

Mast of the areas where a high concentration of chlonide is present in Figure
4.22, can be assoclated with the Malmesbury Formation. It would be interes-
ting to gee if the chloride concentration has increased in the vicinity of the
production boreholes, due to the artificial abstraction of substantial quan-
tities of ground water. For this purpose, graphs weie compiled of the chlo-
ride concentration over a period of 31 months for 5 production boreholes
and the spring in the Silwerstroom production field. The graphs are shown
in Figure 4.23.

As ¢can be seen from these graphs, the chlotide concentration does vary from
month to month, but never exceeds the 250 ppm level. Moreover, with the
exception of borehole G 29794, the variations tend to oscillate around the
mesan concentration throughout the 31 month perind. [t may, therefore,
be concluded that no substantial quantitiss of water have been drawn from



SILMEFSTROOM WEYR

I WO .

" ' H
——
BOREHOLE 28784 (SILAERSTRAAOM
LR P -
SRR ey

L} L [
L]
BOREHOLE 630991 ISILWERS TR
LT Sl T PPN
T Py

—58—

MRTAGLE SIGFITISiLaERTA00N)
maml sepice

48AEHILE G3IABE {5 [LAERETRODM)

SN T

2GREAE B2 (S ILATRETRODH|
EEETELL R
b

Figure 4.23. Graphs showing the chloride concentration for several bore-
hioles as well ap the Silwerstroom spring, for the period Janua-

ry 1980« July 1982,



-39

the Malmesbury Formation, The only possible exception beinge borehole
G 29794, whose behaviout can be explained by an influx of water of a lower

quality, present immediately north of the Silwerstroom production field.

Another interesting feature occurring on all, but one, of the graphs, is the
increased chloride concentration for April 1881. [Initially it was thought
that the increase couid be explained in terms of rainfail or abstraction, but
na conclusive evidence could be found,

In coneluslon, it can be said that the quality of the sround water in the area
is satisfactory. There are indications (Fig. 4.23. botehole G19794) that water
of lower quality, associated with the Malmesbury Formation, is dwn to-
ward; the Silwerstroom production field. In view of the possible construction
of a management madel, the seneral quality and quantity of data available,
leaves much to be desired, An effort should, therefore, be made to conduct a
more detailed investigation of the chemical compuosition of the ground water
in the aquifer as a whole. Aspects that may réceive particular attention
include a better chemical description of water in the Malmesbury Formation
and industrial pollution of the aquifer. With the future development of the

area, the latter problem may become increusingly important.



— 50—

CHAPTER &

CONSTRUCTION AND CALIBRATION
OF THE NUMERICAL MODEL

5.1 INTRODUCTION

In the previgus chapters an attempt was made to analyse and dessribe the
physical properties of the Atlantis aquifer as accurately as possible. Having
eompleted this, the construction of a suitable numerical model that will

descrine the physical system, can now commence,

Modeliing of ground-water systems by means of numercal techniques I3
of recent origin, In fa-::tl, a literature survey indicated that the first model
of thiz kind was construsted only in 1968 (Pinder and Bredehoeft, 1968}, {0
be followed by Prickett and Lonnguist {1971). These frst numerical mo-
dels utilized the finite difference method to obtain a solution for the partial
differential equations, governing the flow of ground water. It was only six
years ater in 1974, that Pinder inroduced the finite element technigue into
ground-water modelling. Since then the finite element method has proved
itself to be a very powerful tool in analysing the behaviour of ground-water
systems,

The reasons for this can briefly be summarized as follows:

Geclogical and hydrogeological data such as that discussed in the previous
chapters, provides in general a broad picture zbout the properties of an
aquifer. However, it is difficult to derve any detailed information on the
future behaviour of the aguifer from this information. At present the only
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method by which this can be achieved, is by the construction of 2 suitable
numerical model,

The two-dimensional flow of ground water can adequately be described by
the diffusion aquation

SDth = Dy(TyyDyh) + DTy, Dy1) - @ - K/ & (h-hy)-Cth-h) (5.1
where

C=C(x,y) = transient leakage cosfficient [T"ll

Teryy =  main components of transmissivity I{KJ]{LZTI J

S(x.¥) = storage coefficient

Qix,y.t} =  sirength of a source () or sink (-} function [L3Tl]

K(x,v} w  yertical hydraulic conductivity of 2 confining layer [L'l"l 1
2 (%) = thickness of the confining layer [L)

hy{x.¥,t) =  hydraulic head in the adjecent aquifer (L)

W (xyt) = initial fydraulic head in the aquifer (L}
Xy =  orthogonal coordinates
t = time [T}

subject to suitable initial and boundary conditions (Bear, 197%)..

Equation (5.1) is, neglecting unsaturated flow, a linear parsbolic partial
differential equation, for which a solution always exists, provided that suit-
able boundary and initial conditions are prescribed. Unfortunately, the
boundaries of natural aquifers are very rarely, if ever, regular and simple,
Hence, it is almost impossible to obtain an analytical solutlon and one,
therefgre, has to resolve to numerical methods. The flexibility of the finite
element msthod in handling curved boundary corditions, is one of the main
reasons for it being such a powerful tool in maodelling ground-water systems.
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5.2 SOLUTION OF THE GROUND-WATER FLOW EQUATION
5.2.1 BOUNDARY COMDITIONS

The boundary conditions most frequently encountered in aquifers, are ge-
nerally of two types:

(i}  prescribed head or ‘Dirichlet’ boundary conditions, and

(i) prescribed flux or "Meumann’ boundary conditions,

Neumann boundary conditions entail the specification of a prescribed fiux
across -he boundary of the region aof interest and are most commonly en-
counfesed where a river cuts across an aquifer. [t can also be used whea
the physical boundades of the aquifer is not well-defined, but one has some
knowledge regarding the flow of water in the aquifee,

Prescribed head (Dirichlet) boundary conditions mean (as the name im-
plieg} that watac-levals aleng the boundaries of the aquifer are kept at the
prescribed level. In the case of Atlantis, the available information indicates
that the waterlevels near the boundaries of the aquifer vary very litile. This
can clearly be seen in the water-level contour maps, drawn up for the periods
January 1979, Jenuary 1980 and January 1981 (Figures 4.5 - 4.8). Hence,
it would seem to be appropriate tg use constant Dirichlet boundaries here.

522 INITIAL HEAD SPECIFICATION

The reaction of a ground-water system can anly be judged from its observed
water-level distribution, When modeiling such an aquifer as Atlantis, parti-
cular attention should thus be given to obtain as a reliable set of initial liy-

draulic heads {h') as possible, otherwisa it would be impossible to obtain accu-
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rate and reahistic answers. After s careful examination of the Artlantis data,
it was decided to use the waterlevel distribution for January 1979, shown
in Fipure 5.1, as initlal heads, Several factors played a role in this decision.
The most extensive monitoring of water-levels started in January 1979 and
continued on a monthly basis for the whole of 1979, This data not anly
rapresents the mast accurate information on water-levels, but the period for
which it is available, simplifiss the calibration of the model. Ancther contri-
buting factor to this decision was that no extensive artificial abstraction oc-
curred at thai time.

