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Abstract

The problem of sea-water intrusion into the Mzingazi flood plain at Richards Bay was surveyed. Steady state analytical models and a two-
dimensional vertical collocation numerical approximation were applied in the study.

No serious danger of sea-wate intrusion exists provided that Lake Mzingazi water-levels remain between 3 and 1,5 m above mean sca-
level. If, however, the Lake water-level were to drop lower than 1,5 m the toe of the wedge could reach a distance of more than 200 m in the

flood plain after 1 200 days.

Introduction

The Institute for Ground-water Studies investigated the problem
of salt water intrusion in the Mzingazi flood plain at Richards Bay
(Figure 1).

A large urban complex with balanced industrial, commercial
and residential components has developed during recent years at
Richards Bay. The Richards Bay Town Board planned and ef-
fected this development within an area of about 310 km? around
the bay. The natural advantages of this area include the scenic
freshwater lake, Mzingazi, and its envitons.

A fundamental problem associated with industrial
developments concetns the provision of an adequate permanent
water supply, which in the Richards Bay area, is Lake Mzingazi
with a surface area of 10,3 km2. The preservation of this water
supply is therefore of vital importance. The risk of pollution and
replenishment of Lake Mzingazi must therefore be minimized.

During 1973 the Mzingazi channel was dredged from the
harbour to a point south-west of Lake Mzingazi. Worthington
(1978) identified the flood plain, which lies between this channel
and the Lake, to be the area most vulnerable to salt water pollu-
tion as a result of the inflow of tidal sea water into the channel.

The main purpose of this investigation was to calculate the
position of the sea-water wedge in the flood plain for different
water-levels in Lake Mzingazi.

Geohydrology

A comprehensive geohydrologic study of the Richards Bay area
was carried out by Worthington (1978). There are few geological
outcrops in the Richards Bay area, most of which is covered by
late Pleistocene to Holocene alluvial and aeolian deposits.

The ground waters in the Richards Bay atea are derived from
rainfall which averages 1 000 mm per annum. Geohydrologic
data of the Mzingazi flood plain (Table 1) are limited to informa-
tion deriving from three boteholes P, Q and R (Figure 2).

The conductivity of the sea water in the Mzingazi channel is
3 730 mS/m, compared to the 44,9 mS/m for water of Lake
Mzingazi.

Siltation, both at the bottom of the lake and in the channel,
has been ignored in this study.
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Sea-water intrusion

The phenomenon of sea-water intrusion has received much atten-
tion in countries such as the USA, Israel and the Netherlands,
due to its potential for contaminating fresh water supplies at
developed coastal regions. Of particular importance for this pro-
blem is the nature, extent and rate of movement of the fresh/sea-
water interface.

TABLE 1
GEOHYDROLOGICAL INFORMATION FOR THE THREE
BOREHOLES IN THE MZINGAZI FLOOD PLAIN

Boreholes Q R P
Water-level (m.a.s.l.) 2,24 2,78 3,19
Collar (m.a.s.l.) 5,14 4,15 5,74
Depth (m) 14,6 12,87 18
K (m/d) 22 8 10
S 0,003 0,0045 0,0025
Conductivity (mS/m) 34 27,5 50

K = hydraulic conductivity and S = specific yield
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Figure 1
Locality map of Lake Mzingazi at Richards Bay.
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Figure 2
Map showing the position of the three boreholes between Lake Maingaz
and the channel.

Analytical solutions

The earliest attempt at describing the phenomenon of sea-water
intrusion is usually attributed to Ghyben and Herzberg (De
Wiest, 1965). They discovered that salt water was not observed at
sea-level in wells near the coast, but at a depth below sea-level of
roughly 40 times the height of the fresh water above sea-level. It
can be expressed mathematically in the form:

Z = bh.pe/(p, - py)
where

Z = depth of the interface below sea-level

h = height of the water-table above sea-level
p¢ = density of fresh water
p, = density of sea-water

This exptession is based on the assumption that the ground
water is at a constant potential, whereas it actually is dynamic
(otherwise the water-table would have zero slope and the inter-
face would be horizontal). The theoty, furthermore, does not
allow for seepage interfaces, through which fresh water can
escape, below sea-level. Nevertheless, the theory provides at least
a first approximation and is still widely in use today. Although
some of the constraining assumptions in the Ghyben-Herzberg
approximation have been relaxed in the more modern theories,
all or at least some of them are still based on the assumption that
the system can be adequately described as a steady state aquifer.
A few of the more used approximations are:

® The Nomitzu approximation (Lau, 1967)
Q = K§(5-1) (v -yp)/2L

® The Glover approximation (Glover, 1959)
Q = K(@-1)(yi-y)/2L

® The Lau approximation (Lau, 1967)

Q = K(5-1)D¥/2L (1)
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Q = the seaward flux of fresh water per unit width of the
aquifer

K = hydraulic conductivity

d = ps/ ot

y; = depth to interface at a point with distance L from the

coast-line {(datum : sea-level)
y, = depth to interface at the coast {datum : sea-level)

L = distance of intrusion (in m), measured along the
horizontal.
D = saturated thickness of the aquifer

In deriving these expressions, it is generally assumed that
there exists an abrupt interface between the sea and fresh water.
However, in reality there always exists a transition zone of varying
density that separates the two zones. The net result of this ap-
proximation is a solution that over-estimates the actual distance
of the toe of the sea-water wedge from the coast.

The seaward flux, Q, can be expressed through Darcy’s law

as

Q = KDi (2)
where i = water-table gradient.
Substitution of (2) in (1) yields:

L = 0,025D/i 3)

for the usually assumed density values (pe=1 g/cm?® and
p,=1,026 g/cm?). The distance of intrusion, L, is thus directly
proportional to D and inversely proportional to i. The possibility
of sea-water intrusion thus increases with increasing aquifer
thickness and decreases with increasing water-table gradient.

Application of equation (3) for the Mzingazi flood plain for
water-levels of 3 to 0,2 m in the Mzingazi Lake and D=16 m
yields the answers shown in Figure 3. The intrusion distances cot-
responding to water-levels of 3, 0,5 and 0,2 m are 113, 680 and
1 250 m respectively.

To assure that the salt-water wedge does not intrude further
than a certain distance, x, a freshwater head, not less than D/40
(m.a.s.l.), must be maintained at the point x. For the Mzingazi
flood plain it means that a freshwater head of 0,4 m above sea-
level will be sufficient for this purpose.

The water-levels of boreholes P, Q and R are more than
0,4 m, which implies that no sea-water will enter these boreholes
as long as a minimum value of 0,4 m is maintained.

Numerical solution

The difficulty of solving the dynamic equations describing sea-
water intrusion can be avoided by using numerical methods. In .
this investigation use was made of a two-dimensional vertical
model based on the alternating direction collocation approxima-
tion (ADC) proposed by Botha and Celia (1981).

The basis of the model (Celia, 1984) is the equation of mass
conservation which can be expressed in the case of a fluid as:

D () + V(Epv) =0
q=c¢v=-k/u(p - pg)

and for the solute (salt) as:



n waterlevel 1.5m
~0oR T s e e e -
\\ N\ N Lake Mzingazi
AN
Mzingazi Channel | v D N
i N\

oy N

| \ \ N N
€ £\ \ N N
F ;2 \ £ \ ?"3» N &,
§oerayy \ % N %
2 ¥ % \ ‘O e“e/\
< © \ & \ = N
& 3 | » 3 “a
§ ] ‘ ::‘ \ \ A

3
| ‘ \ N\
15 F | \ \ N\ \ Base of aquifer
1
0 500 1000 1500 2000

Distance (m )

Figure 3
Distance of intrusion of sea-water as obtained by the analytical steady
state solution for different Lake water-levels.

D,(ec) + V(eev) - V], =0

where
¢ = void fraction (L*/L*)
p = fluid density (m.L?)
v = fluid (pore) velocity (L/T)
¢ = concentration of salt (m/L?)
J, = diffusive/dispersive flux vector (m/L’T)
k

| = intrinsic permeability tensor (L%)

= dynamic viscosity (m/LT)

= fluid pressure (m/LT?)

= acceleration due to gravity (L/T?)

