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PREFACE

The study described in this report was carried out as a
part of the course requirements for a Master's degree in Hydrology and
Jater Resources Er;gineering° The course was sponsered by the Ui1.z3CO
and conducted at the University of Moratuwa, Sri Lanka. The course
coordinator was Prof. V.C. Kulaindaswamy, UisSCO advisor to the
dept., of Ciwvil Engineering. Prof. Kulaindaswamy assisted by a few
visiting lecturers haandled the entire teaching work in the course.
The auther completed the examination requirements for the Master's
degree oy January 1931 but could not start on a research project
for some time as there was no supervisor to guide him at the time.
hen Dr. D.C.H. Senarath came back to the department after his

sebbatical leave in March 1981 he kindly agreed to supervise
this study.

After a few months of works in data collection,debugging
ot computer prggram etcl, vthe'lauther'had 'to'suspend-hicworic due to
tne break down'ef /the Univérsity computer systems '‘seébsequently
the computationm-work was'comgleted'while the auther was studying
at the International Institute for Hydraulic and Environmental
dngineering (I.H.E.) Delft, the Netherlands.

In the study no attempt has been made on the development
of mathematical aspect of the model. All the emphasis was placed
on studying the behaviour of the aguifer with different sets of
data which were compiled on the basis of available records as

well as on a number of assumptions.

The historical data available was not long enough even
for proper calibration of the model., Therefore the verification of

the modei could not be attempted.
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SUMMARY

Modelling of a limestone aquifer in the north west of
sv1 Lenka is attemptedo The Vanathavillu basin situated 1¢ kmo north
of Puttalam, covering an area of approximately o0 sq.km. has been
gtudied nsing a mathematical model based on an implicit Iinite
difterence scheme, The study area situated in the dry zone of Sri
Lanka, recieves a seasonal rainfall of about 900 mm/year, the most

oY which falls during the months of October to December.

In the Vanathavillu basin there are essentially two
water bearing formations:

= the miocene sedimentary strata.

= the quarternary deposits which overlie the miocene strata.

{ referred as Moongil Aru formation)

toongil Aru formation consists of a series of clays
and silts which partly confines the miocene formation. ‘the piezo-
netric levelgiin the 'miocene aquifer- is" lover-than“the“ phreatic surface
by up to 30O\sin/the central partsof the region. In the north
the piezometrié levels’ are slightly higher than the phreatic surface,
‘the two water bearing formations are interdependunt 2s leukage takes
place in and out of the miocene format;.on° I'he model was developed
only for the miocene formation and the water table elevations in

the Moongil Aru formation assumed constant,

The miocene formation is bounded in the east oy
basement rock outcrops which are relatively impermeable. To the west
a fault exists which runs along the coast line. This fault restricts the
flow in westerly direction. It is believed that two minor faults exists
along two drainage paths of Kala Oya and Moongil.Aru. The piezometric
levels in the north suggest that the aquifer discharges into Kala Oya which
could be treated as a constant head boundary. In the south the flow

direction is entirely towards north,

The area has been studied by the Irrigation Dept. and the
Ylater Resources Board of Sri Lanka. On the basis of these investig-
ations aquifer parameters, recharge and abstraction from the limestone

aquifer have been estimated. Development plans have been prepared
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or the basis of these estimates. The purpose of the-present moocl nzvont-
LRAGIOD A TO ANvsess the veliapnility of these estimutes wnu als0 to rrovide a
tool for planning future development and management of tiils valuble

water resource .o

A number of model runs with different sets of data
represnting aquifer parameters, boundaries and flows were.rauc. e
rasults were compared with an available two year record. of piezome-
tric levels in the limestone aquifer. Computations were made with

one Jlayer.model as well as with a simple two layer model.

A single . . layer model with constant inflows or
& simple two layer model with water table elevation treated as a
constant adequately describe the behaviour of the aquifer under the
present level of abstraction, But the behaviour of the aguifer with
highly increased abstraction can only be modegled adecuately by a

two layer model. representing.both-unconfined and. semiconfined aquifers
together,
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CHAPTER ONE: INTRODUCTION

1.1

Location

Ground water development in the Vanathavillu area has
peen studied by several organisations for more than fifteen years.
This area in the North West part of Sri Lanka is situated 18km,
Nérth of Puttalam. The area covers about 80 sq.km. in extent
and is bounded by Kala Oya a perennial stream in the North,Puttalam
lagoon in the West, the basement rock outcropping in the East andpy
a small intermittent . stream Moongil Aru to the South. (see
location map Fig.1.1)

1.2 Topography

The study area is low lying with elevations close to
sea level in the South West and North to about 55m above m.s.l. in
the FEastlyy The|[North West corden-of,the Yrojectlarea has an elevation
of more‘ﬁﬁan 65m above) M 5:lsc~This [feature iisrdue to a major
geologicad  faulty as|d nesult the Miocene limestone outcrops on the
surface from where it is been quarried for manufacturing cemento .
(see fig. 1.2)

Geolosz.

The pre cambrian crystalline complex which outcrops in
the Eastern boundary slopes Westerly with dips of 10 deg to 20 deg
West. This ...formation is reached at depths 250m to 300m below
surface near the cpast. The sedimentary sequence of Jurasic sand-
stone, Miocene limestone and quarternary unconsolidated sediments
are laid down over the basement crystalline rock in a wedge form.
These sediments become thiner towards the East and disappears near

the boundary of the study area,

The geometry of the limestone formation is complicated
by the presence of a series of faults along the coast line in the
North “est. There the miocene denosits could be found from the
surface to a depth of about 50m below mean sea level. Boreholes (¢jggue
4o the DNorth boundary reveal a relatively minor fault running

parallel to Kala Oyao



These features are indicated in geological sections along East

West and North South directions. (see Fig.1.3 and 1.4)

1.4 Water bearing formations

5

The more recent quarternary deposits @verlying limestone
vary in thickness from 10m to 70m. These deposits consist of marine
slays, silts, sands and ferrogenous gravels and of hetrogeneous nature.
+AYEe aumber of shallow dug wells tap water from this formation which
v.6 referred to as Moongil Aru formation in the related litereture. pe
teombined thickness of the limestone formation which underlies the
Yoongil Aru formation is 20m in the east and 70m in the west. The
limestone layer is partly confined by series of clays and silts thus
soparating the waier table aquifer from the underlying yimestone- aquifer-
There is leakage taking place from - water: table aquiter -to the aquifepr
aelow.

1.5 Hydrological systems

The rainfall-which is the only form of precipitation in
the regign/is around 900m per year, the greater part of it falls
during the months November to January due to North fast monsoons.
During the other months of .the ygor the rainfall is neglegible. It
is assumed that rain recharges the water table aquifer and leakage
takes place from water table aquifer to the limestone aquifer below.
This assumption was made due to delayed rise in piezometric head in

the limestone aquifer following rainfall.(see Fig. 1.5,

In the water table aguifer the outflow is mainly to the

lagoon and to Kala Oya in the North as seen from the water table
contours. (Fig, 1.7) Abstractions from this aquifer are neglegible

as water is tapped only from shallow dug wells., Water is also lost

hy evaporation from places where the water tible antercents . tne ground
surface. It is believed that water leaks from this water table
aguifer to the underlying limestone aquifer, but the extent of this
leakage is not established .withany denree of accuracy due to non-
availability of sufficient data. The amount of leakage taking from

upper to lower aquifer is one of the problems to be analysed :using
Che present model.



The lower aquifer consisting mainly of miocene limestone and
jurassic

'

- sandstaone deposits carry water under pressure. This
pressure is sufficient to take water upto the ground level in Northern
and Western Soundaries but at the centre of the area the piezometric
level is more éhan 30m below ground level, whereas the wcter table at
the same place is only about 5m below ground level. This large head
difference in the two aquifers casts doubts about any significant

leakage place from upper to lower aquifer.

The piezometric consours (fig. 1.6) indicate the flow
direction as North and North-West. Vlater is assumed to discharge to
<he lagoon and to KalaOya although the limestone formation is not in
contact with any of them. The-Eas+ern boundary of the acuifer can be
caken as the basement outcrop, but the- other bounduries are not well
derined. Modelling of the regional ground water flow has become a
aecessity in order to understand {pe ground water system incliuding

its recharge)outflow and boundarie s,

The need flor model limis

As outlined above the ground water system in the Vanathavillu
area is very complicated consisting. of inter dependent aquifer systems,
The entire livelihood of the inhabitants of this arca devends on the
availability of ground water as there is no other source of water, More
over, the state land is alienated among . g, maps With the hope that
ground water does exist for their use. Since the-e is a possibility
in large scale exploitation of ground water an overall plan is

necessary for its development; hence the system has to be studied
completely,

+

Due to inter-dependance of wzter table aquifer and the
lower limestone aquifer a mathematical model can be a useful-tnol.
to study the total system as a whole. No classical methods of analysis
exists for this type of problems. A mathematical model can be used to
understand the flow mechanism, in the aquifer. Inflows and outflows,
aguifer parameters and the controlling boundary conditions can be
varrieq in the model 4o study the system in detail. Once a model is

set up and calibrated it can be used as a mznagement tool. Further,

the steep drawdown observed around the only large scale abstraction

point at the cement corporation quarry casts doubts about the magnitude
of recharge into the , limestone aguifer.

s
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A mathematical model involves the description of flow
pattern by a set of mathematical equation. These eruations are solved
at a . finite number of points representing the aguifer. The
suiution of these ecuations requires initial and boundary conditionso.The
cemplex flow phenomena are  reprasented by simole vound ry and

initial conditions amenable o mathematical “ormulation.

The model to be developed is aimed primarily at
astablishing the boundaries ard the recliarge of the acuifer. Thr
emphasis will be mainly placed upon the limestone aquifer, and the
woLer table aguifer will be considered only so far as it effects

the lower aquifer.

The history of investigation

Systematic investigation of the Vanathavi!lu ground water
basin was_initiated in 1967 by the Irrigation department of Sri Lanka
which Wag, responsible " for all the water resources development at
that tim@&They were,K assisted by a team of exper.s from Israel.
Subsequently the investigation work became the responsibility of the
Hater Resources Board of Sri Lanl'a which started & frésh investigation
with the assistance of Overseas Development .gency of United Kingdom
in 1978, From 1957 to 1978 very small attention was paid t0 ipa uprea
and most of the useful work carried out by the Irrkgation Depsrtment
was lost as no records were maintained about abstraction rates or

any other hydrologi€al events.

The scope of the study

In this. report the author will restrict himself to present
a very approximate mathematical model to simulate the ground water
behaviour in the area which will provide the gpound work for any
future detail studies. This limitation was necessitated for two
reasons : firstly the nature of the data aveilable is not adequate
to formulate a comprehensive model, secondly t .i: is one of the first
of this kind of work to be carried out in Sri Lanka and the basic
facilities such as high speed computers are not easily available

7o this purpose.
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The progress of this work was interrupted on a number of occasions due
20 breakdown of the University computer sy.tem. However, the author
firmly believes that with the facilities geared to this kind of .work
and with the.aquisition of the necessary expertise, a more comprehen-
sive model c-uld be developed, on the basis of the present work,

which will help future ground water resource investigation in S»i Lanka.

The source of data

ALY the data used for analysis has been taken “rom the Jater

Resources Bo.rd of Sri Banka both publiched and unnublished.
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Fig. 1.8 Typical borehole log in the Vanathavillu aquifer
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CHAPTER TWO: USE OF MATHEMALICSL MODELS O INVSSTIG..rs GROUNG i..Tux
SISIEMS.

2.1 General

The use of mathematical models to study ground water flow
systems is now widely accepted ﬁ;thod for its simplicity, low cost and
reliability. Mathematical models have been successfully used in the
early sixties to study ground water flow problems in California
coastal plain (Tyson and Webber 1953) and Varmin plain of Iran
{De Rider 1968). Both the above authers uséd an arithlmetical amd

slgebriac relations along with non mathematical loirical processes.

A more comprehensive method involving descretisation based
on finite difference approximations was developed by Rushton (1974).
The method has the advantage that it c-n be applied to analyse a
single well and other places where large drowdowns take place in

addition $6 analysing.regionély greund;waténilowd

designated as a system. System simulation is the process of ¢ §i-'”ﬁrvv -
gning a model of a. - real system and conducting experiments withjr
this model for the purpose of understanding the behavdour of the Y
system or egaluating of various strategies for operating the system.
Simulation of a complex system essentially recuires the use of a

digital, or under.certain conditions an analogue computer,

Darcy's, Law in combination with mass equation leads to
a model of ground water flow. In Dracy's Law the complex phenomenon
of flow of water through a porous medium is\represented such that
one can compute average velocities from which the rate of flow may
be estimated, Darcy's law does not give the actual velocity of the
liquid through the poreso




2.2 Types of models msed in Hydrologic . systems

2.3

A Hydrologic system ¢ n be defined as a set of
oaysical, chemical and/or hiological expressions which act upon
<pout variables, In this definition a variable is understood to
n¢ 2 characteristic of a system which may be measured and which
assumes difterent values when measured at different times. A
parvameter means a proPerty of the system under investigation waich
ig constant with time. For exsmple the transmissivity of an aquifer
is a parameter while the recharge may be a dependant variableo
Modelling of a Hydrologic system méans the study of the behaviour
of variables resulting from the above mentioned processess acting
upon input variables for different sets of pa-ameters which are

introduced to describe the above process.