523 ABSTRACTION FROM THE SYSTEM

The parameter €} in equation {5.1) represents, in generat, recharpe to or dis-
charge from the system. In the case where water is abstracted, mostly
through boreholes situated at {x;y;) and pumped at specific rates of say
Qu%;.¥;1), this discharge can be expressed mathematically as

1
Qxy ) = El Quxpypt) # (x - XXy - v (5.2)
=

whete the Dirac delta function ( & ) has the property that when integrated
over x and y, the function Q will equal Q,, at (x;,¥;)- This enables one to
treat a well or borehole as a point source or sink.

Although Q,,(x;,¥;,t) varies over short intervals, it would be diffieult and
time-consuming to account for all thess variaticns in a numerical model,

Hence, in the model developed for the Atlantis aquifer, only monthly ab-
straction rates are ugad,
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Figure 5.1,  Warerdevel contour map for January 197%, used as initial
heads In the present simuladon,
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524 HYDRAULIC CONDUCTIVITY AND STORATIVITY

Also very important in the construction of a numerical model, is the avail-
ability of values for hydraulic conduchvity and storativity. Not only do
these parameters control the flow and amount of water present in a ground-
water system, but they are, besides the initial heads, the only parameters
that can be used to manipulate the numerical model so that it describes the
physical system, A detailed discussion regarding the hydraulic aquifer para-
meters, is given in section 4.4 of this thesis. At this stape it will suffice to
show the contour maps depicting the hydraulic conductivity and storativity
used in the consttuction of the numerical model. These maps are shown

in Figures 5.2 and 3.3 respectively,

5.3 FINITE ELEMENT IMPLEMENTATION
531 THE GALERKIN FORMULATION

The implementation of the finite element method in sirulating the flow of
ground water has frequently been described in literature (Pinder and Gray,
1997). In the discussion to follow, attention will thus be restricted to only
the most pertinent aspects of the method and new develapments that have
twen incorporated in the model for Atlantis.

Equation {5.1) can conveniently be expressed in operator form as
SDh = Lh+f (5.3)

defined over a domain . The basic idea behind the finite slement method is
now to sslect a s=t of piecewise continuous polynnnﬂa]s,{ s } , Gefined
L

over (7. The solution of {5.1) can now be approximated in terms of this
¥ as
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Figure 5.2, Contour map of hydraulic conductivity values used for the
construction of the model, The + signs indicate the positions
of tie dara points.
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]
hixyd = ey = & B¥ ) (5.4)
with hy the unsolved coefficient.
[ the Galerkin appreach {used here) the hin (5.1) i replaced by this approxi-

mation and the resulting equation multiplied by one of the basis functions
and integrated to obtain

n
I[Txx (Ez B Dy "’J) x“‘l”Tw(E D r'ﬂ) znr"":""s'*‘:"tE hj b ¥i
“ n
Q¥ ¢ (YL 40 2 hvje; - ®IL by + B yide

. é "o then) ¢;dS = 0 i=1,...n (3.3}
0

where i (5 the gradient operator and n is the unit normal vector on the boun-
dary aRui Q.

Equation {5.5) can conveniently be expressed in matrix form as
MDii(O = Ki) +F (5.6)

with typical elements

(5.6a)
Kij = J‘J. 5 ¥ q‘.rj dxdy {5.6b}
Fj.i = 'U’gb i{K}’z‘ hy, -Q+ (K Tixdy :[ ¢ i[Ier n|dS (5.6¢)

If Neumann boundary conditions are prescribed, all the quantities in the line
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integral appearing in (5.6) are kncwn. However, if Dirichlet boundary condi-
tions are prescribed, a different approach has to be used. The easiest is to
force the approximation (5.4} to satisfy these conditions and then require
that the ﬂri(x,y} not connected fo the boundary, vanish on the boundary.
In both situations (5.6) reduces to a set of linear ordinary differentizl equa-
tions in time, which have to be solved for the vector of unknowns, hi{t}.

532 TIME DISTRETIZATION

Although {5.5) can be solved by any method suitable for a system of fHrst
order ordinary differential equations, the laree number of equations and
their structure merit the use of special methods. A very efficient method
that can be used for this purpose is the optimal O -method, developed by
Botha at af (1931}, bazed on earlier work done by Laurie (1975 As with
all numernical methods available for solving ordinary differential equations,
this method also discretizes {5.6) in time, Its main advantage is, however, that
it allows one to choose the time step optimally. This is achieved by speci-
fving an upper bound, &, for the local truncation error in time and then solve
(5.6), first with a time step 2 At and then twice with the time step At,. The

next step to be taken can then be expressed in the form

Btay = e(Aty) (5.7)

where

o = {1/5) Veu?ﬂn (5.7a)

s = (1,1) is a safety factor implemented fo ensure the optimization
of the Hime increments

o 15 & measure of the Jocal truncation ersor at the present time

siep

(1] is a measure of the magnitude of In;{t) also at the present time.
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If the solution of (5.6) obtained with the two consecutive time steps 4t, is
denoted by h; {(241) and that with the single time step 24At, by h; (2 1), suit-
able expressions for u and €y weuld be (Botha er a2f, 1981}

en = V3Ihan-Rzam® (5.7b)

VEn 24112 (5.70)

i

=
!

By using the optimal © -method, (5.6) can also be expressed in the form
M- @atk)htl = (M+(1-08)atKIn" + E (5.8)

which can be solved for the 4"*!.

533 DISCRETIZATIGN OF THE DOMAIN

Piecewise continucus polynomials are defined over very small regular do-
mains or elements. Application of the finite element method to (5.1) would
thus require that 9 be divided into 8 number of rectangular elements. Since
! is, as already noted, usually irregular, this can be 2 problem. However,
this can be avoided by nsing isoparametric quadrilateral elements (Pinder

and Gray, 1977). In this case one uses irregular elements defined in {(x,¥)
space (global coordinates) end transforms them into a local (£ , 1) coordinate
system. A Cypical element in (X,¥) spece and its transformed equivalent in
) (& ,n) space, is shown in Figure 5.4,

This introduces some rather complex terms into the integrals appearing in
{5.8), with the result that gaussian quadrature has to be used for their eva-
luation, but fortunately this does not complicate matters very murch.
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Figure 5.4,  Deformed isoparametric quadrilateral element in global
{x,yland local (£ . g) coordinates,

The construction of a suitable mesh for a giver domain can be guite time-
consuming. Hence, it is always worthwhile to take into account all possible
factors that may influence the final mesh during its construction. The most
impartant of these are;
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(il  Topography.

(iiy Paleotopography.

{iiiy Ground-water levels,

{iv} Geplogy.

{v)  Natural boundaries of the aquifer,

{vi} Locality of boreholes and springs,

Locality of production boreholes, in particular, presents 3 problem, because
such boreholes must always be located on 2 mesh point or when using the
boundary flux method (Bakkes and Botha, 1981), a special element must be
construcied. Thus it is always wise to incorporate not only existing bore-
holes into the mesh, but fluture ones as well, It is for this reason that Table
5_F, which contains the monthly pumping rates at various prodoction holes in
the Atlaptis aquifer for 1979, alko ineludes a number of production holes that
actually came into use much fater.