= Darcy velocity (specific discharge) (L/T)
= normal gradient operator

. = d/dt

<100 T X

o

By augmenting this equation with appropriate constitutive
equations of state such as

p=p()=p, + ac

and
J, = eD.V¢
where
p, = density at zero concentration
a = constant
D, = hydrodynamic dispersion tensor

the final equations utilized in the numerical model can be ob-
tained. They are

03,5 D + DoDc~V.[o(k,/u).(Vp — eg)] = 0

“
De + Vi(ev) - V.D,.Vc =0 )
P =y + ac ©)

Equations (4) to (6) can only be solved when proper initial
and boundary conditions are given. For initial conditions the in-
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itial state of the physical system is used. The only restriction
placed on the initial conditions is that they must, in fact, be solu-
tions to the governing equations.

Typical boundary conditions are shown in Figure 4. The
following should be noted.

® The conditions of no flow across the confining layers are time-
varying boundary conditions in that p = p(c) = p (c(t)). Thus
the conditions must be updated as the solution proceeds.

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

® For water-table conditions, no provision is made to accom-
modate a moving boundary, not for any but the simplest ap-

proximation (Dyp = - pg) to the non-linear boundary condi-
tions. A constant (in time) pressure could also be input at this
boundary.

Figure 5 shows the finite element mesh for the Mzingazi
flood plain. The computer model was run with K =20 m/d;
D =16 m; S= 0,003 for different Lake water-levels of 3; 1,5; 0,5
and 0,2 m above sea-level for a period of 1 200 days. The intru-
sion distance stabilized more or less at this time. The results for
the 0,1 and 0,01 isochlors (an isochlor of 1 means a TDS value of
26 000 mg/£) are shown in Table 2.

The position of the sea-water transition zone after 1 200
days with a Lake water-level of 0,5 m above sea-level is shown in
Figure 6.

TABLE 2
DISTANCE OF SALTWATER INTRUSION FOR DIFFERENT
LAKE WATER-LEVELS AFTER 1 200 DAYS

Distance of intrusion (m)

Lake Water-level (m.a.s.l.)

0,1 isochlor 0,01 isochlor
3,0 67 75
1,5 70 100
0,5 90 120
0,2 100 200

Conclusions

A comparison between the analytical and numerical solution con-
firms that the analytical steady state solution over-estimates the
distance of sea-water intrusion.

There is little danger of sea-water intrusion in the Mzingazi
flood plain for Lake Mzingazi water-levels of between 3 and
1,5 m above sea-level. For Lake water-levels lower than 1,5 m
sea-water intrusion becomes more evident because of the hyper-
bolic relationship between the freshwater gradient and the
distance of sea-water intrusion.

A fresh water head of at least 0,4 m above sea-level must be
maintained in boreholes P, Q and R. This implies that there must
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Typical boundary conditions. po, a are constants.

—g—:-pg is implied from gn=0. b is thickness of aquifer.
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Vertical finise element mesh used for the numerical solution of sea-water
intrusion.
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Figure 6
The position of the different salt isochlors after 1 200 days.

be no withdrawal of groundwater in the Mzingazi flood plain
through boreholes.

Acknowledgements

The authors wish to thank Mr Eddie Bosman of Geustyn, For-
sythe and Joubert Engineering company for useful discussions
and the Richards Bay Town Board for permission to publish the
report. The computer code was developed by Michael Celia from
Princeton University during a short tenure at the Institute for

Ground-water Studies in 1982.

References

BOTHA, J.F. and CELIA, M.A. (1981) Alternating direction approxima-
tions for a parabolic partial differential equation. Water Resoutces
Program, Dept. of Civil Engineering, Princeton Univ., USA.

CELIA, M.A. (1984) Density-dependent transport simulation using alter-
nating direction collocation, Bulletin Inst. Ground-water Studies,
Bloemfontein 12 1-35.

DE WIEST, R.J.M. (1965) Geohydrology. John Wiley and Sons, New
York.

Water SA Vol. 12. No. 2. April 1986 87



GLOVER, R.E. (1959) The pattern of fresh-water flow in a coastal of Hawaii, Water Resources Research Center. Technical Report No
aquifer. Journal of Geophysical Research 64(4) 457. 3.
LAU, L.S. (1967) Dynamic and static studies of seawater intrusion. Univ.  WORTHINGTON, P.F. (1978) The hydrogeology of the Richards Bay
Atrea, South Africa. Unpubl. D.Sc-thesis, UOFS, Bloemfontein.

88 Water SA Vol. 12. No. 2. April 1986