Different types of models are available in the study

of hydrological phenomena.

1. Physical .scale models

2. Analogue models

3 - Mathematical models,

~

Physical scale models

Using physical scale models the real world situation is
scaled down to workableproportions simulating the actual situation,
The scale models are suitable for studying local phenomena in detail
but require sophisticated measuring equipments and hence the cost is
very high and time consuming. Further more due to scale effects
fhe interpretation‘'of some of the results must be handled with care.
¥For studying hydrogeological phenomena this type of models jig
seldom used,

Analogue methods

This catagory of models is very often used in studying
ground water flow phenomena., Here the conductivity, rate of flow and

fydraulic head are represented by an electrical

rceslstance, current and a voltage respectively based on the Uiuis Law.
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Thuss
VvV = R.X
Where,
V = brop in voltage representing change in the

nydrauitic head.

R = Resistance representing the reciprocal of
hydraulic conductivity.
I = Ampereage representing the rate of flow,

The storage is introduced by means of capacitors. 4#s
the design, implementation, calibration and operation involved are
rather time consuming and need an expertise in Electronic angi:ecriny
these models have a value only as a demonstrating tool but are of
little practical utilitys.

Another type of electrical anulogue model used in ground
water flow s the construction of equipotential lines on a conducting
paper having the shape of the porous body. This is possible due to
mathematidal similarity of voltage and electric-l current to hydraulic

Bhead and flow rate respectigely. The seepage through
earth dams can easily be computed by this method. The disadvantage

is that only steady flow problems can be analysed using this procedure,

2.5 Mathematical models (Analytical)

The principles: of mass : ¢ nservation and Darcy's law have
been used to obtain solutions to ground woter flow problems.
However, the partial differential equations derived for sround
water flow problems can only be solved analytical.y tor very
simple c.ses of steady flow phenomena. Vhen dealing with either
vime dependent problems or with complicated geometry these
aguations cannot be solved analytically. To overcome this

difficulty various types of numerical tehcniquew are 'usede
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2.6 Mathematic 1 models .(Numerical)

‘These methods are extremely useful in one two and three
_dimensional ‘modelling with varying hydrological parameters and
boundary conditions. Specially they become advantageouS in studying

¢ime dependent phenomena, The main disadv-ntuges are:
1. The solution is only defined at descrete points in time and space.

2. ©he solution is an approximate one depending on the assumptions

regarding hydrological and geometric parameters.

3. The accuracy depend on the size of the mumerical grid

chosen for computations.

Hith the availability of micro computers these methods

have become extremely popular.

= The nunerical methods used, in studying . gronnd water flow

probleém@ian be |classifiedlintoc three; tyvesd

1. Finitesgifferénte. metidos!based on Cartesian or polar
co-ordinate systen.

2. Finite element methods.

3. Polygon based difference methods.

Although apparently different in ap wroach the basic
concept is the solution of a set of partial differential equations
pased on Darcy'’s law and continuity principle at ore determined

descrete points in space and time,

Each of the above methods leads to comparavle results,
the main difference being the covering of boundaries. The choice
of which method is best is mainly determined by the availability
or the understanding of the basic concepts on whach the computer

D)

program is bascde




2,7 Finite Difference Methods

The basis of the finite difference methods is that the

oartial derivatives of a variable with respect to x and y in two

- dimensional problem can be written ase
ah  _ h(x +8x) - h(x) | ‘dn _ hiy +Ay) - h{y)
@ -— OO e e e e e e me e e - ’ —— _ s e ep e e e e W G W Sy S
ax Ax dy Ay

¥or this purpose the area considered is covered by a

rectangutar grid with mesh size Ax and Ay. &t each grid point or

R node hydrogeological parameters like transmissivity and storage
coefficient. are specified together with external flows like recharge
abstraction ete. Approximating the governing basic equations by
finite differences the hydraulic head at each grid point can be
calculated, Othe finite difference methods describe the parameter

. heads and other parameters in the centre of the mesh the so

called cells,

. This(meéthod will be described in more.detail in the next
chapter,
2.3 Finite Element Methods A

These methods are based on the principle that for any
geometrical. shape of elements an interpolation function can be
found which within the element expresses the unknown hydraulic
head in terms of hydraulic heads at corner points. The considered
region is sub=divided into a number of elements, for example the
most widely used triangular shaped elements. With these elements
the often irregular shaped boundary and varying conditions within
the area can be fitted quite easily, while triangles nave simple
wnterpolating functions. Within each element the hydrogeological

. parameters are specified average over the elements and assumed
constante
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geloNce
600 8d Bemes, § €rxd
2.9 Polygon method ©1600.

This method is based on the mass conservation law which
is applied fdf each polygon shaped element of the considercd
regioni. VWithin the region and along the boundaries a number of
nodal points are selected which can be considered representative
for that part of the region. The nodes are located such, that
their inter comnections form triangles with acute anples,
Avound each node animpact area is constructed by drawing
perpendicular bisectors of the sides of the triangles, quite

similar to the well known .Thiessen -@pproach.

Similar to finite element methods the hydraulic head
is defined at the nodes. For each internal node a mass balance
is formulated related to the area of that node. This result in
a set of linear independant equations which can be solved.

(ref Spadis 198L)gither(y o¥y\évandard)procetunels)for solving
a set offgzequations on1by| hiterative ) procédimess The latter

ones use #ess computen|storege but generally take more computer

time.

- 49258



CHAPTER THREE : FORMULATION OF THE FINITE DIF#ERENCE SCHLIG

3.1 Basie cancepts.

Any ground water flow problem is solved by two basic
principles, namely that of conservation of mass and that of

conservation of. momentum iR the form of Darcy's law.
Darcy's law.

Even though the flow in an aquifer takes place through
pores, fissures or solution channels it is assumed that the
overall effect can be described by Darcy's law. The law only

holds for low velocities. In general gpround water velocities are
low, but in the vicinity of wells the velocities may be too hizh

so that Darcy’s law may not hold exactly.

-I'his law_can . be written.as

[l S S e 10 3e1

Were,
k = permeability of the aquifer (m/s)
hydraulic gradient (m/m)

ot
]

q = the specific discharge (m/s)

Note that the specific discharge has the dimensions of
velocity, but does mot really represent the velocity of water
through the porous medium., The specific discharge is defined as

tne quantity of flow through a unit areao

The hydraulic gradient i is defined as,

csscanse 3.2

where,

“dh is the difference of head ovar a distance

“ds along the flow path.
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3,2 Governing equations

The equations governing ground water flow can be derived

by considering an element in three dimensional Cartesian SPace.

-

and q respectively in x, y, and z directions. (see fig. 3.1).

Let specific discharge at the centre of the element ye

The net flux outflow from the element across the plane y,z, is

2

dx dy dz,
a).C .

Considering the other two planes as well, the total
flux flowing out through %the element is

i T S
{g; “+ E;?‘ + EZ :[ dx dy d=

This should be equal to the rate of change of storage
within the element.

dar a fullysaturated confined or semi-confined aquifer
the foldewing derivation may be adopted.

When the pressure is released from the aquifer due to
Lowering of head a certain quantity of water will be released
from storage due to compressibility of porous medium and of water.
The volume thus released from storage per unit decrease of head

defined as the specific storage coefficient Sc is aceordingly
represented as,

(o} ) 'V' ;dl‘l 3.2

The rate at which water is taken into storage is

i b
given by, dh
(dx dy dz ) S —
dt
This is equal to the rate of outfiow from the element.,
Therefore,
égx + agy + ggz = S '§§ 2.3
ax dy dz ¢ At
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Incorporating Darcy's 1aw,

a dn d ( ) dh

2 e k ey bida k - - = S - 33}_}
Ax "ax> ay(yay) dz at

3.3 Idealisation of regional ground water flow,

A common assumption for regional grouid water flow
problems is that the vertical flow component is sufficiently
small compared with other components so that it can be neglected.

Also it is assumed that flow is entirely in the horizontal direction.

: Ak _dh)
Therefore remOV1ng the term — _g- znd multiplying the equation
8z -

pi saturated thigknesé—of the aquifer m, we get,

a7 @&y ag an &h ]
"(Tx w> + & -=~<Ty =-> Hy R § S 365
dx dx d dat

i}

y/ Hg
where,
Q = External flow (m/day)
T, = Trensmissivity in x direction (mz/day)
Ty = Transmissivity in y direction(ma/day)
S = mSc = Storage coefficient

3.4 Finite difference equations.

There are various finite difference approximations
that can be used for the solution of equation‘BOS° Each of these
method differs in conditions of stability, convergence, computational
effort, memory storage required by the computer and the simplicity
of understanding., Rushton(1979) classifies the most common methods
into following catogaries.

1. Forward difference explicit method.

2., Backward difference implicit méthod.

3oMlternating direction implicit.

L, Mternating direction explicit.

50 Modified alternating direction implicite.
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In. the forward and backward difference methods the
differential equation isdescretised in one step iniboth X and Y
directions simultaneously. THis results in: a large set of linear
aquations which have to be solved simultaneously when an implicit
scheme is adopted. But in alternating direction methods the time
step ig split  into two levels where the equations for X and ¥
directions are solved one after the other, The latter method requires
less computer storage and is much faster when compared with forward
ot backward difference methods. However certain shapes of boundaries
proouce instabilities in computations which is not the case
wn backward differences. In this report a backward difference method

ic described,
3.5 Backward difference formwlation,

The principle of digital computer solution of equation 3.5
1g that assuming the head at some time level n is known the computer
generates thelisolufionatmext) tink)stepy timelévekln+1. For this
purpose the»}ime ang-space|dériivetivés [0dqthe|variable h is written
in terms of+h values at |presdetermined . space and time gride. Thus

equation 3.5 is written in finite differences as,

~

a; an\>" 3, any an, >
L «{T --) + m(’I‘ --) + M -< - ) +
X X
ax' dx
n+1 n

y
' Ax dy' dy

h - h

)

where L+M = 1, The methods can be classified by the values
used for L and M as follows.

(a) L= 0, M = 1: this is a forward difference approximation
which leads to an emplicit formulation,

(b) L = 1, M = 0: this is a backward difference approximation
which leads to an implicit scheme. The resulting set
of linear equations are solved by eitherby an iterative
procedure such as successive over relaxation technique
br by modified alternative direction implicit procedure.

vy o .

[, ca L]
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i (e) L = 0.5, M = 0.5: this is a centrual diiference approxi-
mation., Both alternating direction explicit cnd
alternating implicit methods use a central difference

" approximation.

In the' forward difference method the space derivatives
appear in the left hand side of the equation expressed by the knovn
values at time level n. The unknown h values at time level n+1
appears as o single unknown variable in the right hand side of the
zquation, Therefore this single unknown can be determincc at each
grid point seperately by solving one linear equation at a time., For
this reason these are classified as explicit methods. Usually the
stability condition for these methods require very small time steps
50 Shat the computational effort required for solving a practical
problem becomes too high,

In tne backward and central difference formulations the space
derivatives of variable h are represented at both time level n and
time level n+1., Therefore the equation contains more than one unxnown at
time levelflii+1 nécessitating)( \the Hotutionrof ankset of linear
equations dnstead of one;equaticncat a)times VMeny often this requires
a larger computer stomage izamd more complicated programming techniques
than for explicit methods.However the solution procedures such as succ-
essive over relaxation, Gauss Seidel iteration and alternating
direction procedures reduce the amount of computational effort required
by implicit methods so that they can be fruitfully utilised for
solving practical problems at a lower cost than with explicit methods.
The main advantage of the implicit methods is their nunerical

stability for larger time steps, often resulting in much reduced
computational costs.

The equation 3.6 can be written in finite difference as

follows:
2 T, .( h .= ho Y Tx. A h, . -h. .
r.-i,g( i+, 3 1,;])! + 1i-1,73 i=-1,7 i,J
ii-m - Xil- Ya = % - X = X
: 1 n+1 : v Vi
2y, (n% Bt . . _ )
Tylt J 1,41 1, J) + Tyl—)‘]-—l (h") 1 -! l’Ll-:Jl'_“
- Y Y - Y
35&;- Ef . \34' J ] J-!
. n+1 n
- (R, . -h. .) _ . .3
- = sioj —Ls] Lo Qi,j 7

At



The subscripts i,j refer to the grid point i,3j in space and

the superscripts n aond n+1 refex to time level n amd n+1 respectively.