Another important aspect is the size of the various elements. This will in the
first place be determined by the seneral nature of the aquifer. However, it
also has a direct bearing on the accuracy af the solution (Oden and Reddy,
1976). It must thws be constructed in a way so as to ensure that its influence
on the accuracy of the solution can be neglected. In the case of the Atlantis
aquifer with its steep gradients in topography, paleotopography and water-
levels (see Figures 4.3 and 4.5 - 4.10), this can be 2 serious problem. After
a limited number of experiments, it was decided to use the mesh shown in
Fipure 5.5. Regarding the boundaries of the mesh, they were dictated by the
coast-line of the Atlantic Geean in the western part of the area, while the
rest of the mesh boundaries coincided with the 1 metre sand thickness con-
tour line (see section 4.2.3).

With the mesh constructed, the next step i to number the nodes [Pinder
and Gray, 1976} This is not as trivial as one might think, because this will



TABLE 3.1. MONTHLY PUMPING RATES FOR EXISTING PRODUCTION
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Figure 5.5, The finire clement mesh used in the present simulation of the
Atlantis aquifer. The mesh consists af 365 Boparamelric
quadrilateral elements and 403 nodes.
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ultimately determine the computer memory spact and time required during
the simulation (Pinder and Gray, 1976). To keep these quantities within
bounds, it is imperative that the maximum difference between two node
numbers in any element be kept as small as possible, It is for this reason
that the node numbers in Figure 5.5 do not follow 2 regular pattem.

54 CALIBRATION OF THE NUMERICAL MODEL

The finite element program used in this study Is & modified version of the
ISOQUAD program otiginally developed by Pinder and Gray. The modifi-
cations pertain in particular to the inclusion of the optimal @ -method {(Botha
et of, 1981) and the boundary flux method {Bakkes and Botha, 1981), as
weill as numerous changes to the input and gutput statements. The program
was implemented on a Univac 1100 series computer at the University of the
Orange Free State. For further information regarding the program docu-
mentation, see Lynch (1982). It is, however, important to note at this
stage that in this program all information, except the storativity values, must
be supplied nodewise. The storativity has to be speciflied element-wise. A
further fact to be noted s that the program facilitates the modelling of con-
fined, leaky or watep-table conditions. Since all avaidable data indicates thai
the Atlantis aquifer js a water-table aquifer (see Chapter 4), the latter option
was used in the present simulation.

The basic proceduse for the calibration of the model is rather straightfor
ward. The computer is supplied with the necessary information requirad
to solve (5.8), which comprises boundary and initial values and the various
hydraulic parameters, [t will then calculate values for h™ at vavious time
steps n = 1,2,... . These calculated values are thep compared to the heads
observed at these times. If they do not differ more than 2 metres to either
side, the mode! can be assumed as being calibrated., If not, the numerical
solution must be considered in error and corrective measures taken.
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The first source of arror is that the mesh used, 13 not fine snough. This situa-
tion can be avoided by using meshes of various refinements and to keep re-
fining it untl the change In the solution is sufficiently small. (For another
approach using the optimal © -method, see Lynch, 1982). The mesh given
in Figure 5.5, was actually determined in this way, s¢ in the present model
this should not be a problem. (Note that this convergence proof can be
carried out with hypothetical hydraulic parameters).

A second and usually the most serious source of errors in modelling ground-
water flow, is insufficient knowledge of the hydraulic parameters. This can
be comected for either physically (drilling more holes and conducting pump
tests on them) or mathematjcally, The mathematical approach {used here)
consists of kriging the available data and then using the resulting kriging error
maps to adjust the hydraulic parametees accordingly (Van Tonder, 1982).
This will nsuably lead to acceptable solutions, Lf not, it is possible that the
boundaries of the aquifer are incorrect; a situation that calis for a com-
plete new field investigation.

The three hydraulic parameters available {or manipulation in the mathema-
tical correction of errors are the ipitial head, hydraolic conductivity and
storativity. The final adjusted vatuss for the three parameters obtained
in the calibration of the Atlantis aquifer, using the available data (described
in Chapter 4), are shown as contour maps in Figures 5,6 to 5.8.

When using the mathematical approach, it must be kept in mind that the
observed values are the only physical information available for the system.
Hence, when adjusting these parameters, the observed values should not

be changed unless there exists supplementary information to the contrary.
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Figure 5.6.  The calibrated initial head distribution In the Arlantis aquifer
Jor January 1927%.
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Figure 5.7, Contowr map of the caltbrated hydraullc conductivity dis-
tribucion for the Atiantis aguifer,



—79-

KakmEec ;i

HELKBISSFRAND

Figure 5.8.  Comtour map of the calibrated storativity distribution for
the Atlantis aquifer.
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5.5 SDMULATION OF THE ATLANTIS AQUIFER

551 GENERAL

The effectiveness of the calibration can best be judged by visual comparison
of the ubsﬁwed water-level contour map at a specific time with the simulated
one at the same time. Since the number of observation holes are usually
many times smaller than the number of nodes used in the simulation, the
interpolation procedurs applied in the construction of these maps may distort
the picture completely, Take, for example, the waterdevel contour map of
January 1980 in Figure 4.7, constructed from the available 93 observed
water-levels, The water-levels at the 403 nodes used in the finite element
simulation of the aquifer were extracted from this map and contoured again,
with results as shown in Figuse 5.2, There are clearly large differences be-
tween the maps. However, the map in Figure 5.9 compares favourably
with the one simulated for January 1980, shown in Fieure 5.i0. This shows
that when comparing contour maps obtained during simwulations with those
obtained fkom actual observations, cars should be exercised to ensure that
both are constructed from the same set of points. For comparison purposes
the ideal would be to use only observed and simulated values at the esta-
blished observation points in the aquifer. Fitting these two sets of values
is precisely the objective of the simulation exercise. Such a comparison
would, therefore, yield no new infopymation regarding the behaviour of the
ground-water system at localities other than the observation boreholes. [n
the discussion to follow, all contour maps used will thus be based on values
at the nodes of the finite elemeni network shown in Figure 5.5, obtained
from either the model or by interpolation from the observed data, MNote
that the finite element method is basically also an interpolation procedure,
sa that sach a procedure is mathematically well justified.
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Figure 5.9, Waterdevel contour map for January 1980 used for compa-
rison with sinmulated warer-devels during the calibration stage,
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Figure 5,10, Simulated waterdeve! dissriburion for the Atlants aquifer -
January 1980,
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552 THE PERIOD JANUARY [979 - JANUARY 1980

Comparison of the initizl head contcur map (Figure 5.6) and the water-
level contour map for January 1980 (Figure 5.9) indicates that there was
aimost no change in water-levels during the period January 1979 - January
1980, [t is well-known in calibrating a2 model that it |5 much easier 1o simu-
late large drawdowns than small ones. Hence, the data for Atlantis providas
one with an extreme test of the model. On comparing Figures 5.9 end 5.10, it
is evident that the present model is quite successful., This applies in particular
to the production fields. The faci that the model also succeeded in simulating
the observed system satisfactorily in areas whera the ground-water gradient
is steep, can be taken as clear indication of its overall validity.

