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New Factors in the Design, Operation and
Performance of Waste-stabilization Ponds

G. v. R. MARAIS 1

In the developing countries, the unit costs of waste-stabilization ponds are generally
low. Moreover, in the tropics and subtropics, the environmental conditions are conducive to
a high level ofpondperformance. In view of this, the theory, operation andperformance of
such ponds under these conditions have been studied.

It is shown that the Hermann & Gloyna and Marais & Shaw theories of the
degradation action in oxidation ponds can be integrated, and that account can be taken of
the effect of the sludge layer. In Lusaka, Zambia, anaerobic conditions are much more
likely to occur in summer than in winter, because of intense stratWfication. It is confirmed
that a series of maturation or oxidation ponds is more efficient than a single pond of
equivalent volume.

When aqua privies and septic tanks are used as anaerobic pretreatment units, the area
of the primary oxidation ponds can be reduced and there is less likelihood that anaerobic
conditions will develop in them in summer. The use ofself-topping aqua privies, discharging
through sewers to oxidation ponds, has m2de possible the economic installation of water-
carriage systems of waste disposal in low-cost high-density housing areas.

In the oxidation ponds, typhoid bacteria appear to be more resistant than indicator
organisms; helminths, cysts and ova settle out; there are no snails and, if peripheral
vegetation is removed, mosquitos will not breed.

The main object of research on sanitation is the
abatement of environmental pollution, but it is
important that the methods evolved are within the
economic means of the community served.

In developing countries the high cost of installa-
tion, operation and maintenance of conventional
disposal works militates against the provision of
water-borne waste disposal, particularly where
installations are small. Where suitable land is
cheaply available, experience with stabilization ponds
shows that unit costs remain low, regardless of the
size of the installation. In the tropics and subtropics,
environmental conditions are favourable for attain-
ing a high level of pond performance and, as most of
the developing countries lie within these regions,
the theory, operation and performance of stabiliza-
tion ponds will be considered with particular regard
to tropical and subtropical conditions.

1 Research Engineer, African Housing Board, P.O. Box
RW 74, Ridgeway, Lusaka, Zambia. Present address: De-
partment of Environmental Sciences and Engineering,
School of Public Health, University of North Carolina,
Chapel Hill, N.C., USA.

Stabilization ponds can be subdivided into the
following types:

(1) Anaerobic pretreatment units-anaerobic
lagoons, septic tanks and aqua privies.

(2) Facultative ponds, in which the upper and lower
layers are aerobic and anaerobic, respectively; this
type includes most of the ponds generally described
as oxidation ponds.

(3) High-rate oxidation ponds, which are aerobic
throughout; their development is principally due to
Oswald et al. (1957) and is still in the experimental
stage.

(4) Maturation ponds, for treating effluents from
conventional disposal works.

(5) Mechanically assisted ponds, of which there
are two subtypes: (a) those in which all oxygen is
supplied by mechanical aeration and (b) those in
which inter- and intra-pond recirculation take place.

ENVIRONMENT AND THE DEVELOPMENT OF THEORIES
OF POND ACTION

There are three theories on the behaviour of
oxidation ponds, all incorporating some limiting
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condition or set of conditions, which directly or
indirectly provide criteria for design.
The BOD load per unit area theory, which

postulates that the BOD loading rate is governed by
the average daily radiation, originated from observa-
tions of the marked influence of solar radiation, in
association with algae, on reoxygenation of the pond
liquid. To promote oxygen production throughout
the body of the pond, the liquid depth is limited to
the photic zone (2 ft-6 ft (0.6 m-1.8 m) is suggested).

In temperate climates, ice-cover in the winter cuts
off radiation from the body of the pond and anaer-
obic conditions ensue. Experience has shown that,
to re-establish aerobic conditions as quickly as
possible in the spring, the surface loading must not
greatly exceed 20 lb BOD/acre/day (22 kg BOD/
ha/day). But with this loading rate, in ice-free
conditions, reoxygenation due to algae is of secon-
dary importance, as the oxygen requirement of the
pond is virtually satisfied by diffusion from the air.
Hence the period of recovery is the determining
factor in establishing the level of BOD loading.
Where ice-cover does not occur, the period of

recovery is not the determining factor. If aerobic
conditions are to be preserved, the winter period
remains critical, but higher BOD loading rates than
with iced-over ponds are possible. With higher rates
and consequently shorter retention times, the
reduction of BOD becomes a significant factor.
Hermann & Gloyna (1958) advanced a theory
whereby, under the adverse winter conditions, a
retention time to give 80 %-90% BOD reduction is
determined. Anaerobic conditions are not referred
to; presumably it was considered unlikely that such
conditions would develop under this reduction.
Hermann & Gloyna laid emphasis on the influence
of temperature on retention time for a fixed reduc-
tion of BOD.