It is convenient to write this equation in the form,

n+1 n+1 n+1 n+1
., h, . A s S + C, . h. . .oLh,
1, i+1,] 1, "i,j+ 1,5 i-1,3 1,3 1,3-1
n+1 :
. LhL . = F. . nh, - Q. . 540
19d 153 1y L5 Qll.] g
where,
A _ 2Tx
i, o o x TN
Repd = K, 00K o =X )
B, . = 2Ty
1,3 R )
, i v v
( Y Yj_1 )8 Ysen 5 )
2T, DY
%= - 1‘193
1, J —— . e T e S = d——
y -
SR A X9
5
21y, 4
D, ., =
1,] )
(Y, . -Y, )Y, - ¥, )
AL i i
5 = A + B + C + D F
5. .
F = —ad
At
Equation 3.8 can be we~ written as,
' . .
AL ™t 4o ™ o™ Lo
i+, i,y J+1 i-1,3 1, j-1 1]
3670

S

Note that the subscripts of the coeificients A,B.C,D,E awtl I

dropped out here for convenience,
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The equation 3,10 is solved by an iterative procedure in which
unknown variables at i,j are continuously updated by the last calculated
values after each iteration. In the iterative process the h value
wiwen by the équation 3,10 will be an under estimation and an over

veLaxatior factor w is introduced to improve the convergenceo

Assuming that the m th iteration is completed and
arother iteration m+1 is being calculated. The change in the head
vredicted by the equation 3,10 is,

-

On, . (m+1,m) = - h, . (m) 3.11
1,3 ? /E 1sJ )
where signifies the similar bracketed terms ‘in equation 3,10,

With the over relaxation factor w the next value of h is given by,

hi j '(m+1) = (1-w ) hi 3 (m) + w /E 3,12

9 9

An over relaxation factor of 1.6 has been found to be satisfactory

in solution of ground water flow equationse.

N

Convergence criteria.

The simplest method of testing the convergence ig to
check the accuracy of satisfying the finite difference form of the
governing equations at each nodal point, This is achieved by subs-
tituting current values of heads into equation 3.6 and determinning
the error {or residual ) within the equation, This error has the dimen-
sions of quantity per|unit area. Knowing the‘quantity passing through
cthe aquifer it is possible to specify the mi.gnitude of the permissible
error. Usually the permissible error is taken as 0.1 % of the average
recharge of the aquifer.
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CHAPTER FOUR: THE GROUND WATER MODEL
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The basic equations and the solution procedure
described in Chapter three can be used to formulate a model to
analyse the ground water flow in a region. A computer prozram
developed by Rushton (1979) has been used for this purpose. In
order to represent the physical relationship between water levels
apd flows in a Mathematical model aquifer parameters, inflows
and outflows and boundaries of the area have to be schematised.

This was done in the model as explained in following paragraphs.

Rectangular grid.

_ Thellsolution‘ofl'eguations. by finiteddifferences
as outlined’in ChapterUthree ig pealised onlaldiserete number of
points in-a regular grid., The carea under study has to be represented
by such a grid. The grid lines were chosen parallel to a set of

Cartesial: coordinate axes.The mesh size will be selected depending

on the required accuracy of the computations and also to be compatible

with the available data. In general it is possible to change the
mesh size in different regions but the selected program uses a

constant mesh size. In the program the number of mesh intervals

in the X and Y directions are specified as integers M and N.

The Y axis is taken alomg the left boundary vertically downwards.

The X axis is taken' from left to right. The upper left hand corner of

the rectangle is pumbered I= 2 and J = 2; the integers I and J
stand for X and Y coordinates of a particular node. The program

works out the X and Y coordinates of all other points depending

upon the mesh size.

4,3 Boundary conditions.

T D e e 1 - ot 4 o i e e S - ————

The boundary conditions to be used in the model can
be classified as follows:

1. Impermeable boundary where no flow 4CTosi takes place,
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2. Fixed head boundary where water level remaims constant
or varies in a known manner.

3. Boundary where flow across - is known.

The area modelled has to be specified with any of these types
depending upon the physical problem. This is certainly the most
difficult part in formulating a grdund water model as usually
sufficient geological data are not available to make a firm conclusion
about the nature of the boundaries. The solution of the governing
differential equations is strongly dependent upon the boundary
conditions supplied and therefore an accurate judgemént has to
be made regarding the boundary conditions. The model used is flexible

to change boundary conditions so that different alternatives could
be tried.

Programming of boundary conditions.

U O S e o A B8 e e = S . S o S = A e S S e oy = G2 S 0 T8 = e e

An-aguifer: modelled' dsyuot always of rectangular
shape, One6f the draw;backs in;finite difference procedures is
that usually the governing equations are discretised using a
rectangular grid so that irregular boundaries could not be zccommodated
very veasily. . Even though it is possible to change the size of
the grid in different regions the grid still remains rectangular.
This difficulty is overcome by assigning multiplying factors to
coefficients A;B,C,D,S and Q in difference equation 3.9 at the

boundary nodes depending upon the shape of the boundary.

The use of these coefficients can be justified as
follows, The coefficient A in equation 3.9 represents the flow
towards the node (I,J) from positive X direction and if the
boundary of the region is parallel to X direction and passes through
$he node only half the flow will reach the node so that A is taken
as 0.5, Same applies to other coefficients, The use of these .
coefficients is illustrated in fig 4.1 and table k4.1.
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Table 4.1 Coefficients for boundary nodes.

A A " — T G - P S YD Y D P . . - T - R WP e e e

Coefficient Multiplying factor

(b) (e) (d) (e)
A 0.5 1.0 1.0 0.0
B 1.0 1,0 1.0 0.5
C 0.5 0.5 0,0 0.5
D 0,0 0.0 0.0 0.0
S 005 0.625 0.5 0.25
Q 0.5 0.625 0.5 0.25

The computations at the boundary nodes are carried
out in the same yay as<fpr dnternallmodes but with)changed coefficients
These coeificients ane)jaiksol used s forl Jidentiffication: of the
boundary épd the nodes outside the boundary.The nodes just outside
the boundary are assigned with a value - 99.9 and the computer

ignores the calculation for the nodes where the head is - 99.9.

This procedure for identifying boundaries is only
possible for linearised ground water flow equation where transmissivity
is assumed to be independent of time. For alternating direction
methods employing double sweep procedures to eliminate coefficients
in the system of linear equations only rectangular boundaries
are possible yhereag for the method adopted boundaries at 45
degrees to the grid are also possible.

The boundary nodes where tne. water level is maintained
constant are specified seperately bf giving the coordinates of
the nodes and the value of the fixed head. In the computation
these heads are over written after each computation so that
internal fixed head boundaries also can be specified in a

similar manner,
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Similarly if there is flow across the boundary the
quantity of flow at the node can be specified as a fraction of
total flow. All the other boundaries where neither a flow nor

2 head is specified will be treated as an impermeable ooundary.

Agiifer parameters.

The transmissivity and storage coefficient of all the
nodes in the aquifer have to be specified. These parameters at
cach node are interpolated from available maps. Overall fransmissivitly
and storage coefficient are read as TRANX, TRANY and STOR. Theae
values are stored in the arrays TX(I,J),TY¥(I,J) and S(I,J). The
local values of these parameters are then over written in the

gafie arrays.

Inflows and outflows.

The-abstraction; from, theraguifer usually takes place from
& numBerof wells situated atjdifferent points in the aquifer.
These abstraction may have different time distributions. But the
model is designed to take the total abstraction distributed prop-
ortionately among different abstraction points thus all of
them will have the same time distribution of abstraction rates.
The same applies to recharge., The flows are specified as different
types, the type one being reserved for recharge.Type two and

three for example can be abstraction and outflow as leakage.

The number of typesof flows is indicated by the
Fariable NFCS. Bach type of flow is distributed among different
10des by a factor QFLOW representing a particular node., The
aagnitudes of these flows are given as yearly blocks of data. If
time distribution of any of the type differs siguificantiy at
some of the points, these flows can be accommouated as sepurate
types of flows,

Although abstraction takes place from discrete points
for the purpose of computation of Q in equatdon 3.7 the net flow
at the point is distributed uniformly over the area. represented

2y the node. This produces a kind of local smoothening of piezometric
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levels; but since the interest is on regional ground water flow

pattern this dees not really gfrect the final results.If one is
interested on local piezometric level changes a detail model such

as a radial,K flow model representing the unsteady flow during a

pump test can be used. On the other hand it is possible to incorporate
a correction for water levels at the pumping well so that the

regional model can be used to compute the drawdowns at a pumping

well (Rushton 1979). However this was not attempted as sufficient info-

rmation was - not available to compare draw downs at pumping wellse

Computations

o o O 2 e - e

The flow chart for the computation part of the program
is shown in Fig 6.1.

Program first computes all the coefficients in equation
3.7. Initially the steady state heads are computed taking the average
flows as given in block one. In this process the successive over-
relaxationfcalculation, {(S.8{Ry )i canried out for 300 iterations
irrespectiye of Ehe convergénce  criteriasThe,computer jgentifies the
steady state calgulation by;the dummy variable IFIRST. When the staedy
state calculationg are ovexthe program reads the relevent external
flows appropriate to the time level of computation. In this stage the
S5,0.R. iteration process is carried out until the convergence criteria
is satisfied. The dummy variable IND makes sure that the calculation is

carried out for all the internal nodes until convergence,

428 Definition of important varisbles,
Following js a list of important variables in the
computer program.
X, ¥ Coordinate at grid points in X and Y directions (A)
MoN Number of mesh intervals in X and Y directions.
TRANX Overall transmissivity in X direction.
TRANY Overall transmissivity in Y direction.

STOR Overall storage coefficgent.




HSTART Overall initial head.

RECH Overall recharge coefficient.

OFAC Over relaxation factor.

ERROR Permissible error for convergence criteria.
MIN Extreme right internal node in X directione

MBOND Extreme right boundary node in X directione
MFICT Extreme right fictitious node in X direction.

T Local value of transmissivity in X directionfA).

S Local storage coefficient (A).

HOLD Initial head (A).

RCHG Local recharge coefficient(A),

HFIXA Fixed heads,

HFIX Dummy variable to identify the status of variable H (A).
NFCS Number of types of flows.(A)

NF Counter for flow types.

NFLOW Number of nodes where flow NF id distributed.

v Location of flow type NF with fraction QFLOW (A).
QFLOW  Bpkctioh’ BEVELGH ‘tipe WPt hockk ton Bl ov (A)
A,ByCoD \Ceetficients of 'Finite difference- equation, (A)
AA,BB,CC,DD Multiplying 'factors“for boundary nodes, (A)
NBLOK Number of yearly blocks of data.

QAV Monthly average flow at a node (A),

FIRST Counter for identifying the steady state calculation,
KDAY Number of time steps per month,

IBLOCK  Counter for yearly blocks of data.

IYEAR Year counter

IMONTH Mbnth counter,

RS Total flow at the node.(A)
DELT Time step. '
- DAYT Number of days in the month to end of time step.

Note:  (A) refer to arrays.
4.9 Input description

B st e U > s A St A e .t st e P 2

The data input for the model is outlined below with
the aid of data for a typical computer run.
Number of mesh intervals in X and Y directions.
M N

10 13

Ul

N



Overall aquifer parameters.
TRANX TRANY STOR
100.0 100.0 0.0001

Computational parameters.
OFAC ERROR
1.500 0.0000001
Mesh positions.
(1), I =1, MFICT
~ 1000.0
0.0

1000.0

2000.,0

3000.0

LY

11000.0
Y(J), J=1, NFICT
- 1000.0Q
Q42
10008
2000.0
3000.0

14000.0
Aquifer parameters which are non

terminates when I = 1 and J = 1.

I J TX TY

7 2 100.0  1C0.0
8 2 100.0  100.0
9 2 100.0  100.0
6 3 300.0  300.0
7 3 1200.0 1200.0
8 3 2000.0 2000.0
6 7 500.0  500.0
7 7 1000.0 1000.0
1 1 100.0  100.0

HSTART
4,0

RECH
0.0

standard. This set off data

s HOLD RCHG
0005 .0 0.0
L0005 k.0 0.0
0005 4.0 0.0
L0205 L.o 0.0
.0005 5,0 0.0
,00C5 4.0 0.0
.0005 .0 0.0625
.0005 k.0 0.0625
.0005 4.0 0.0



Fixed heads

HFIXA
k.0
4.0
.0
0
k.0
k.o
4.0
4.0
0.0

inflows and out flows, Ilow type one is reserved for

Number of nodes where flow type N is distributed.

I J
5 2
6 2
7 2
- S 2
9 2
10 2
11 2
12 2
1 1
. Number of
recharge.
NFCS
3
NFLOW ()
10

™

~

W 03 &0 & WO 0o W

e
11
8

a4
= O W £

9
5

Distribliiolt jof [£Lowirtypec N [ Abstraction)

QELOW

0.0350

0.0097

0.0850

0.3251

0.0774 e
0.0573

0,0357 .
0.1072

0.1821

Distribution 6f flow type N = 3 (Out flow as leakage)

10
7
I . 8

QO oo 3 W

£ o F W W W

0.100
0.100
0.100
0.100
0.10C
0.100

ab



Aol < BN N & ¢
o O\ U

J0

0.100
0.100
0.100
0.100

Multiplying factors for boundary nodes.

—~

Jd

RV BV AN
LCUEEN \V)

A2 B

A BB ceC bD 855
0.5 0.0 0.0 0.5 0.25
1.0 0.5 0.0 0.5 0.25
1.0 0.5 0.0 1.0 0.625
1.0 0.0 0.0 1.0 0.5
C.0 0.0 0.0 0.0 0.0

Number of yearly blocks of data.

NBLOK
2

Time diBtribdtionof yeayli /blockevof datd.