There are, however, a few places where the simulated heads differ from the
observed water-levels. The most important of these being the area to the
immediate north of the %ilwerstroom production [ield, where differences of
up to L0 mekres are found. To comect lor this, would require values of the
hydraulic parameters outside those allowed for by their kriging ermmor maps.
The only feasible explanation at this stage would thus be that the model
does not interpret the physical sysiem comectly. Since very little data is
available in the area, the reason for this behaviour can only be explained
after a more detailed field investigation in the area.

A more detailed view of the behaviour of the model can be obtained by com-
paring the cbserved and simulated heads for particular boreholes over the
calibraticn period and beyond, if possible. Graphs of these rasults are given
in Figures 5.11 to 5.16.

The first group of graphs in Figure 5.11 reprasents the observation boreholes
for which the simulated water-levels closely resemble the observed water-
levels, In the second group of graphs (Figure 5,12), a very interssting beha-
viour of the numerical model can be observed. During the first 30 days of
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simulation time, the water-levels rise or decline rather markedly, after which
they stabilize and closely resemble the observed behaviour of the physical
system for the rest of the period. Such a behavicur can usually be ascribed
to armoneous initial head walues, but this would imply that the obssrved
water-level elevations for these borsholes are erroneous. Even 5o, it was
decided to change the initial heads at nodes 118, 123, 152 and 155, according
to the decline or rise in simulated heads over the first 30 days of simulation
time. The old and new initial head values at the four nodes can be seen in Ta-
ble 5.2.

TABLE 5.2, CLD AND NEW INITIAL HEAD VALUES
AT NCDES 118,123, 152 AND 158

Borehole No. Node No, Old Head MASL) New Head (MASL)
GI9T58 118 179 154
G30914 123 9.0 11,5
G30936 152 240 215
30929 155 124 134

After implementation of the changed initial heads, the model was once again
ruit for the 12 month perod, January 197% - January 1980, The rzsults of
this simulation run, at the four nodes in gquastion, are shown In Figure 5.13.

From the graphs in Figure 5.13, it can cleagly be seen that the strange beha-
viour of the simulated heads over the first 30 days has been eliminated by the
changing of the initial head values. In the case of node 152, it may be neces-
sary to lower the initial head by another 0,5 m to obtain a perfect {it.
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Although we have now proved that the strange behaviour of the maodel at
nodes 118, 123, 152 and 155 can be corrected by changing the initial head
values, we must keep in mind that if the observed values at the four obser-
vation borehaoles situated at these nodes, prove to be accurate, another ex-
planation as to the strange behaviour of the model, would have to be given.
{One explanation that came to mind, arose from the fact that all four obser-
vation boreholes showing this strange behaviour, lie in the Sfwersiroom area
{see Figure 5.17), Hers one has the situation of an observed hydraulic con-
ductivity of 100 nifday at the Silwerstroom spring, while the observed values
for the boreholas in its vicinity are mostly of the order of 10 - 15 mfday
{Bredenkamp and Vandoolaeghe, 1982} The behaviour of the simulated
water-levels may thus also be ascribed to inaccurate K and S values obtained
froem the kriging procedure, This hypothesis is strengthened by the simu-
lated behaviour of other boreholes in the vicinity, which can be seen in the
third group of praphs shown in Figure 5.14. Only a more detailed investi-
pation of the hydrailic parameters in this area can prove if this hypothesis
is correct.

The fourth group of graphs (Figure 5.15) shows the simulaied waterdevels
in 2 number of boreholes situated in the vicinity of the steep sradient in
the water-table (see Figure 5.17). It is interesting to note that boreholes
for which the simulated water-lavel elevations are lower than the observed
ones, Invariably lie at the top of a zone where steep ground-water gradients
occur and vice versa (see= Figure 5.17). This can be comected for by using
a mesh with finer elements in these reglons, so as to control the flux of

pround water more effectively.

The fifth and last group of graphs (Figure 5.16) represents the only obser-
vation borzholes for which a satisfaciory solution could not be obtained by
adjusting the numerical model. These boreholes are all situated near the
assumed boundary of the aquifer (see Figure 5.17). What they seem to in-
dicate, is that the Dirichlet or prescribed head boundary values used in the
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present model, may not be appropriate in these areas. That this can be the
case, wa$ shown in a trial mun of the model in which the Dinchlet conditions
on parts of the boundary in the vicinity of boreheoles G30928 and G30923
(nodes 31 and 257) were replaced by constant inflow, and in the vicinity
of boreholes G3095] and G30908 (nodes 69 and 312) by constani outflow
boundary conditions. However, as information in these areas i almosi
non-existent and becavse the final result depends critically on the assumed
properties of the aquifer, the results obtainmed from the trial run, are not
worth reperting here. This illustraies the fact that the effectiveness of a
numerical model {8 almost completely determined by the accuracy of the
available physical information regarding the system. It i5, therefors, sup-
gested that more work should be done in these areas with special atienticn
given to the following aspects:

(i)  Sand thickness.
(i} Water-level slevations.
{lii) Hydraulic parameters.

553 THE PERIOD JANUARY 1979 - JANUARY 1982

The final test in the calibration of any numerical model is to ascertain whe-
ther it is able to simulate water-levels for periods not uged in the calibration
The mode] developed in the previous section was consequently also used o
simulate the water-levels for the period January 1972 - Janpuary 1982, The
available field data indicates that, notwithstanding increased pumping rates,
the water-levels changed very little over the three year pericd. Hence, if the
model is still able to simulate the observed waterJevels (teking the previous
discussed deviations into account), it can be accepted as being calibrated.

The only difference between the input to the mode! for this period and
that used in the calibration, is the pumping rates given in Table 5.3. The
model was then run for a three year pesiod. The results are #lustrated by



TABLE 5.3. MONTHLY PUMPING RATES FOR EXISTING PRODUCTION
BOREHOLES IN THE ATLANTIS AQUIFER FOR THE PERIOD
JANUARY 1979 - DECEMBER 198]
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miaking use of two selectad boreholes from each of the flve groups, defined
during the discussion of the results of the one year simulation period, These
graphs are shown in Figures 5.18 - 5.22.

In general the behavioutr of the simulated water-levels is in accordance with
what could be expected, except perhaps the behaviour of the simulated water-
lavels for the first group of borehcles, When studying the graphs in Figurs
5.18, it is evident that the simulated heads for the last 360 days of the simu-
fation period, are somewhat lower than the observed heads for the same
period, A possible explanation for this behaviour may be found in the fact
that no recharge to the system was specified in the model; an aspect that
will receive more attention in the following chapter.

The form of the praphs in the second group (Figure 5.19) tends to support
the belief that the sirange behaviour of the model at these tocations is caused
by erroneous initial head values. The second graph in Figure 5.19 (borehole
(G30936) shows that, except for the first 30 days of the simulation, the be-
haviour of the simulated heads is identical to that of the observed heads, for
the whols of the three year period.