Blockig
NDAY
31
28
31
30
31
30
31
31
30
31
30
31

QFSINTvw | ThNEES)

11.0 -2.0 ~5.0
10.0 2.0 ~5.0
10,0 ~2s0 -5.0
10.0 -2 .0 -5.0
9.5 ~2.0 -5.0
9.0 -2.0 -5.0
9.0 ~2.0 -5.0
9.0 -2.0 ~5.0
10.0 2.0 ~-5,0
10.5 -2,0 ~5.0
11.0 —2e0) -5.0
11.0 -2.0 -5.0

Time distrivution for block 2

o e LI

. e o e .

Number of time steps per month except the last step.

" KDAY

2




Days at which these time steps occur .
KDAY

10,0
20,0
Yearly blocks of data used for computations.

IBLOCK = -1 computation stopse.

38]

-1
End of data file.

4,10 Out put description,

Once all input data are read by the computer, it
organigses them into/itable; form|and eaxe¢ printed by desivating the
sdbroutinef?ﬁINTo Aften compitations) it) prints{initial steady state
heads for atl nodess Thenjafter each time step heads at selected
namber of nodes are printed. At the end of each year heads at all
nodes are printed in a tabular form: The output is written in

an output file OUTRGF, The printing is activated by calling
the subroutine PRINT,

57
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input number of mesh ntecvals and standard
aquiter paragmeters

nput non-standcrd parometers gnd nodol positions
nput frxed hecds

wnput number of inflow groups, then positions of inflows
ond fractional intensties for each group

calculgte coefficients of finile diflerence equotions

inpu! congibions on flow boundones { Section 8.8 n terms
of finite difference coefficients A ), B( },CL ), 0( 1.S(

)
prnt out parameters ¢nd imihial conditions
1
mput monthly flow dotc in annuo) blocks

caloutote cverage of tiest block for smtial steady stote
and set ,IFIRSY = -100

npul fmes an duys whnen Loicetohion s 1o be perfermeo

f
of npul 1BLOCK appropriote to year
IFIRST I
taet Va5 {$(VBLOGK Vhidgotwa | fes—I Y8 s STOP
{ new than
epr :elro
combyne tlowk]at ecch nade vn R3 { )
L),
inceement time ond calculate LELT
(epegt
pe when FIRST <G, 3FAC = O QOOOOO!
eoch when IFIRST » 0, SFaC = 1 0
menth
. o
{ repeat SCl)n coiculchion
l?rg(c)s s error 1h flew baolance ¢ ERROR ——=  Ye§ 3oy .
e 1
\ ’ [ No
reo(:cx 1
ien f
cal TES e IS IFIRST >0
0oy .
print out inttiol heads
Limes
IFIRST - 100 '

@ guiputl h2ads ol selected points
-t h

Al .
oulpu! heods of end of yeor {or ot other tmes

o required)

riow Chart To

=

> couputeT program.
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CHAPTER FIVE: HYDROGEOLOGICAL DESCRIPTION OF THE AREA

501 Boundaries.

As described in chapter one the boundaries of the aquifer
are not yet certain due to inadequacy of the geologic data. The eastern
boundary of the aquifer is fairly well defined which can be taken
as the crystalline basement rock outcrop. Along the coast line in the
west A geologieal fault line runs for a cosiderable distance and can
be regarded as a no floe boundary. This assumption is ccunistent
with the fact that in the southerm part the flow direction is pre-
doménantly in the north south direction thus no flow takes place in

the western direction,

The uncertainties are in the north western, southern
and northern boundaries., Since there is no flow in the southern
direction the southern.boundary. should be either a no flow boundary
or & boundary: with|some. inflow,. However).there. is no evidence to show
that there is any.inflowlentering|from south. As one of the objectives
of %he modéiling exercise is to ascertain the actual recharge taking
place into the. aquifer the southern-boundary was assumed as no flow
to imvestigate the worse case as regards the piezometric levels,
The Location of the boundary in the south was arbitrarily taken at
Moongil Arugan intermittent stream which is also the boundary for the

investigation carried out by the Water Resources Board,

The northern and the north western boundaries pose the
greatest difficulty of all. Some observations in the shallow hand dug
wells in the north shows that the water levels remain constant through-
out the year irrespective of therainfall whereas weils in other areas
shog significant drawdowns during the dry season. The vegetation
in the area near the flowing well P 14 appears to be green through-~
out the year indicating that the soil remains moist throughout the
yearo.These observations suggest that there is some upward seepage
{rom limestone aquifer into the upper soil layer. However this upward
seepage has not been quantified by any measurements. In the model the
northern boundary was assumed to coincide with KalaOya estuary as a
tixed head boundary with  level :coinciding with the mean waterp level

in . the river. The effect of changing the boundary conditions in the
north has been investigated in the model.
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Recharge.

The piezometric levels in the lower limestone aquifer is
Sore than 12 m  lower than the water levels in the unconfined aquifer
iv. 21l parts of the region except at the northern boundary.This large
difference indicates the fact that the two water bearing formations are
seperated by a clay layer acting as an aquitard, zno the {low from
upoer layer to lower layer has to be very low. However there i: a small
.eakage from upper to lower layer as can be seen Jrom the increase of
piezometric levels after the monsocnal rains. The @tount of leakage
ditficult to estimate from leakage factors obtained from pumnp tests
+g the response of water table elevation to pump tests in the lower
aquifer is very low. Different pump tests give' lcakage factors varying
from 700 m to about 601C m,

Radial flow model to analyse pump test datas

To estimatecthel leakage) factor! anlattedptivas made to analyse
the pumpefest data loniwell NC3Chsding ‘aSradiall Oflow model in finite
differentes. Only thelleaKagel factor was varied in the model to get
a close simulation of the water levels in the observation wells. The
parameters S and T were taken from the results of the graphicul
analysis. The water levels recorded in the observation wells showsd
a steady ssate condition which couldnot be simulated with any leakage
factor when a free head boundary was assumed at the radius of influence
due to instabilities in the computations. Instability originated when
more recharge took place while pumping than the rate of abstraction.
The best simulation was obtained when a leakage factor of 6000 m with
a fixed head boundary at a radius of influence 300 m, The results
of the runs executed are shown in fig. 5.1 and 5.2. A leakage factor
of 6000 m corresponds to a vertical permeability of 0,003 m/d taking
the thickness of the aquitard as 50 m., The details of the radial flow
calculation are given in appendix B.

Water balance for the water table aquifer,

In order to estimate the amount of leakage into the lower
limestone aquifer a water balance study was carried out based on
available data for the period September 1979 to August 19°0. Due to

inadequacy of most of the relevent data the computation cannot be
regarded as very reliable,
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The water balance equation for a one year period can be written as

follows:

1-0-L-A-E

N

n
U
)
-

where,

= Percolation from the so0il poisture zone
Outflow into sea and KalaOya.

= Leakage into limestone aquifer

= O H
i

= Amount of abstraction from the wellse

in
¥

= Bvaporation from open water bodies and places where the
ground water table is close to the surface.

S = Change in storage in the water table aquifer,

5.4,1 Percolation from the soil moisture zone.

A water balance study carried out by Lawrence and Dharma-
gunawardeng{1931) has been used\ to &stimate: the percolation. In this
study weekflyiidata; on pan evaporationyand rainfall in one place in
the area hé% been, used |tp galculate the soil moisture -eficiency
(SoMoD.) aésuming different root constants for different types of
crops as given in table 5.1. It has'been assumed that at the end of
dry season before raim started the soil moisture dericiency +o be
at its maximum velue, that is equal to root constant, iVfhen the 2.h.D.
is equal to the root constant the evaporation was taken as zero and
when S.M.D. is zero the evaporation was assumed to be at the potential
rate. When Sc.M.D. is zero any excess rain over the potential evapo-~
transpiration is assumed to percolate to the water table.The summary

of the calculation is reproduced in table 5.1,

The calculation assumes that the surface runoff is zero

which is reasonably correct as the very high permeable latesol absorbs

all the rain falling on it.

According to these calculations the total percolation is 15.9
million cubic metres(MCM). The least percolation was from the forest
areas and this may give an explanation for the rise in piezometric
iemels in the limestone uquifer over a period of 12 years by about
ém, which can now be considered as the effect of increase of récharge

due to removal of forest cover,



Table .5.1 Water balance for soil moisture zone.

Type of Root Area Percolatiom  kescharge
vegetation constant mm 5Q. kmo mm MCH
Annual crop 50 6.4 550 3.5
grass land
Coclnut 150 24.8 339 8.4
mangoes
Forest cover 300 48,8 83 L,o

5.4,2 Outflow into sea and Kala Oya.

The water levels in 12 shallow hand dug wells are available
throughout the area. This number of observation points 1is
inadequate to complete a water table contour map fco- ‘he area, as
most of the wells are confined near the centre of the area. However
a contourgmap was drawn approximately in order to estimate the
hydraulie grﬁdient at the discharging area. The outflow was calculated
assuming a constant transmissivity of 20 mz/day. The length of the

flow path was measured as 15km. (fig. 5.3)

Hydraulic gradient
Outflow

10.0/1250
(10.0/1250) * 20.0 * 15000 m”/day
2.63 MCM/year

It

S.4.3 Abstractions

The abstraction from water table aquifer was only for domestic
purposes by a population of about 10,000, Assuming a consumption of

50 1lpcd the total abstraction amounts to about 0.2 MCM/year,

5.4.4 Evaporation from ppen water surface,

There are a number of low lying areas in the region which are
thought to have formed by collapsing of the limestone caverns below
the surface locally known as ‘'villus', These villus intersects the
water table. The total area of water surface in the villus is 1.5 sq.kme

and assuming that the twice as much area is saturated under the
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influence of water table in the villus the total area from which
evaporation take place at the potential rate is 3.9 sq.km. The measured
pan evaporation for the year was 1300mm and hence the total evaporation
is 3.9 * 1.3 = 6.6 MCM/year.

5.4.5 Change in storage.

The period considered was one water year so that the
change in storage was fairly small except in a few locations. In the
low lying areas there was an average increase in water level by about
0.5 m., Assuming a specific yield of 5% and an area of 40 sq.km. the
increase in dtorage will be around 1.0 MCM. The water table variation

for the areas is given in fig.5.4.
So.4.8 ILeakage into the limestone aquifer.

A1l the yariables- except leakage L in equation 5.1
have been; evaluated independamtly  sa that.the only remaining unknown

is L. [BeRAgolution gives the.leakage)as S« MCH per year,

565 Water baiance for limestone aquifere

The piezometric levels in the limestone aquifer are
available for about 12 boreholes since August 1979. All the bore-
holes are concentrated on the middle strip of the region where
trensmissivity is somewhat higher, No data are available in the
north western and southern parts of the region. Therefore it is
difficult to draw a piezometric map of the area. Such a map drawn
using the available information regarding the boundary conditions
is shown in fige5.5. Details of a flow net analysis is shown in
table 5.2. The transmissivities have been obtain by averaging across
the flow path.

The total abstraction prior to the line considered
for flow calculation is 1640m m3/day. The flow across the line
considered was 10700 m3/dayo Hence the total recharge into the
aquifer is 12300m3/day° This is equal to an annual recharge of
L 5MCM. The recharge obtained in the water balance study faor the
water table aquifer was 5.4 MCM/year, and the difference between

two estimates is about 20¥ . Considering the nature of the data
available the difference is reasonable.
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Table 5.2 Through flow calculation for limestone aquifer.

AY

¥low path T > Length hydraulic Flow
Sumber m~/day m gradient m3/day
9 100 4500 .001 6 720
2 500 1000 -0024 1170
3 750 1600 -0050 6000
L 1000 1000 20027 2660
5 100 1000 -0016 160

5.6 Leakage from the limestone aquifers

The leakage believed to take place in the north from the
limestone aquifer near Kala Oya cannot be estimated accurately
as theresis no information”about the'verti€al ‘pérmeability and the
extent gIfsthe l-'eaksge area., Considering-the“topography and the
vegetation in the area)the extent of the scepage area
was estimated as 12 sqQ.im. The average ground water gradient
of 0,15 and a vertical permeabili%y of 0.003 m/day were assumed
to estimate the upward seepage., This amounts to about 5 ML/d

which was taken as an initial estimate for the numerical computatiome
507 Transmissivity and storage coefficients

The results of seven pump tests carried out in the area
has been used to draw a transmissivity contoue map of the area.
Some of the tests are singlewell tests while three tests are of
long duration using one or more observation wells. The results
reported appears reasonable (. Lawrence and Dharmagunawardena
1981 ) as can be seen from the analysis using a radial flow model.
The transmissivity varies from about 100m2/d in the east and
south to about 2000 m2/d in the north central partse The map drawn
on the basis of these results have been used in the model with minor
modifications, The storage coefficient reported varies from about
0,008 to 0.0001 and a consatnt value of 0.0005 was used in the model.
The results of the pump tests are reproduced in table 5.3.



5.8 Abstraction from the limestone aquifer.

No records of abstraction rates gre availzble before
1979, The aBstraction mainly take vlace for irrigating small
2arms having diversified crops,and hence the abstraction is uniform
throughout the yearo The cement corporation is the largest single
aser of this water abstracting nearly half 5 millién cubic metres
2 year which is approximately one third of the total abstraction.
‘The total abstraction in the year 1979 was 1.22MCM. (Table 5.4)

in the model the ratio of the abstraction from each well to,
total abstraction was assumed to remain constant,
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10

S = 5% 10'1”; P = 38 m/d

- Observation well

‘Observed draw dovwn
in otservation well

107> Obs., well

§ = 5*10"*; P = 38
Pumping well

t

<
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S

e

S =1077; ¢ = 193/d

tumping well
- ooserver drew down, pumping wel
1
i Seamtt )
| \4~p = 0.23%10 3 F = 19m/d
. i \\\ * Observation well
2 '
= i
1264{; - t. B Y ]
- (23] 4
= GK\ S - 0,510 "; ¥ = 19m/¢
E £ir. 5.1 RADIAL FLOW MCDEL :t‘ sumping well
= Heasured and computed water lévels o 3 \
o .. . . . S ! |
267 |- 8 with free nead doundary and no lezdkage. \\ .
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= ( Refer Appendix B ) \ \
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iz, 5.2 RADIAL FLOW MODFL

lodel runs with leakage and
fixed head boundary.

( Refer Appendix B )

Tlor both runs:

i

max
¥
S

Pixed

4 L}
TIME IN DAYS
— T ' ' :
1072 1072 107" 1 10
= — & B = 1000m Obs. well
o o B = 6500m Obs. well
i\\\\\\\@

\\\\\\“*a-~‘Q‘*%5====i:¥:8:::::— 1] B = 100Cr pumped well
P —&_ I B = 6500m pumped wall

= 3T m
= ']9 m/d
= 0,8 * 1o'L"

head bourdary.
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INCLUDING OBELRVATZCH WZLL

SITE TFL TR DISCzer33 METHOD OF TRANSJISSIVITY STORACH LTAIACE YEATICAL
TIS? (1730 ATTALYSI (m=/a) CC=FIciEn TACT0R(rm) PERAPABILITY RITIAINT
CF CVEREBURLEY
(n/d)
V1 o Hontush 727 £ox o0’ 10U5 2l
1 ots,.well
at vi-3 - - o
N - Y - Specific czpzaon:,
WM=lion IEYi 5 % 10 7 184 .07 I
T ] '.:' =
_!l -~ 7 o,
V3 T2 haurb Hantush 1735 3 x 10 7 i5¢2 027 " = 10.0 Z/z;:
(3 obs.wells constant 4
V3-1, ETH2, discharge Vi-1 Halton 1639 3,5 = 10 1114 .053

AD3) o -

-5
! RTW3 _Hantush 2407 3 x G0 7 4323 LoGd
| o
' (e BEST Y g4 3550 L0023
R ~4 ; i
ADW3 _lantugh 2565 7.3 x 10 2194 GoT9
-3
Halton 2784 1.35x 1C ~ 3833 .C06
P2 420 minutes -
{1 cbs,well constant 22.5 Theis 483 5,7 = 1 "o
\ .
P24 discharge

P9

{1 obs,well

P9A)

24 hours
constant
discharge

3.7 % 10

P13
(1 obs.
F134)

350 mirutes
vOl"S’t«...x. D3
discharge

(h¥]
N
\

(@]

Lable 5.3

Results of the pump

tests for the

limestone

2.6 x 1
aquifer,

3.42 1/s/uy.

TS
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0
WELL NO. DISCHARGE TERINDCH SPIIIF:IC CAPACITY TRATIHISSIVITY {=72)
(1/s) () (i/z/r) From specific o
capzaciiy graon Lozans lz2thsa
Wy 2.8 20 0.14 30 (approx) 1é
We 19.94 8.42 2.37 410 250
W9 10.5 6.7 1.57 280 ‘; 165
|
5 0.680 ™ 5.5 0,12 25 (appro:, 12,7

PTA 0.27 g 1.%64 T 30 (approx) : 15.5

-
\J
—
-

A
Lo
o
\)1

90 -

Table‘5°3 ( contd. ) Results of the pump tests for the limestone aquifer,
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__ESTIATES OF THE VOLUME OF AMKUAIL, ABSTRACTION OF GROUNDWATER AT VANATHAVILID FOR DOMESTIC, INDUSTRIAL ° : .
AID-TRRIGATION PURPOSES, 1980 - . b
] . . - T—— '-—‘—‘;—...—. -
Well Estimated _ABSTRAGI‘ION FOR_DOMESTIC AFD . - ABSTRACTION - Foa,lrmcmnon-usz — - B T ) ) % '
~¥o. =VoIi~= of < Pumping INDUSTRTAL USES Lt : -
a-..tractmh Rate ) Av. Hrs, o |
3 1980 3 Days Average Hrs, Volume Dzys pamping, Volume Irrigated : . %‘
(v’fyear) (v”/hour) pumped Pumping/day pumped pumped per dzy pumped acreage Remarks - - % ?1'
‘ . ~ £
P2 443 150 _§9~f_ L3657 T2 43 150 . o= e 270" el cpemted by Irrig. Dept. for Venathavillu Tomhxp o)
TTP8 L1800 135 365 2.4 - -1 80 - - 0 -Artesian for Karaitivu Township i
P9 . .103 95 _459 ¥ . 2 43 150 300 4 70 800 25 ~iell operated by Irrig. Dept. for latosol crops on settlement B
P 23960007190, Lol 365 S 120 Y dgR coos e ) a el iy ~ ov/| (it opesivadity Cededt CoxpoidtiioR|for industriel use 3
94 600_, 10‘8. - c- . Ao 365 . 24? ‘94 600 25 —Ar‘l;es:.a.n, m:.gates ad jacent paddy 2
70 000 63 - - \ =) 300 5 701000 25 ~Well voperated by, & puivate company for latosol crops 3.
174 500 63 365 165 m3A500 300 345 66 000 30 —Well operated by Irrig. Dépt. for latosol crops on settlement i;-
.- . - B 3 . 9
43 590 273 365 1.5 14950 0 35 28 640 25 - - ditto ~ 3
W6 131000 82 385 1.5 44 900. .300. 3,5 86 100 — 20 - ToTETanss - - ?
ADW 1 81 900 68 T 365 2 R astsl 350 2 40 900 5 —Well Operated by Dept. of Agric. Res. Sta. for latosol crops _ ’é
ADW3 122700 68 - - o 30 6 1222700 15 - - ditto -~ S
AD¥ 4 18800 627 - - 0 30 1 18800 14 . = : - ditto -
Total:1223 990 ‘ - i
- abstraction L e e e T e == S #3
—* = a small volume-of-abstraection-is-used for-doméstic purposes, included in the * .
irrigation use category. : - -
Table 5.4 Abstractions from the fimestone aquifers Lo b
. . ;‘ -1
- . }
- 4
- , B S e 7
- : -

bs
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CHAPTER SEX: RESULTS OF THE MODEL RUNS

ho" General remarkse

602

[o 5%

03

As outlined in chapter one and five, the nature of the
data available does not permit computations with a definte set of
data. The computations carried out are mainly designed for obtaining
8 reliable set of data which are consistent with field observations
using a somewhat trial and error approach. A largc aumber of
computer runs were made using different boundary conditions and

inflows and out flowse.
Geometry of the aquifer boundary.

Initially the aquifer was assumed to be of rectangular
shape with uniform grid as showm in fig.6.1. The purpose of this
run was td‘identifytheceffedt) 6fvanying ‘the| recharge and trans-
missivityfqh piezometric 1teveksy Latelr)the igeometry was changed
as shown in fig.6s2sy S50 that thélboundaries coincide with assumed
geological boundaries. The effect of changing the shape of the
boundaries were not significant as’'can be seen from the plot of
piezometric levels in a north south section through +the centre
o¥ the area for both cases., The type of boundaries and the abstrectio

action rates for both computations were kept the same.
Sensitivity analysis.

4 sensitivity analysis was carried out for the model
with rectangular boundary to investigate the effect of varying
transmissivity, storage coefficient and infl&wso Six computer runs
were carried out for this purpose by varying the parameters as
ghown in table 6.1.
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Table 6,1 Summary of dagta for sensitivity analysis.

Run Recharge Abstraction T§ T§ S
no. ML/4d M1/d m-/d m-/d
L,5 0 400 400 .
9 6.5 ) 500 500 0.0001
6.5 303 ' -
6.5 2.0 Loo 400
2 865 363 500 500 0.0005
10,0 2,0 400 400 } ,
> 10,0 3.3 500 500 0.0005
5.0 2,0 Loo Loo
Y50 3.3 250 250 G.0005
5.0 2,0 400 400
> 5.0 3,3 500 500 0.0005
_ 160 250 200 200
& 100 3.3 250 250 00005
10,0 2.0 400 400
7 10.0 3,3 500 500 0,0001

Example: The run 3 was made with the following data,

Total recharge (1st block) = 10,0M1/d
Total recharge(2nd block) = 10,0 M1/d
Abstraction (1st block) = 2,0 ML/d
Abstraction (2nd block) = 3.3 Ml/d
Storage coefficient = 0,0005
Overall transmissivity = 400 ma/d
Maximum transmissivity = 500 ma/d

For all computations the fixed head at the northern boundary

was taken as 4.0 m above meam sea levelo

The recharge is distributed in an area of 20 sq. km. as

shown in Tig. 6.2. The distribution of abstraction from the wells
is shown in table 6,2,




Table 6.2 The distribution of abstraction.

Location . Fraction of total
T J abstraction.
7 11 0.0350

3 8 0.0097

8 0.0850

° b 0.3251

8 3 0,0774

8 10 0,0573

4 12 0,0855

? 11 0,0357

§ 9 0,1072

9 5 00,1821

An,; 9¥8rall transmissivity of 400 ma/d and a maximum trans-
missivity:of 500 ma/d was. arbitnarily assumed in order to find the
semsitivity of the aquifer, The location of the high transmissivity
points were selected in accordanee with the transmissivity contour
napo

The piezometric surface for a north south line passing
through the centre of the area is shown in fige 6.3, The piezometric
surface ovtained was reasonably close to the observed piezometric
levels., except at the nothern boundary., A second run with all data
saine as the first one but transmissivity reduced by 50% was
made, The resulting piezometric levels were significantly higher
than observed levels showing high sensitivity of piezometric levels

to variation in transmissivity.

The run 4 was made with both recharge and transmissivity
reduced by a factor of two . (curve 2) The resulting piezometric
surface was only slightly different from that of curve 1 indicating
that there may exist some other combination of transmissivity and

recharge different from those used for run 3 which produce
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piezometric levels similar to observed data, However in such a
case the piezometric level variation with time will be different

from those observed unless the recharge values are realistic.

Computer runs 2 and 5 were made with data similar to
those of run 3 but recharge reduced by 15% and 50% respectivelye
When the recharge was reduced by 15% the resulting piezometric
levels were slightly low but the time variation at one point showed
a greater fluctuation of levels. The piezometric levels when recharge was

reduced by 50% were very low. compared with observationse

The computer run 1 was made with all data similar to
those of run 3 but the storage coefficient changed to 0.0001. The <ff
effect of changing the storage coefficient is not very significant

when compared with changes in transmissivity and recharge,

From the above sensitivity analysis it is clear that
transmissivity and recharge values effect signifigantly the piezom-
etric levédB: If a, mathematical model-is to, be used effectively
in vredictimy the behaviour of the aquifer both recharge and
transmissivity values have to be known accurately. If at least one
of these is kot known accurately it.is futile to attempt to develope
a mathematical model.Fortunately in the Vanathavillu aquifer the
transmissivity values appear to be reliable so that a mathematical
model, could be attemted, '

6.4 odel for Vanathavillu aquifer.
6oito1 Model parameters.

The aquifer boundary was taken as shown in fig. 6.2,
The basis for this schematisation was outlined in chapter S.1.
The area wae represented in a rectangular mech as shown in the
Tigure. A mesh size of 1000 m was taken in both X and Y directions.
The X direction was taken from west to east along the northen
boundary. The Y axis was taken vertically downward. The choice

of the mesh size was based on the following reasoning:
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4. The computational grid consists of 13 X16 gria points which is
a reasonable number to work with the available micro computers.
The computer time required for one computational step was

approximately 30 s and assuming atleast 36 time steps are required
for each year, to compute for three years of data the time
required is about 40 minutes.

2, Not more than 15 observation points are available to get the
information about the aquifer behaviour and the distance between
these points are always more than 1 km, Therefore no accuracy would
he gained by reducing the grid size further.

3o The area modeled is too small to take a mesh size larger than
1 kmo

All the data used for computations were obtained from maps
Jrawm to a scale of 1: 50,000,

As the finite difference scheme used is unconditionally stable
there are ne restrictions about the time step to be used other than the .
securasy. for pybblems where large local“draw downs occlt such as pumping
wolls Rusaton {3973) reported that parasitic oscillations occur when the
BOB iimeuslonalrparameterAtT/bZS eXceeds a certain value., Hrere b is
the snortest distance betwwen aquifer bogndarieso There are different
values yevorted tor this Limit but all agree that it should be less than
D65 Ir the aquifer under study this parameter is 0.2 for a time step
ot 10 dayso. In this calculation,

At a 10 days.

T = 100 m2/d
= 10,000 m

s = 0,0005

bolko2 Transmissivity and storage coefficient

The transmissivity at each point was interpolated from the
trapsnissivity contour map (figy, 6.5) and are shown in fig 6.2. The
overall transmissivity was taken as 100 mz/do The aquifer was assumed to

be isotropic. The storage coefficient was taken as 0,0005 throughouts
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The recharge into limestone aquifer takes place as leakage from
wne upper water table aquifer., The location of this leakage area has
heeu indicated by Lawrence and Dharmagunawardena(1981) on the basis of
a chenical analysis of waters found in the two aguifers. In the model
whie ares was represented by 16 grid pointe as indicated in fig. 6.2,

The total recharge was distributed pniformly among these points.