All that can be said regarding the last three proups of graphs (Figures 5.20 -
5.22), is that the simulated water-levels seem to stabilize towards the end of
the three vear simulation perod. That this is indeed the case, can be seen
from the contour map of the simulated waterdevels for January 1982 {Figure
5,23), When comparing this map with the contour map of the simulated
water-levels for January 1980, it is clear that no large changes in the water-
level distribution have gccurred. Unfortunately a contonr map depicting
observed waterlevels for January 1982, could not be compiled, due to the
fact that only 53 observations were available for January 1982, whereas 93
values were used for the construction of the contour maps used during the

calibration procedure.
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In conclusion, it can be said that the eatibration of the numerical modal
was a5 suceessful as could be expected with the available datz. One impor-
tant aspect that came to light, was that the calibration period of one year
might not be long enough for the optimal calibration of the model. This is
entirely dus to the fact that almast no changes in the water-lavels occurred
during that pericd.
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CHAPTER &

APPLICATION OF THE NUMERICAL
MODEL

6.1 GENERAL

Due to a lack of information in various parts of the Atlantis aquifer, the
present model cannot be considered fit for menagement purposes. This
does nat imply, however, that it cannot be used to some advantage in study-
ing the general behaviour of the Atlantis aquifer. As outlined in Chapter 1,
two questions that ars of particular importance ars:

(i) How long will the existing sround-water supply last, given a
certain demand?

(i) How should the existing production fields be expanded to
gnsure the optimum use of the available pround water?

The velume of water in the aquifer has alrezdy been caleculpted jn Chapter 4.
Although such a calculation provides an estimate of how long the available
water may last, the following must be kept in mind. The dewatering capa-
city of a single production borehole is limited in areal extent and for that
matter, so is the dewatering capacity of an entire production field. It is,
therefore, important to see how the ground-water system will react when
large quantities of water ars abstracted at the Silwenstroom and Witzand
production fizlds. This immediately raises a second question, namely op-
timization of the expansion of the existing production fields. However, the
positions for the additional production boreholes in the Atlantis aquifer
have alrsady been agreed upon by the parties concemned and, therefors,
it would from the practical point of view, be senseless to determine theo-
metical positions for thess boreholes by means of the numerical model. It
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would be more interesting to evaluate the potential of these additional pro-
duction boreholes by means of the model. This is certainly a slight chanpe
of emphasis conceming the initial aim of this study, but one that can be
reversed if required by the analysis.

6.2 PROPOSED EXPANSION OF THE PRODUCTION FIELDS

62.1 WITZAND PRODUCTION FIELD

The information received from the consulting engineers for the Divisional
Council of the Cape, Liebenberg and Stander, indicates that a total abstrac-
tion rate of 7.7 x 100 m3 per annum, is foreseen in the Witzand production
field, The water is to be abstracted from 19 production boreholes com-
prising the & existing and 13 additional production boreholes, To achizve
the projected rats, these boreholes will have to be pumped at a continuous
rate of 14 litres/second for a 22 hout day.

The positions of the & existing and the 13 additional production borehales
are shown in Figure 6,1 and heir coordinates given in Table 6.1,

Due to the fact that the proposed locations of the additional boreholss
{B1-B13) became available only after the numerical medel had already been
constructed, they could not be Implemented in the finite clement mesh.
What was done was to distribute the total abstraction reguired among the
finite element nodes in the immediate vicinity of the Witzand production
fieid. These nodes, the boreholes allocated to them and the abstraction
rate at each node, is given In Tabls 6.2.
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TABLE 6.1. COORDINATES OF THE 6 EXISTING AND
13 ADDITIONAL PRODUCTION BOREHOLES IN THE
WITZAND PRODUCTION FIELD

Borehole Y (0,000 Lo 19 X (3 700 000,00)
G30965 +52 552,00 + 21 706,00
G30966 +51 779,00 +27 153,00
G30969 +51 890,00 +22 995,00
G30971 + 52 629,00 +22 405,00
G30972 + 53 403,00 +21 331,00
G30981 +52 870,00 +21734,00
Bl +52 301,00 +22 724,00
B2 +51 855,00 +23 439,00
B3 + 51 697,00 +23 756,00
B4 +51 560,00 + 24 081,00
BS +51 328,00 + 24 463,00
B6 +51 664,00 + 24 704,00
B7 +51 795,00 + 24 248,00
B8 + 52 080,00 + 23 975,00
B + 52 682,00 + 22 349,00
B10 + 53 209,00 +22 423,00
Bl + 53 455,00 +22 019,00
B12 + 53 567,00 +21 767,00

E13

+ 53 044,00

+ 22 067,00
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TABLE 6.2. PROJECTED ABSTRACTION RATES AND ALLOCATED
NODES FOR THE ADDITIONAL AND EXISTING BOREHOLES IN THE

WITZAND PRODUCTION FIELD

Nade Borehole Abstraction {m ':'Iqu}rj
a0z G30972 112573
303 E11;Bl12 2251.46
326 G309a5 112573
327 G30981;B13 2251 44
3129 G30971;89 225146
330 Rl0 1125,73
351 G30964 112573
354 G30969: B1: B2 3 177,19
369 B3; B4 225146
370 B7; B8 2235146
378 B3 112573
379 B& 1 125,73
TOTAL 2] 38887

622 SILWERSTROOGM PRODUCTION FIELD

The maximum potential yield of the Silwersiroom production field is of the
arder of 4,12 x 108 m? per annum (Bredenkamyp and Vandoolasghe, 1982).
According fo these authors, only 5 additional borsholes will be able to main-
tain a yield exceeding 5 litresfsecond. To incorporate this abstraction rate
in the present model, the maximum potential yield was divided equally
among the 5 existing and 5 additional production boreholes, as well as the Sil-
werstroom spring. Their exact locations are given in Table 6.3 and Figure &6.1.
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TABLE 6.3. COORDINATES OF THE 5 EXISTING AND

SILWERSTROOM PRODUCTION FIELD

5 ADDITIONAL PRODUCTION BOREHOLES IN THE

Borehole

G29757
G29794
G30865
G30991
G30999
G32951
G32952
G32954
G32955
G32956

Y {# 0,00 Lo 12

+58 312,00
+ 57 890,00
+ 57 741,00
+57 857,00
+ 57 600,00
+ 58 101,00
+ 57 399,00
+57 233,00
+ 57 691,00

+ 37 558,00

X (+ 3 700 000,00}

+ 16 848,00
+16 253,00
+ 16 972,00
+ 17 146,00
+16 697,00
+ 16 444,00
+ 17 050,00
+ 16 628,00
+ 17 469,00

+ 15 852,00

The exact positions of the additional boreheles could, as in the case of the
Witzand fisld, not be included in the finite element mesh, but were disir-
buted among the fnite element nodes in their immediate vicinity as shown in

Tabie 6.4.
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TABLE 6.4, PROJECTED ABSTRACTION RATES AND ALLOCATED
NODES FOR THE ADDITIONAL AND EXISTING BOREHOLES IN THE
SILWERSTROOM PRODUCTION FIELD

Node Borehole Abstraction rnr3fda_pj
83 (32956 1 040,40
36 G29794; G32951 208080
87 G30999 1 040,40
88 G29757 1 040,40
114 G32954 1 040,40
115 G32952 104040
i16 G30865 1 040,40
F19 Spring 1 040,40
150 G32955 1 040,40
151 G30991 1 040,40

TOTAL 11 444, 40

6.3 NUMERICAL EVALUATION OF THE PROPOSED EXFANSION
SCHEME

6.3.1 GEMNERAL

The evalvation of the proposed production fields is hampered by at least
two factors:

(i)  at what time should the evaluation start, and

{if}  what is the rate of recharge tc the system.
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Since the waler-levels in the aquifer remained almost constant during the
period January 1979 - Japuary 1982 (see Chapter 5), it was decided to use
once again the Tamary 1979 water-devels as initial heads.,

To investigate the effect of recharpe on the system, three simulations were
catried out. In the first simulation recharge was completely neglected.