5 Results of the model runs for ¥anathavillu aquifer,

A large number of computer runs were made with data outlined in
Holtc These runs can be roughly grouped into three ctagories. The first
38t of computations named as group A were made with changing boundary
conditions, while flows and aquifer parameters yere not changed.
lhe group R computations were made by modifying inflows and outflows,
while trapsmissivities and boundaries were kept unchanged. In the same
computations the €ffect of having an out flow" as leakage in the north
albo vas investigatbed. Tn-group-C théaquifer was“modelled as a two
Layer system conSisting 'of'water tzble and limesione aquifers. Th.:
recharge and outflow irom the limestone were mocelled as vertical flow
from and %o the upper Moongil Aru formation, However the wat.r table
was assumed to remain constant. The summary of data used.for these comp-

utations are given in tables 6.3, 6.4 and 6.5.
Model runs with different boundary conditions.. (group A)

In these computations only the limestone aquifer was cone

. ‘ a . . v
gideredo The southern and eastern boundaries were 255Wmed jmpermeable Wiile

the effect of changing the other boundaries were investigated.

Run no, A1

The northern boundary was assumed to be fixed with a piez-
ometric level of 4,5 m, Recharge of 16.4 M1/d and a zero abstraction
rate was used. The resulting piezometric levels along a central north
south line is showm in fig 6.8(line A1), This was compared withithe a
observed mean piczometric levels for the year 1980, The coméuted
viezometric levels are significantly higher than observed levels.
©his was due to an over estimate of the recharge as could be .seen from
later runse
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Run no, A2
This was made with all the data kept.-the same as for A1 except

that the fixed head boundary was extended "tg the north western corner of
*he areao (line A2)
Run noo A3 ‘
Here the recharge was reduced to one tenth of that for

Ao ALl the other data remained sameo
Ruri noe Al

vThe fixed head boundary was extended to the north west and tae
weatern coast line,The head in the west was taken as zero while along
%ala Uya a nead of 4,5 m was used. Three computations were made with
recharge and abstractiofg as follows.

Recharge Abstraction
M1/d Ml/d
16,4 0.0
21,9 0,0
21,9 3425

Run noo. A5 ;

This was made with all data the same as those for A 1
but trensmissivity increased by a factor.of 10, The results of thées
was exactly similar to those of A3,

The results of these computations clearly show the effect
of changing boundary conditions. When the fixed head boundary was
extended to north and north west piezometric levels in the centre of
the area became highest causing a flow towards south west. This was

contrary to the observations. The piezometric levels were best simulated
with a fixed head boundary at the north,

Further it is observed that recharge assumed was an over
estimate. The recharge of 16,4 M1/d (or 6.0 MCM/year) produced much
higher piezometric levels. This lead to re- estimation of recharge as

outlined in Chapter five, The next series of computations were made with
modified inflows and outflows,
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50,7 Results of the model runs with different inflows and out flowse

From the sensitivity analysis made D section 6.2 and
0o% it is clear that modification of inflows and transmissivi-
¢ies in the aquifer is extremely dangerous as both parameters
sffect the plezometric levels with a high sensitivity. But the
snalysis of pump test data reveals that transmissivities reported
are fairly reliable and could be used in tpe model without any
wajor change. This gives an opportunity to modify inflows and
ontflows so as to get an agreement of computed piezometric levels

with observed onese

The two estimate obtained in chapter five for recharge int:
the Jimestone aquifer were 5.4 and 4.5 MCM/year giving a mean
value of 13,0 ML/d. The inflow was varied around this figure
until an asgreement was reached between computed and observed
piezometric levels,

Run no. Bii

U9n this.ajrecharge, of.8+5 ML/Qd andiand.abstraction of
3.3M1/d Wwere used.,The|resukting|piezometric levels were lower
than observed ones for most parts of the aquifer (see curve B1
fige 6.9) ,

Run no, B2

A recharge of 13,0 Ml/d and an abstraction of 3.3 ML/d
were used, The resulting piezometric levels were much higher than
observed levels, Further the computed piezometric gradient near
the northen boundary was steeper than observed gradient. This may ,
be due to an upward leakage in that area. This phenomenon was
investigated in the subsequent set of computations.

Run no. B3

This computation was made with a recharge of
90,0 M1/d and an abstraction of 3.3 Ml/d. In addition an outflow
as leakage 5,0 ML/d was introduced in an area of 10 sq.km. near

the northern boundary.The coordinates of the leakage points were
as followm,
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The results obtained (curve B3) appear: to agree with
observed piezometric level at all points except at the northern
boundary. This discrepancy may be due to following:

1. Incorrect assumption of fixed head at the wnorthern
boundary.
2o Incorrécmwlocation)of leakage areas

34 Differences intoddictranSmissdivatiys

These haverbeenvyinvestigated dn |the next computer rund, /4< w
Run no. B85 A~ s
This was made with increased recharge and outflow as i,
., A Ay
leakage. The piezometric levels were higher. "Mﬁ“fﬁgégz/
Run no. B6 T

Even though the inflows and outflows used in run
no. B3 appear to be consistent with observations the computed
piezometric levels near the ouflow boundary differ from pbserved
levels. This difference may be due to the assumption of fixed
head at the northern boundary. The discharge of the limestone
aquifer is assumed to take place into the Kala Oya estuary under a
constant head. This estuary is spread over a wide area and this ~
fact may be incorporated in the model by assuming a low trans-
missivity at the outflow boundary., This will avoid unneccessary
enlargement of the model to represent the leakage area of which
no additional information is available. Run B6 was made with
transmissivity re-adjusted at the northern boundary. The computed

piezometric levels are now in better agreement with observed
levels (curve B6)



Run no., BY
This was made with leakage area slightly moved to

+ke south. The new location of the leakage area are as follows:

O oL L 3 O
Oy OV U1 U1 & F W WG

The results.appear-. to give a better agreement thhn Bb,
Hith theuéame data 'the'labstraction''was!inereased by 50 % to
5.0 Ml/d}The restlting 'piezometric-levels' are'shown in fig.6.13.
With incredsed 'abstraction 'the piezometric levels dropped by
about 4 m throughout the aquifer.

6.8 Results of the two layer model.

For these computations water table elevation in the
unconfined aquifer was treated as constante. The recharge and
outflow were computed depending on the difference in heads between
the two aquifers. A vertical permeability of 0,001 to 0,004 as
reported in the pump tests were used in the calculation.

The results of these runs are plotted in fig. 6.12.
When the vertical permeability of 0,001 m/d was used the piezo-
smetric levels were very low. A reasonable agreement with observed
ievels were obtained when vertical permeability of 0.003 m/d for
recharge area and 0,004 m/d - for outflow area were used.

(curve C3 in fig. 6.12)

From these results it is clear that two aquifers

are inter dependant. The recharge into the limestone aguifer
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depends on the difference of heads in the two aquifers and the
vertical permeability. Thus when more wvater is abstracted from the
limestone aquifey, there will be more recharge into it, so that
water table in the unconfined aquifer will drop. More over the
water table in theMoongil- Aru formation is subjected to seasonal
filuctuations depending on the rainfall. Any induced leakage or
abstraction from the Moongil Aru formation will effect the water
table elevation and therefore the recharge into the limestone
aquifer, For this reason both layers of the aquifer should be

podelled simultaneously as one systems

When the abstraction from the limestone aquifer was
increased by 50 £ t0o5 Ml/d in the one layer model the piezometric
levels lowered by more than 4 m. But in the two layer model
lawering of the piezometric levels for an abstraction of 7.0 lM1/d
was omly about 2 m. This shows clearly whyBoth 1ilayers have to
be modelled simultaneously. (fig. 6.13)

However | inithe |two.dayer model lwsedllthe water table
elevation was assumed to belconstant. Therefore the drawdown com-
puted with this model will be an under estimation , as water table
elevation also drops as a result of an increased abstraction. There-
fore the validity of the model presented is limited to abstraction

rates not very different from the values used for calibration.

For predictive purposes a .detailed'two layer model has to be used.
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Table 6.3 Data for computer runs group A

Run no. Transmis- Storage Recharge Leakage Abstraction Northern bou
sivity coefficient boundary
m2/d *.o'br M1/d Ml/d H1/d
1. No change 0.5 to 16.4 0.0.0 0.0 0,0 4,5 m
no changr 3.0
rno change 0.5 to 164 0.0 0.0 4,5 m extended
3.0 fixed head
3 a0 change 0.5 to 1.6k 0.0 0.0 L.5m
L no change (- Toq% 8.0 : 040, slong west
oolf* 21,0 2.0 . and north west.
' 2VYoWW. 110, d %.25 4.5 m in the north
5 increased 0.5 to 16,4 f ¢.0 O. 4.5 m in the north,
by 10 tines 3.0 - 154 0.0 2.6

( Refer figo 648)
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Table 6.8 Data for computer runs group B

Run no, Transmis- Storage Recharge  Leakage Lbstraction liorthern
sivity coefficient boundary
.10‘4 Ml/d M1/d FH1/d
1 no change 5.0 8.5) 0.0 33 L,Om
2 no change 5.0 13.6 0.0 2.0 £.0m
203
3 no chang 5.0 10,0 5.0 2.0 Lo m
: Bk
5 no change 5.8 7 15.0 o 2N FLA K
5 : 563
7 Locally s
5 changed : 5.0 10.0 5.0 2.0 4.0
near Kala )
Oya .ot
v same as b 5.0 10,0 5.0 2.0 L,om Leakage area moved to south
53
3 same as 6 1.0 10.0 5.0 2,0 Loom
a3
z same as & 5.0 10.0 5.0 2.0 4,0 m
33
5.0

( Refer figo 6,9 and 6,10)



Table 6.5 Data for computer runs group C

Run no. Transmis- Storage ¢ Recharge leakage fbstraction  Northern Leakage
Ru sivity coefiicient boundary factor
16—4 Ml/d M1/d M1/d m
0 same as B7 5.0 dependent dependent.  3.35 koS5 m 50000
11 same as B7 5.0 dependant dependant 3455 b5 m 12500
5.00
2 no change 5.0 dependant dependant 3.35 4.5 n 16650
3 no change  5:04 % dependant depend-nt 2a0 4.5 m 16650
X35 AL 12500
7.0Q

( Refer fige 6411)
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CHAPTER SEVEN: CONCLUSIONS AND RECOMENDATIONS

7.8 The aquifer system

The study showed that the aquifer system consisting of
upper Moongil Aru formation and the lower miocene limestone deposits
are highly inter=dependent. Leakage from upper layer to lower layer
takes place in the south central parts and upward leakage takes
place in the north., The time resistance factors for leakage to
and from the lower limestone aquifer have been estimated at

16650 days and 12500 days respectively. The location of leakage
areas are shown in fig.7.1.

As outlined in chapter six the model presented with consta
ant water table elevations in the upper Moongil Aru formation is
enly of limited utility. To predict the behaviour of the sgstem
with considerably increased ‘abstractions,. a’detailed tuo layer model
hes to heused.furtherfield investigations ' required in such a

study aré-owtlined under’rédommendations.

boundary for the limestone aquifers

2o lmpermesble boundaries in all other directions.

The north - west boundary of the area ib not yet very
definite, although in the model this was assumed as no flow.
Some monitoring points should be established in this area in

order to ascertain the nature of the north - west boundary.

Aguifer parzmeters.

The transmissivity of the limestone aquifer varies
trom sbout 100 mz/d to about 2000 m2/d° The higher transmissivi-
ties are obtained in the north central parts of the rezion.

The values used in the model are shown in fige 7.1. The storage
coefficient was taken as 0.,0005 throughout,
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7.3 Inflous and outflows

Under the level of abstraction uded for calibration
ot the model there is a recharge of 10.0 M1/d and an outflow of
2.0 Mi/d as leakage. The recharge into the aquifer amounts to
5065 MCM/year. This figure is about half of the estimate arrived
in the earlier study using conventional methods. The outflow amounts
%o 1.8 MCM/year which occurs as upward leakage. The abst-
raction was about 1.2 MCM/year.

7.4 Potential for developments,

In the year 1980 the total abstraction amounted to
40,2 MCM/year, This was about one third the inflow at the time.
When the abstraction was increased by 100 % to 2.5 MN8M/year in
the model a drawdown of about 3 m was estimated in the two layer
model, With a drawdown of %3 m in the limestone aquifer a sign-
ificant chunge in|the, waten table | elevations id thd unconfined
R aquifer is:éét expecteads Thebefore can increase,0f,abstr ction by
100 % willimef posevany|digmifisarnt; problem as regards to the
quantity of water available, When the abstraction is increased
heyond 100 % the drawdown in the water table aquifer will become
significant so that the model presented will no longer be valid.

A detail two layer model has to be developed to investigate
gueh situationse

- 7.5 Revommendations

The investigation revealed a serious lack of data

which are essential in a detailed analysis of the combined aquifer
system, Some of them are listed in the following with suggestions

for improvements.