6§32 SIMULATION WITHOUT RECHARGE

The simulated water-leve]l elevations without recharge after 12, 24 and 36
months, are shown in Figures §,2, 6.3 and 6.4 respectively.

It is evident from these maps that with the exception of the production
fields, the general confipuration of the water-level distribution of the Atlan-
tis aquifer lias not been influenced to a lnrge extent. However, as could be
expected, this behavivur changed drastically near the production fields and
drawdowns of up to 10 metms were observed after 36 months, This is cleariy
illustrated by the cones of depression that formed around the production
flelds, Contour maps depicting the cones of depression after 12, 24 and 36
months, are shown in Figures 6.5, 6.6 and 6.7 respectively. Of particular
interest is the zero drawdown contour line batween the Silwerstroom and
Witzand production fields. If these abstraction rates are io be continued for
a prolonged perod of time, the iwo fields will certainly interfers. The
change in distribution of the zero contour lines to the north of the Silwer
siroom production field, also indicates that water of a lower quality (see
section 4.9} will be drawn from this regicn towards the Silwerstroom pro-
duction field.

{One positive conclusion that can be derived from this simulation, is that al-
though the waterdevels decreased considerably in the immediate vicinity of
the abstraction sites, a positive ground-water gradient is maintained towards
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Figure 6.2.

Simuiated waterdevels in the Atlants aquifer after 12 months
with an absiroction rate of 1182 x 169 m per annum.,
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Figure 6.3,  Simulated water-levels in the Atlantls aquifer af}er 24 months
with an abstraction rate of 11,82 x 10° m per anuum,
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Drawdowns in the Atlantis aquifer after a period of 12
months, resulting from an abstraction rate of 11,82 x 1 o0
per ahnum.
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Figure 6.6. Drawdowns in the Atlantis aquifer after o period of 24
months, resulting from an abstraction rate of 11,82 x 10% m
per annum,
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Figure 6.7. Drawdowns in the Atlantis aquifer after a pericd of 36
months, resulting from an abstraction rate of 11,82 x [ G0
per anaum,
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the sea. The possibility of sea-water intruzion thus does not seem 1o present
any problems. A mope detalled discussion regarding this aspect will be under-
taken in the next chaptes,

633 INFLUENCE OF RECHARGE ON THE PROPOSED ABSTRACTION SCHEME

Recharge can be incofporated into the present numerical model by specifying
the rate of infiltration at each node of the finite element mesh, To obtain
some idea of the recharge to the system, use was made of the calculations des-
cribed in sections 4.7 and 4.8. As shown there, the foial recharge for the
period January 1979 - January 1980 is spproximately 6 772 x 105 m3 or
9,59 per cent of the annual rainfall for 1979, This volume of water was di-
vided equally among the 403 nodes of the finite ¢lement mesh per unit time
and the model ran again for a period of three years with the January 1979
water-levels as initial heads, The waterlevel distribution maps for the 12,
24 and 36 moath pericds are shown in Figures .8 - 6.10 and the drawdowns
in Figures 6,11 - .13 respectively,

When comparing the maps in Fipures 6.8 - 6.10 with those in Figures 6.2 -
6.4, little or no difference is notable. However, there is a substantial dif-
ference in drawdowns between the two simulations, especially in the case
of the zerc drawdown contour. Nevertheless, the problem aress delineated
in the previcus section still axist, The two production fields will still inter-
fere and the size of their cones of depression remains almost unaltersd.

To investigate the effect of recharge, in particular its rate, more thoroughly,

ancther simuiation was carsied out assuming that the aguifer can be recharged
by 30 per cent of the annual rainfall for 1979, Although the figure of 3G per
cent may seem excessive, Bredenkamp and Vandcolaeghe {1982) claimed
that in certain areas of the aquifer the figure may be as high as 35 per cent.
The January 1979 water-levels weare once again used as initial heads. The
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Figure 6.8, Simulated waterfevels in the Atlantls aquifer after g period
of 12 months, with an abstraction rareof 11,82 x 106 m3 and
a recharge rate of 6,772 x 10¥ m”? per annum.
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24 months, with an abstraction rare of 11,82 x 1 09 m3 and o
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Figure 6.10. Sirmulared water-fevely in the Atiantis aquifer after a period of
36 months, with an abstraction rate of 11,82 x I8 6 o and g

recharee rate of 6,772 % 1 0% m3 per arnum.
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Figure .11, Drawdowng in the Atlanris aquifer after a period of 12
months, due to an abstraction rate of 11,82 x 10% w7 and an
infiltration rate of 6,772 x 1 0% m? per aniunm.
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Figure 6.12. Drawdowns in the Atlantls aguifer after a period of 24
moths, due o an absirection rate of 11,82 x 1{?‘5 i and an
infiltration rate of 6,772 x 1 0f m3 per annum,
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Figure 6,13, Drawdowns in the Atlantis aquifer after a period of 36
months, due to an abstraction rare of 11,82 x 198 e and an
infileration rate of 6,772 x 1 ] m? per anmim,
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resulting drawdown cones after 12, 24 and 36 months are shown in Figures
6.14, 6,15 and 6.16 respectively.

As shown by a comparison of Figures 6.1 and 4. 14, there is not much dif-
ference between the canfiguration of the cones of depression for the [2
month pericds. The only real difference oceurs in the Silwersiroom sarea
where the drawdown of 4 metres, observed in Figure 6.11, i3 now absent.
The Silwerstroom erea can thus be regarded as the most susceptible to re-
charge,

After 24 months the influence of the 30 per cent rechargs can alse be seen
in the Witzand area where the biggest drawdowns observed are & metres
(Fipure 6.15), compared to drawdowns of 8 metres observed in the previous
simufation (Figure 6.12). The general form of the wsater-level contours is
again nat much altered. This also applies to the contours of the 36 month
pericd {Figure 6.16), The higher recharge rate did not prevent the two
production fields from interfering with each ather,

6.4 CONCLUSION

The main conclusion to be reached from the simulations in section 6.3 is
that the proposed additicnal abstraction of large volumes of pround water
from the Silwerstroom and Witzand arzas will tend to dewater the lower
part of the Atlantis aquifer. Such a dewatering may have serious consequen-
ces for the Atlantis aquifer as 2 future reservoir of water. This is manifested
not only in the interference, but perhaps more important is the effect that
the dewatering may exercise on the pround-water gradient towards the sea,
Reversing this pradient will have prave consequences, particularly in the
Silwerstroom area, which as shown in section 4.8, is the most probable area
where sea-water intrusion can occur,
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Figure 6.14. Drawdowns in the Atlantls aguifer ajfter a period of 12
matths, due ro an abstraction rate of 11,82 x | ﬂﬁ m? and an
infiitration rate of 21,185 x Jﬂﬁ m3 per atnum,
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Figure 6.15. Drowdowrns in the Atantis aguifer after a period of 24
mornths, due to an abstraction rate of 11,82 x 1% m” and an
infiltration rate of 21 185 x 100 m3 per annum,
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Figure 6,16. Drawdowns in the Atlantis aquifer after a period of 33
months, due to an abstraction rate of 11,82 x 10° m” and an
infiltration rate of 21,785 x 106 w3 per aunm,
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To prevent intrusion of sea-waier in the Silwerstroom area, one of two ap-
proaches or @ combination of both can be used, The first is to establish new
production fields awﬁy and more inland from both the Silwerstroom and Wit-
zand fields. The other is to conduct a detailed study of infiltration in the
area with particular emphasis on the possibility of recharging the aquifer by
injecting partially purified sewage water along the coast-line,
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CHAFTER 7

MODELLING SEA-WATER INTRUSION

7.1 GENERAL

The phenomenon of sea-water intrusion, zlthough widely studied in coun-
tries abroad, has until recently, not received much attention in South Africa.
This can be ascribed to the fact that until the mid 1970%, exploitation of
eoastal aquifers in South Africa was limited to local absiraction of relative
small quantities of ground water from individual boreholes. It was only in
the second half of 1970 that the importance of coastal aquifers such as the
Cape Flats aquifer and the Atlantis equifer came to light.

If the assumptions in section 4.8 are correct, the only area of significance
where sea-water intrusion may be a problem in the Atlantis aquifer, isin the
vicinity of the Silwerstroom spring (see Figure 4.20). The discussion to
follow will consequently be restricted to this particular area,

There are two methods that can be utilized to siudy the possible intrusion of
sea-waler:

{(2) the analytical methed and
{b) the numerical method.

The phenomenon of sea-water intrusion is so complicaied (Bear, 1970)
that a number of simplifying assumptions have te be made in order to derive
an analytical approximation. Two of the more serious of these are:

(i) that the ground water at the seaffresh water interface boun-
dary is at a constani potential, contrary to the fact that it is
agtually a dynamic system, and
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(ii) that there exists an abrupt interfoce between the sea- and fresh
water, while in reality there always exists a transition zone of
varying density, separaiing the twg zones.

As these assumptions exclude some of the most important physical features
of the real system, it was decided to opt for the numerical approach (o ana-
lyse the possibility of sea-watar intruston in the Atlantis aquifer.

1.2 NUMERICAL SIMULATION OF SEA-WATER INTRUSION

In view of the complexity of the phenomenon and the lack of suitable data,
it was decided to resttict the present investigation to a two-dimensional
vertical model, based on the altemating dirgction collocation approximation
{ADC} proposed by Botha and Celia {198!). The computer code was de-
veloped by Michael Celia from Princeton University during a short tenure
at the Institute for Ground-water Studies in 1982. A complete description
of the model can be found in Celia (1984) and, except for a brief summary,
will ot be repeated here,

The basis of the model is {Celia, 1984; Bear, 1979) the equation of mass
conservation which can be expressed in the case of the fluid as

Di(en) + Tefepy) = O (7.1)
q =€y = -Kfu(¥p - pg) (7.2)
and for the solute {salt) as

Dyec) + §-(scy) - ToJ =0 (7.3)
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void fractlon (L3/L3)

fluid density (m/L3)

finid (pore) velocity (LfT)
coneentration of salt (myL3)
diffusive/dispersive flux vector (m/L2T)
intrinsic permeability {ensor {Ll}
dynamic viscosity (mfLT)

fiuid pressure (m/LT%)

acceleration due to gravity (L/T 2}
Darcy velocity (specific discharge) (L{T}

By augmenting these equations with appropriate constitutive equations of

state such as

p=p{c) = pg + ac {7.4)
and

I, =eD+*%e¢ (7.5)

where
Pg = density of zero concentration
a = constant
D = hydrodynamic dispersion tensor

the final equations utilized in the numerical model can be obtained. They

ars
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pSgp PP + €D pDye - e[ p (kfu)«(2p -pp)1 = O (7.6)
Dhe + Fofey)- 2-Pe¥c =0 (7.7
P=pp + ac (1.8}

Equations (7.6) - (7.8) are solvable only when proper initial and boundary
conditions are also given. For initial conditions the initial state of the physi-
cal system is used. The only restriction placed on the initial conditions is
that they must, in fact, be solutions to the governing equations.

Typical boundary conditions are shown in Figure 7.1. The following should
be noted.

(i) The conditions of no flow across the confining layers are time-
varying boundary conditions in that p = a{c) = p {cf{t}). Thus
the conditions raust be updated as the solut{cn proceeds.

(i} At the opening to the saa, it is assumed that the dispersion in
the porous medium is much greater than the diffusion in the
sea, implying that Dye = 0. This follows from equating mass
fluxes on either side of the boundary (Botha and Celia, 1981).

(ili) For water<iable conditions, no provision |3 made to accommo-
date a moving boundary, nor for any buf the simplest approxi-
mation {Dy,p = - pp} to the non-linear boundary conditions. A
constant {in time) pressure could also be input at this boundary.
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7.3 APPLICATION OF THE MODEL

A difficnlty frequently encountersd in using a two-dimensional vertical mo-
del, is the incorporation of production boreholes (Celia, 1984). It was,
therefore, decided to try to avoid the necessity of implementing a production
borehole by locating & peint in the aquifer between the Silwerstroom pro-
duction field and the ¢oastdine, where the pressure of the ground-water sys-
tem is relatively stable, regardless of the abstraction of ground water from
the Silwerstroom praduction fiekd. As no evidence could be found in the
data available that the abstraction of water from the Silwerstroom produc-
tion field adversely influenced the flow of the Siwerstrpom spring, it was
decided to select the spring as landward boundary for the profile to be mo-
delled, This has the further advantage that one can use a constant head boun-
dary condition at the Silwerstroom spring. The seaward boundary selected,
ponsisted of 2 point 1 000 metres from the coastline, on the line from the
spring that intersects the coastline perpendicularly. The location of this
profile line is shown in Figure 7.2,

The main reason for continuing the profile line 1 000 metres into the sea,
i mainly for computational reasons. The high ground-water pradients pre-
valsnt in the area, may lead to gomputational complexity if the seaward
boundary is chosen tog close to the coast-line.

Another limitation of the present numerical model is the fact that a constant
aquifer thickness has to be specified along the entire profile line. This posed
a problem in that the aquifer thickness in the vicinity of the Silwerstroom
spring is believed to be 18 meives, while only 5 metres at the coast-line.
However, it is known (Van Tonder and Botha, 1983} that the danger of sea-
water intrusion is proportional to the thickness of the aquifer, The assump-
tion of a thickness of 18 metres (the maximum thickness to be encountered
in this part of the aquifer} will thus ersure an over-estimate for the distance

of intrusion.
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Figure 7.2, Location of profile line AEB along which the behaviour of the
freshisea interface is to be modelled,
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The [inal finite clement mesh constructed along the profile line AB, as well
as the boundary and initial comditions specified, are shown in Figure 7.3.
Since the present position of the seaffresh water interface is not kmown,
it was decided to represent this a5 a vertical line on the coast. Although
this approach may not be quite cormrect, it is not expected to have any serious
effects on the final results, unless the interface already lies inland, This,
however, does not seem to be the case in this instance.