1. More monitoring points havre to be established in
the water table aquifer., These are essential close
to the outflow boundary along the coast and Kala Oya.
2« A few pump tests have to be carried out to estimate
flow paraemeters for the water table aquifer,
3o As the water balance study of the upper unconfined
region is very important hydrological parametevs

¢y - - RERNIY:

1. nee T.L 0y




such as rainfall, evapotranspiration and surface runnoff
have to be measured accurately. Monitoring of the water
leve}s in the surface water bodies may be helpfu%;: It
may also be important to measure the soil moistur.deffi-
ciency En a few selected sites in the north in order to
estimate the upward seepageo
L, A number of boreholes reaching the limestone aquifer have
to be established near Kala Oya and alomg the coast in
north west., These are required to ascertain the boundary
conditions,
5. High discharge long term puming tests have to be carried
out in the recharge area of the limestone aquifer in order

to estimate the leakege factor.

With additional data concerning the behaviour of the aquifer
system it may be possible to formulate a more comprehensive model
treating both layers of the system together. Such 3 model would

help to fommulate. dllens!texm development plan toliget the maximum

Henefit Ifrom’ the lavailable water (fesourcess,
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Appendix A; Computer Program

ts
APPENDIX A THE COMPUTER PROGRAM

C REGIONAL GROUND WATER FLOW

C N

DIMENSION X(21),Y(16),TX(21,16),TY(21,16) H(21, 16),
& HFIX(21,16)
& RCHG(21,16),HOLD(21,16),5(21,1¢6),
& A(21,16),B(21.16),
& C(21,16), (21, 16) , NSC21,16)  NFLOW(A),
5 WS 11),
& JWCE, 11),0IL0W (e, 11) , NDAY (20, 1.0,
5 QFC(S, 20, 17), QAV(S),
5 TDAY(1S)
OPEN(2,FILE ='DATARGF’ . STATUS='0LD’ )
OPEN(4, FILE ="QUTRGF', STATUS='NEW’
c  TOP LEFT HAND CORNER NUMBERED (2,
IS NO.OF MESH INTERVALS IN THE VERTICH DIRECTION

READ(B,*)H,N

T INPUT_ _CVERALL AQUIFER PARAMETERS

[

40

READ (2 W RTRQAISXLYTQR MOETRNY RS DRRILIREIH

HEES ( 2 PNOFAC, ERRBR

WIRETE (4, 120)

FEERA AT (W WHER IR, R AIKYMESH " |, 2X, " TRANS . X~ ”V,'T
"STORAGE INITIAL H PE”HnRGE 2%, "FACTOR' , 4

WRITE(4,140)M,N, TRANX, FP’NV,CTOP HSTAT PECH,OF

FOPMAT(;A,I7 2% LJ,evo 4,F1£.10)

i
c NUMBERING CF THE BOUNDARY CONDITIQNS

MIN =Mi1

NIN = Ni1

MBOND = M:12

NBOND = N:2

MFICT = M:3

NFICT = Ni3 !

OVERALL VALUES IN ARRAYS

DO 122 I = 1,MFICT

DO 122 I = 1,NFICT
TX(I,J) = TRAHNX
TY(I,3) = TRANY
S(I,d) = STOR
HOLD(I,J)= uth
RCHG(T, = RECH
HFIA\I J): 999999.9
H(I,J) = 0.0
RS(1,J> = 0.0
ACI,S = 0,0
B(I,J) = 0,0




Appendix A:; Conmputer Program 90

clr,a = 0.0
(1,3) = 0.0
122 CONTINUE
C INPUT MESH POSITIONS
READ(Z2, )(V(I),I=1 MFICT)
READ\!—,' ( (J),le,NFICT\
WRITE(4,180)(X(I),I=1 MFICT)
WPITE(‘ 180)Y(Y(I),I=1,NFICT)
180 FORMAT 1“, 2F10.2)
C INPUT PARAMETERS TAHT ARE NCN STANDARD I=1,J=1 FOR LAST LI
200 PEAD(°,¥\I,J,TX(I,J),TY(I J),SCI,J) ,HOLDCI,J),RCHG(!I,d
IF(I.EQ.1.AND.J.EQ.1) GO TO 220
GO TO 200
220 CONTINUE
c INPUT FIXED EEADS
2290 READ(2,%)I,J, HBFIXA
IFCILVEQ.I.AND.J, Iy, 160 1O &%0
H(I,J) o HFLRA
HFIX(I J)= HFIXRA ———
HOLD(I J)= HFIXA
GO TO 0
250 CONTI}
c
c FACTORS FCR RIVERS WELLS ETC. NFCS=NC.OF INPUTS AND oUuTHH

READ(2,*)NFCS
WRITE(4 %)Y 'WELL RIVERS ETC’
WRITE(4,%) . 1 FRACTION
RO 2 oUIMFCESIRY ¥rd
EUMED TEICL, 2S5 HF
28s BORMAT (" ITNPUT GROUD ., T4)
C NFLOWEN)=NO\OF.INODEE IWHERE FLCW IS DISTRIBUTED
READ(2, *)INFLOW(NF)
NN = NFLOW(NF)
DO 280 L = 1,NN
o IW() JW() ARE LOCATIONS,QFLOW IS FRACTION OF FLOW
READ(2,*)IW(NF,L),JW{NF,L),6 QFLOW(NF L)
WRITE(4,290)1 J(Nr,L),uw(NF.u),QFLCw(NF,L)

U) Ca

290 FORMAT(2I4,F2.5)

280 CONTINUE

c

C COEFFICIENT OF FINITE DIFERENCE EQUATICNS
DO S00 I = 2,MBOND
DO 500 J = 2,NBOND
ACI,J) = 2.0%TXC(I,3)/0C0CITy XCI 1) 3%(XCIi1) XL1)))
C(I,J) = 2.0%TX(I 1,J33/7C(XCI11) XC(I 1))%¥(X(It1) X(I)))
BCI,JI) = 2.0%TY(I,3 1)/0(Y(Jt1) Y(I 1II#CY(I) Y(J 1))
DCI,JY = 2.0%TY(I,I3/((V(It1) YOI 130%(Y(I11) V(1))

500 CONTINUE

c

c

INPUT FLOW BOUNDARIES
DO S1C INODE 1

READ(2,*)I,J,AA,BB,CC,DD,SS

IF ((I.EQ.1).AND.J,EQ.1)GC TO 540
ACI,J)Y = AA*A(ID,3)

B(I,J) = BB¥2(I,6J)
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C(I,J) = CCxCc{I,d)
D(I,J3) = DD*D(I1,J)

C 99.9 OQUTSIDE NO FLOW BOUNDARY
IF(AR.LE.C.C000CI)HFIX(It1,3)Y = 99,9
IF(BRB.LE.0.08000001)HFIX(I,J 1) = 99,9
IF(CC.LE.Q.Q00001)HFIX(1 1,3) = 99.9
IF(DD.LE.O.000001)HFIX(I,J11) = 99.9
IF(AA.LE.Q.000001)C(CIt1,3) = 0.0 -
IF(BR.LE.0.000001)D(I,J 1} = 0.0
IF(CC.LE.0.0LOOOl\A(I 1,3 = 0.0
IF(DD.LE.Q0.000001)B(I,J:11) = 0.0
S(I,J) = SS*S(1.,J)

10 CONTINUE

~

~ SET INITIAL HEADS

240 DO S230 I = 1, MFICT
DO 530 1 = 1, ,NFICT
H(I,J) = HOLD(I, K63

530 IF(HFIX(I,J).EQ. 99.93H(I,J) = ©°9.°9

~

C PRINT OUT INIT’AL CONDITIONS
CALL N(TX, 1 CJHBOMD 2 HBOND, T IHED
CALL PPIN(TY CHBOND 2 NBOND, TIHMED

CALL PPIL(PCHC,J,L,HLONDﬂL,NBOND TIHME)
CALL PRINC(S,2,2,MBOND,2,NBOND, TIME)
CALL PRIN(HFIX,6,1 ,MFICT,1,NFICT,TINE)

a0

NBLOCK 1S, NO.. QF. YEARLY _BLOCK QF DATA
RED (2 “INBLOCH
B8 L 0 Hlecoonie Theeaso&x
WRETE(4,560) EBLOLCK
60 FOTTMAT 1O -AEL0CIC RO ™= 7, 12)
DO 580 IMONTH = 1.12
DO 765 NF = 1, HF
g QFC(NF,IBLOCK, IMONTH) = 0.0
NDAY() = NO OF DAYS IN MONTH,QFC()= FLOWS IN ML/D
READ(2,*)NDAY(IBLOCK K IMONTH), ’
& (QFC{NF,IBLOCK,6 IMONTH) NF=
WRITE(4,570)NDAY(IBLOCK, IMONTH),
& (QFC(NF,IBLOCK,IHONTH),NF=1,NFCS)
FORMAT(IS,10F7.1)

(e

O~

JNFCS)

~J3
o

CONVERT INPUT VALUES OF ML/D INTO M%:¥2/D
DO 58 NF = 1, NFCS '

[eNeRY

o

QO wn

CALCULATE AVE. OF FIRST BLOCK FOR STEADY STATE
DO 590 NF = 1,NFCS
QAV(NF) = 0.0
DO 600 NF = 1,NFCS
DO 630 IMONTH = 1,12
600 QAV(NF) = QFC{NF,1, IMONTH} 1 QAV(NF}
DO €10 NF = 1,6NFCS
£19 QAV(NF) = QAV(NF)/12.0
o
C SET IFIRST NEGATIVE FOR INITIAL STEADY STATE

"

(¥a]
(Xe]
o

t

Q QFC(NF,IBLOCK ,IMONTH) = QFC(NF,IBLOCK,6IMONTH)*1C020.0Q
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IFIRET = 100

C

C INPUT OF TIMES IN DAYS WHEN CALCULATION
READ(2, *)KDAY
DO €20 K = 1,KDAY

()

£20 READ(2,*3TDAY(X)
3c00 WRITE(4, *)
C

C TIME INCREASED , CHANGE IN YEAR
DO 700 TYEAR = 1,100
IFCIFIRST.LT.0)GC TO 7SS
READ(2,*)IBLOCK
C IF IBLOCK NEGATIVE CALCULATICN STCPS
IFC(IBLOCK.LT.0)GC TC 8000
WRITE(4,720)IBLOCK, IYEAR
0 FORMAT(10X, "BLOCK NO. = ",I3, YEAR NC.=

’ ’

[g®]

CHANGE IN MONTH
5S DO 730 IMONTH = 1,12

IF(IFIRST.LT.C)GO TO 750

N O S

C

C COMBINE ALL FLOWS DPER NODE INRS(I,J),UNITS M%x2/D

C SPECIAL CALCULATION FOR INITIAL HEADS
WRITE(4,740) IMONTH,NDAY(IBLOCK, IMCNTH),
¥(QFC(NF,IBLOCK,IMONTH) NF = 1 NFCS)

740 FORMAT(1X, "MONTH= ", 14, "HO, 0F DAYS. ", 14,
* "FLOWS= " ST
750 CONTINUE
DO800 I PCHBOND

(L

DIAESIE J e HBRNTT ® Ty
IREERIRST.LT.0)GO TO 21

RSEIZ'J) = 'RCHGWIHYH*QEC (1, IBLOCK, IMONTH)
GO TO 800

RS(I,J) = RCHG(I,J)¥QAV(1)

CONTINUE

DO 2820 M = 2,NFCS

NN = NFLOW(N)

DO 820 I1 = 1,NN
W(N,I1)

JW(N,I1)

FC(IFIRST.LT.0)GO TC

RS(I,J) = RS(I,J) 1

GO TO 820 _

RE(I,J) = RS(I,J) t QAV(N}¥QFLOW(N,6 11}
CONTINUE

v (O
(e
O o0

I
J
I

r W
OO

Y () €O o

DIVIDE NODAL FLOW BY AREA TC GIVE M/D

DO 840 I = 2 MBON
DC 940 J = 2 NBOND
40 RS(I,JI) = 4.0%¥RSCI,ID/CNCINTTY XCI 1)¥%(Y(JI11)

O Mo

INCREASE TIHME ;
LDAY = KDAVYt!1
DO 900 IDAY=1,LDAY
IF(IDAY.NE.1)GC TO 910
DELT = TDAY(1)}

CALCULATE DELT

S PERFORMED

(N, IBLOCK,IMONTH)*QFLOW(N

’

It
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910

DAYT= TDAY(1)}

GO TC 920

IFCIDAY.EQ.LDAY)GO TC 920
ID

DELT = TDAY(IDAY) TDAY(IDAY 1)
DAYT = TDAY(IDAY)

GO TO 920 )
DAYT = FLOAT(NDAY(IBLOCK, IMONTH))
DELT = DAYT TDAY(KDAY)

IF(DELT.LE.C.001)GO TO 900
SFAC = 1.0

C
C START OF S.0.R. CACULATION
C MULTIPLYING FACTOR FOIR STORAGL

- MULTIPLIER AND PREVIOQUS TIME STED FACTORS:USE ARRAYS

940
c

IFCIFIRST.LT.0)EFAC =0,00000001

!

RDELT =1.0/DELT

DO 940 I = 2,MBOND

DO 940 J = 2.NBOND

HOLD(I,J) = H(I,J)

TX(I,J3)= (SPAC®S(I,JY*RDELT:ACI,3)tB(1,2)3:C(I. .2
TY(I,JY= SFAC*S(I,J)*H(I,J)*RDELT

C ITERATION LOOD ; MAX.NO.OF ITERATICN 200

(@]

DC 9S50 ICYCLE=1,30¢C

IND = O

DO 9€60 I = 2,MBOND
DO %60 J = 2,NBOND
HaLD (133 HODLIY

BEHF I K330 1S E The@a8 0 0N GO T +E 76

AB=A (1 J)*H{I'1 J)/B(I,J)*H8(1.J 1
DO YR HOIIB VS ARy (1 3y iRs (T,

IF(ARS(AR TX(T,J)*HOLD(I,J)).LT.ERRCR)GO TO 980

IND = 100

H(I,J) = (1.0 OFAC)¥HOLD(I,J) OFAC¥AR/TX(I,J)

GO TO 960 :

H(I,J) = HFIX(I,J)

CONTINUE

IFCIFIRST.LT.0) GO TO 95

IF(ICYCLE.LT.2)GO TO 950

IFCIND.EQ.0) GC TO 990

CONTINUE .

IF(IFIRST.GT.0) GO TO 1000

C OUTPUT SECTICN FOR INITIAL STEARY HEADS

1010

IFIRST = 1008

WRITE(4,1010)

FORMAT{1X, "INITIAL STEADY STATE HEADES')
CALL PRIN(H,7,2 MBOND, 2, NBOND K TIME)

GO TO 9000

\
/

‘))'

™

1D

(

v

I
F S

1Y)

WRITE(4,*) CONVERGENCE NOT ACHTEVED IN 200 ITERATICNS’

END CF SCR RCUTINE

CONTINUE

SECTION FOR CALCULATING FLCW INSERTED HER
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1040
300

730

C

FLOW = 0.0

H(7,7),H(
FORMAT(1X,I1S,F10.2,12F
CONTINUE
WRITE(4,*)

C FULL PRINT CUT AT END OF EACH YEAR

700
2000

100
101
102
103

e
OO oOo
o N U

e e (DO
Y = O o ~J

b e e 3 A

£ -

I

wn

CALL PRIN(H,7,2,MBOND,2 NBOND,TIME)

WRITE(4,*)
SToP
END

SUBROUTINE PRINCFUNC, NO, IBEG, TEND, JBEG, AEHD, TIME)

DIMENSION FUNC(I1,16)

FORMAT(10X, 'TRANSMISSIVITY TN X DIRECTION')

FORMAT (10X, "TRANSMISSIVITY IN Y DIRECTION')

FORMAT(10X, STORAGE FACTORS ')

FORMAT(10X, 'INITIAL VALUES OF HEADS

FORMAT(10X, 'RECHARGE VALUES’)

FORMAT(10X, 'FIXED HEADS')

FORMAT (10X, 'VALUES OF HEADS AT ,F&6.2,' DAYS')

FORMAT(1X, 1P14ES 2

FORMAT(S (/).

FORMAT (1 % AYETALY:O

F OTEMAN (1 X1 32151 & FFlErcds)

FORMAT (2X, 1916

FORFRT (11X WW.LIG0ENB£ICslIGNIFPIES FREE HEAD' ,SX, 9.
IS NODE OUTSIDE BOUNDARY )

[Xe)
.0
]
N

IF(NO.EQ.7)GO TO €
IF(NO.NE.1)GO TO
WRITE(4,100)

GO TO 7
IF(NO.NE.2)GO TO
WRITE(4,101)

GO TO 7 ‘
IF(NO.NE.23)GO TO
WRITE(4,102)

GO TO 7
IF(NO.NE.4)GO TO 4
WRITE(4,102)
GO TO 7
IF(NO.NE.S)
WRITE(4,104)
GO TC 7
IF(NO.NE.6)GO TO &
WRITE(4,105)
WRITE(4,115)

GO TO 7
WRITE(4,106)TIME

2

(e

(8]

GC TO S
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11

~J

> (O

WRITE(4,112)(1,I=IREG,IEND)

DO 11 J = JBEG,JEND

WRITE(4,111)3, (FUNC(I,J),I=IBEG, IEND)
GO TO 10

WRITE(4,110)(I,I=IBEG, IEND)

DO & J=JBEG,JEMD
WRITE(4,107)Y(FUNC(I,J) 1=IBEG, IEND)
WRITE(4,108)

RETURN

END

)



Appendix B: Radial flow model to analyse pump test at V1 site.

A computer model based oj finite difference approximation
of following eqﬁation was used to analuse the pump test results for
the borehole Vi,

| & . ds ‘
§.. mk §: A mg— 'rgg iz D e + 3 B.1
ar Tar v ar ot

where,
B8 o drawdown in the aquifer at r radius from the well,
n - saturated thickness of the aquifer
k_ - radial permeability
8 = storage coefficient
o =~ vertical tflow

following data were used in computationss

Radius of the well 100cmm

2504 17/

sumpingl Tate

Number of computations were made with following sets of data.

N

Run no. Radial Storage Radius of Boundary Leakage
permeability coefficient influence condition Iactor
m/d n m
9 19.0 0,001 1000 free No leakage
2 19,0 0,00008 1000 free no leakage
3 38.0 ' 0.00008 10000 free no leakage
b 19.0 0.00008 300 fixed 1000
5 19,0 0.0008 300 $2d4 6500

head
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?f- s%..r 1. DL MONTTORING NITAEID 47 CAnETEILLY o WATE LE7ELS, < e ' e o
-, ~y-71 &7D TLUTERATURE DATA, 1579 - i9B1. PART 1 REDUCED WATER LEVELS - = ¥ - - T
o ‘E!_euation . 1979 4980 - ' 1581
vell mis\.l. Aug. Sept. Oct. fiov. Dex. ,'Jan; FED. March Apj‘:l M, Jume  July  Aug. Sept. (o i Jan. fFep, March April May June
<, o e —
2A 30.028 TwP - To- - - - j‘:"'— - - 98,27 5.2 12.94 43.73 165 14.25 48.537 18,23 4.0 18.72 i4.67 - - 12.27 14,22
V7 28.650 Twr - - - -~ -,l, “‘5 - - 7 16.05 15.50 13.85 - 15.21 44.88 44.1- L83 6.6 4.9 14.88 -~ - 1£.53 14.52
35 21,775 TYP - - - - - 3{ - - - «~14.90 16.94 14.94 14.85 14.75 14.64 14.62 14.52 14.76 1£.87 14.52 - - 6,03 14.73
> 3.492 TvP - - - - g;‘g{::._-o.m -0.10 -0.09 0.01 0.07 0.19 0.28 - 0.49 ‘0.0 - 0;49 0.4a - - - - -
PA - 29,148 TP - - - ~ -5 - - - 12.55 12.59 12.55 12.55 11.84 11.76 j11.74 12.04 12.27 12.3% 11.75 - - 11.65 11.42
213 @ 19.53 TWP - : - - -~ - 8.58 8.40 8.47 B.49 8.5 B8.55 8.45 - - - - - - 2.53 - - pump fitted
V2 5.0 T 12.32 12.25 12.13 12.27, 12.66 13.20 13.56 13.73 13.78,,13:78 13.70 13.45 13.30 13.22 113.17 13.08 43.29 13.32 - 13.33 13.40 13.36 13.28  13.11
¥A  34.975 WP - - - z - - - - 15.15 14.66 14.80 14.60 14.07 Well jblacked .. .
§aB 35.665 TP - - - - - © - - - 15.15 "14.77 14.81 15.614 14.41 14,16 !'14.13 14.16 14.45 14.58 -14.58 - - 14.26 j4.14
/3-1° 44,881 TOL - - - - - - - - - - - - - - #8590 8.90 6,87 8.94 8.83 -~ - 8.70 8.9
3-2 42,567 TUF - - - - - - - - -~ - - - - - I- _ - - 8.62 - - - -
.Ct  58.01 TOL - - - - 15.65 16.33 16.60 16.60 16.48 16.280 16.11 15.92 15.72 - ;15.a3 15.47 15.25 15.88 - - - - -
] 28.141 TWwP - - - -~ - 15.59 15.33 15.35 15.23 15.07 14.90 14.38 14.47 14.25 114.22 14.22 14.49 14.66 14.64 - - 14.33  14.20°
f-1 B.ate TR - - - ~ - - - - - - 'e-17.14 16.90 ~ 16750 16,00 - 16.82 - - - - - -,
/-2 36.581 TwP . - .- - - - - - - - - i ﬂ17.é':5_ 17.10 16.95 16.69 '16.63 16.56 17.01 17.13° 17.13 - - 16.76 16.62 .
74 34.705 TQL 12.56 12.51 12.¢9 12.31 - - 13.49 13.75 13.83 13.9.% "13.85 13.81 13.77 13.50 32.69 13.09 13.50 13.67 13.68 - - - -
7 4.592 TWP - - - - - - 13.40 13.58 -~ -y - - N = - - - - - - - -
2-1  28.288 WP - - - - - - - - s - \W]e = g0 790 | 78y |82 730 7.88 795 - - - -
ITW3 35.586 TQL - - - - = - - - = - J_ il - - s - 8.25 9.02 8.7 - - 9.14 9.06
AUN3 31,348 TwP - - - r Y - = 1 £ -y :.\“_ r 1 ) 5 C ~ .10 - ~ - - -
v3-3  42.907 - - - b A & - - i - - f__ _ _ - -~ _ _ - 3E.25 - - - -
/1-2 36.373 TQL - - - B 7 V1A 1 i = | B3B1 33.00 31.85 30.23 31.17 32.47 33.87 33.43 33.03 - - 30.85 30.84
Jw31 29.413 TPw 24.24 28.61 28.90 .28.47 28.26 27.90 27.98 28.48 } 2?;_47 26.96 27.36 27.31 27.51 27.35 27.68/27.50 26.52 - - dry « 25.15
w52 20.741 TPW 7.90 7.33 9.79 10.60 11.34 10.81 10.06 9.091 go0 8.35 8.05 7.50 2.33 2.642 7.69; 7.7 7.50 - - 6.95 6.78
o453 5.045 TPW 6.ca a.7a 6,70 'a.73 a2 4.39 4B 2.689  agp apr a.52 a4.68 4.7 4.9  4.960 4.77 4.5 - - 471 4.60
WS4 2.855 TPW - .03 1.45 160 . 1.49 1.17 0.91° 0.63 0.3 g.3 0.8 0.08 0.9 0.91 0.85 1.16 0.93 0.72 - - ,0.s6 0.58
IWS5+  51.844 - TPW 42.59 42.69 44.48 44,82 44.45 44.08 43.78 43,45 a3.21 42.76 42.50 41.94 42.10 41.99 42.27 42,38 42.31 - - 41,60 a41.49 -
JWS6_ 35,903 TPW.  29.45 33.42 33.27 33.31 32i84 31.84 31.24 30.58 3535 20.23, dry dry  31.13 31.06 31.04/31.05 30.13 - - dry 29.62
;lvﬁ?f 50.555 TPW - 39.73 4D.22. 41.01 41.15 40.89 4D.53 40.13; ap.g7 39.49, 39.06 37.80 37.71 37.71 38.85 38.50 38.47 - - ary 37.79
ws8 /r 37.762 TPW - 34.495;36.22 33.38 32.65 33.08 31.52 30.75, 3p.28 29.65 29.41 28.84 31.02. 31.54 32.70 34.97 31.06 - - 28.88 29.01
WS90 38.94% TPW - 2904 30.5¢ 31.94 31.97 31.55 31.29 30.91, 3p.4p 29.69.28.5¢ 27.04 28.07 28.35 28.67 29.05 .28.96 - - dary  dry
B, 37.804 TRW - QW T - - - 32.04 34.27; 34,03 33.80.33.83 34.14 34.79 34.72 34.52 34.25 33.84 - - 36.08 24.10
NBa . 59.227 TPw %\.\- - - - - - j - 47.85 .47.48 - 45.61 45.73 45.82 46.73 456.5¢ - - 45,33 45.49
WH5 L 65.7589 TPW e ‘?‘\f\‘x_ - e 40.61, @4.56 - - 43.95 44.03, 43.83 43.85 - - a3.62 43.54
WB6 1 15.718 TRW - % . ﬂ-:\( - - - - - - 10.38, 8.99 -~ - 12.20 13.117 12.60 12.51 - - i2.22  12.57
we? 32,216 TPW - a ?)n_ - - - - - . - 25.92 25.42 dry 26.84 27.17 28.42./28.12 27.67 - - 26.52 26.57
w58+ 31.091 TPW - &) (,45"—" - -~ - - - 24.09,dry dry 25.13 24.65 25.81 25.50 25.48 - - 26,39 20,3
W59 |, 20.036 TPW - o ' fl‘)//] - - - - - ‘ ~ 25.30 - - 20.66 25.18 24.72 25.56 26.81 - - dry ' dry
. s (lu‘ /,/ . :
WP - Top of Vell Protecto K/ v
T&. = Top of Cesing Lip é/ i3
TPW = Top of Perapet wall . R B

o = :
WOTE:  OW Wellc are hund-dug cpcr:\\wéus',—f‘all other wells arc tubewells.s ».....»" - ;