The rest of the parameters used in the model, for example the ground-water
gradient and the hydraulic parameters, were chosen so as to agree with thass
obtained from the calibrated horizental flow model {section 5.4) and those
used in the calculations of the fresh waier flux to the sea (section 4.8).

7.4  SEA-WATER INTRUSION SIMULATIONS

Three simulations were carried out to investipate the phenomenon of sea-
water intrusion in the Atlantis aquifer. In the first simulation the emphasis
was more to get a feeling for the behaviour of the system, rather than to sge
how it woeuld behave under various stresses. This simulation was consequent-
ly conducted with the water-levels observed for January 1979 as initial con-
ditions. The fact that the Silwerstroom spring is still [lowing, indicates that
there exists a positive head at the spring. A combination of this information
with that obtained from the horizontal flow model and the known topo-
graphical elevation of the spring, indicates that there should exist a constant
head value of 13 metres near the spring. This value was consequently used
as boundary value on the landward side of the cross section. On the sea-
ward side a value of zero metres at the coast was used and extrapolated
linearly seawards.

Since no information is available on the present position of the seaffresh
water interface, it was decided io use an inijtiaf salt distribution with 2 sharp

interface at the coast, i.e. fresh water landwards and salt water seawards.
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The second simulation was cartied out to see what effect the increased pro-
posed pumping rates may have on the contamination of the aquifer by sea-
water, The same initial and boundary conditions &g in the first simulation
were consequently used, except that the constant head at the spring was {once

again in agreement with the horzontal model) now assumed to be only
10 metres.

‘The third and final simulation was carried out just to show what can happen
if the water-level at the Silwerstroom spring is lowered to sea-level.

7.5 DISCUSSION OF THE RESULTS

The phenomenon of seawater intrusion in a coastal aquifer can best be
illustrated by the movement of the various isochlors, i.e. lines of constant
salt concentration expressed in such a way that an isochlor of 1 corresponds
with sea-water, taken here as water with a total dissolved salt concentration
of 35 000 megfl. In principle, it is thus possible to find isochlors ranging be-
tween O (fresh water) and 1 in such an aquifer. However, {or practical rea-
sons attention is usually paid only to isochlors ranging between 0,01 and
0,9, This procedurs will also be followed in the discussion to follow.

The movement of the 0,01; 0,02; 0,1; 0,25; 0,5; 0,75 and 0,9 isochlors ob-
served for simulation 1 over a two-year period at 90 day intervals, is shown
prephically in Figures 7.4 - 7.10, It is quite clear that the generyal behaviour
of all the isccllors is more or less the same, There is a rapid movement
seawards during the first 90 days, after which they stabilized. This rapid
movement during the first 80 days must, however, be ascribed to the initial
values used for concentration and not as a physical reaity. What is imper-
tant, is that the isochlors stabilized. This indicates that sea-water intrusion
does not present a serious problem as long as the conditions assumed iIn the
maodel prevail.
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A very important feature of sea-water intrusion {s the transition or diffusion
zone that exists beiween the fresh- and sea-water. Although the fresh/salt
interface is specified as a vertical sharp interface at the coast-line in the inj-
tial conditions supplied to the model, the diffusion zone is quickly established
by the model. The physical dimensions of this transition zone, taken as the
distance between the 0,02 and III,? isochlors after 90, 350 and 720 days, is
shown in Figures 7.11 - 7.13. From these figures {t i5 evident that the diffu-
sion zone. has stabilized at a width of 50 metres to the seaward side of the
coast-line, This further strengthens the beliel that sea-water intrusion will
not be a problem, given the physical circumstances as used in the model

The results for the second simulation are shown graphically in Figures 7.14 -
7.19. It is evident that although the general hehaviour of the system is iden-
tical to that of the previous simulation, the isochlors lie slightly closer to the
coast-line. This, however, is to be expected, due to the fact that the driving
force of the fresh water has been reduced by the lowering of the head at the
Silwerstroom spring.

As the total width of the tgansition zone is still approximately 50 metres
{see Figures 7.17 - 7.19), it can be concluded that the projected increased
pumping rates will not affect the problem of sea-water intrusion into the
Atlantis aquifer adversely.

The third and last simulation was included mainly to show what effect ex-
treme conditions of dewatering may have on the system. This is purely a
theoretical exercise, but the results are rather spectacular. As can be seen
frora Figures 7.20 - 7.22, the isochlors move rapidly inland. Moreaver,
thers is no indication of any stabilization in their respective positions, even
after 720 days, which indicates that the intrusion process is still taking placs.
This is quite discomforting if one notices that the 0,01 isochlor already
lies 167 metyes inland after 720 days (compared to the distance of 500 me-
tres that the spring is from the coast - see Figurs 7.20),
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The physical dimensions of the transition zone for 80, 360 and 720 days
are shown in Figures 7,23 - 7.25, It is interssting to note that the diffusion
zone has already épread &0 metres during the first 0 days and reaches a
total width of 174 metres after 720 days. There will be grave consequences
if this happens.

7.6 CONCLUSIONS

Although the results of the present model indicate that sea-water intrusion
does not present a serious hazard for the time being, the results cannot be
taken as conclusive, In fact, as shown by the results of the third simulation,
a situation of sea-water contamination cannot be ruled out completely. A
much more detailed field investigation of the arza will have to be carried
out before definite answers can be given. In such an investization attention
should in particular be given to:

(i) A detaiied stedy of the permeabiity of the Malmesburg For-
mation af the ¢oast and thus the actual thackness of the water
bearing strata in the region,

(i) The hydraulic conduciivity and storativity of the area befween
the coast and the spring.

{iii) Any possible influence that withdrawal of water may have on
the spring flow. {The present data indicates that this ig negli-
gible, but the question remains as to what the effect of an in-

creased pumping rate will be).

{iv} An indication of the preszsnt position of the freshfsalt interface,
if possible,
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SUMMARY

The main scope of this investigation is to construct a numerical mode] des-
cribing the physical state of the Atlantis aquifer, using existing information.
Although the modelling of ground-water systems in South Aftica has been
undertaken in the past, it is the [irst time that a coastal aquifer in the Repu-
blic was medelied, using a model based on physical principles.

By uiilizing the availabie information and powerful mathematical techni-
gues, a3 good flow model for the aguifer was constructed. By using this
mode!, it was possible to predict the behaviour of the aguifer with some
success. However, there still exist significant deficiencies in the data, which
should be eliminated as [ar as possible, before an attempt is made to con-
struct 2 more refined model.

One significant deduction that followed from the preseni study, is thai the
proposed expansion of the Silwerstroom and Witzand production felds will
dewater the Jower part of the Atlantis aquifer. If this proposed expansion
is actually implemented, it will be necessary to take all reasonable precau-
tions, including artificial recharge, to prévent a too large drawdown in this
area.

Anothsr very impottant aspect when if comes to ccoastal aquifers, is the pro-
blem of sea-water intrusion. This problem was studied by utilizing a nume-
rical model, describing density-dependent transport in porous media. Al-
though very little information regarding the physical and hydraulic pare-
meters of the profile to be modelled was available, it could nevertheless be
shown that piven the assumed physical and hydraulic conditions, sea-water
intrusion does not, at present, pose a hazard to the aquifer.