In the tropics, in contrast to temperate climates,
critical conditions tend to develop during the
summer. Seasonal variations of temperature appear
to have little effect on the reduction of BOD. High
BOD loading rates are possible throughout the year
without anaerobic conditions developing. The BOD
load per unit area method is unacceptable as a
criterion for the preservation of aerobic conditions,
because one pond might remain aerobic under
400 lb BOD/acre/day (450 kg BOD/ha/day) whereas
another might turn anaerobic under 150 lb BOD/
acre/day (170 kg BOD/ha/day). Retention times are
short (14 to 30 days), but reductions of BOD and
faecal-bacterial concentration are significantly

lowered. To obtain further reductions, the practice
has developed of treating the primary pond effluent in
secondary and tertiary ponds in series. This raises the
question-which is the more efficient, a single large
pond or a series of smaller ponds of equivalent total
volume? With these considerations in mind, Marais
& Shaw (1961) investigated the following aspects:

(1) the physical laws and factors controlling the
reduction of pollution in ponds and

(2) a criterion for the preservation of aerobic
conditions.

Quantitative statements of theories'

To determine the volume necessary to give 80%-
90% reduction of BOD, Hermann & Gloyna (1958)
introduced the concept of reaction time, which is
taken as either the retention time in a single pond or
the cumulative retention time in a series of ponds.
The development of the theory proceeds as follows:
At a temperature To, it is found experimentally that a
retention time RTO is required to give 90% reduc-
tion. It is postulated that, at a temperature T, for
the same reduction, the retention time, RT, is related
to the previous retention time according to Arrhe-
nius law:

RT = RT 9(TO-T)

From laboratory-scale experiments on a series of
four ponds, Hermann & Gloyna conclude that the
optimum efficiency of reduction is attained at 35°C,
giving 90% reduction for a total retention time of
3.5 days. As the temperature decreases, the total
retention time for the same reduction increases in
accordance with their postulation, i.e.,

RT = R35 9(35-T) = 3.5 (1.072)(35-T) (1)

From statistical analysis, they conclude that the
mean BOD for raw sewage in the USA is approxi-
mately 200 mg/litre. A reduction of 80 %O-90% gives
an effluent BOD of 20-40 mg/litre. Presumably, in
order to keep the effluent BOD within these limits,
retention times for influent BOD (PO) greater or less
than 200 mg/litre should be adjusted in the ratio
PO: 200, giving:

PO
R= 200 * RT (2)200

Hence:

R = 200 R35 9(35-T) = 200 * Po (1.072)(35-T) (3)

1 The symbols introduced in this section are defined in
the Annex.
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For design purposes the temperature recom-
mended is the mean for the coldest month of the
year. The depth of pond suggested is between 2 ft
6 in and 3 ft (0.75 m and 0.9 m). Thus, knowing the
temperature, the pond depth, and the daily influent
DOD and flow, one can determine the desirable
volume and surface area of the pond.

Marais & Shaw (1961) consider each pond,
whether single or one of a series, individually, taking
into account the influent and effluent flows, con-
centrations of pollution and the degradation in, and
the volume of, the pond. The concentration of
pollution is determined on the assumptions that
mixing is complete and instantaneous and degrada-
tion occurs by a first-order reaction that is not
temperature-dependent. The differential equation
for the concentration of pollution, S, in the pond is:

dS QO SoQf

The following deductions are made (Marais &
Shaw, 1961):

(a) The effluent flow normally has little effect on
the concentration of pollution in the pond and can
be taken as equal to the influent flow.
Equation (4) can be simplified to:

dS (K+IS= so(= (5)

" river flow ", " piston flow " or " batch " con-
ditions:

S Soe't (8)

These deductions require that there is no qualita-
tive or quantitative change (i.e., development of
anaerobic conditions or a change in the value of K,
respectively) in the degradation action.
The theoretical relationship between the equili-

brium concentrations in a single pond, in a series
of ponds, and in piston-flow or river-flow conditions
for K=2 (Marais & Shaw, 1961) is illustrated in
Fig. 1. The concentrations in a series of ponds are a
set of discrete values; for reasons of clarity, a line is
drawn through each set.

Although, for maximum efficiency, short retention
times are indicated by the theory, in practice
anaerobic conditions develop in the primary pond
when the retention time is too short. A lower limit
to the retention time is therefore necessary. Marais
& Shaw (1961) note that, for a given liquid depth,
there appears to be an upper limit to the BOD in a
pond, which must not be exceeded if aerobic con-
ditions are to be maintained. They present the
following empirical relationship between the maxi-
mum BOD, P, in a pond and its depth, d:

750
P= 0.6d + 8 (9)

(b) If S,, R and K remain constant, an equilibrium
concentration is established eventually in the pond,
i.e., dS/dt=0. From equation (5),

so
S S= (6)
KR + I

(c) Under equilibrium conditions, the daily cyclic
variations of influent flow and concentration of
pollution lead to corresponding variations in the
effluent, but can be represented by their means.

(d) In a series of ponds, the equilibrium con-

centrations of pollution can be calculated pro-
gressively down the series:

so S.,
S1= KR + 1 2 R+ etc. (7)

(e) For the same total retention time, a series of
ponds is more efficient in reducing the concentration
of pollution than a single pond. The efficiency
increases with the number of ponds until, with an

infinite number, the upper limit of theoretical
efficiency is reached. This limit is equivalent to

The theory was tested against experimental results
of two pollution parameters-the faecal-bacterial
concentration (Escherichia coli, Streptococcus faeca-
lis and " total coliform ") and BOD. When the
degradation constant K has the value 2, the bac-
terial reductions from ponds in South Africa and
Zambia show good correlation with theory (Fig. 2).
This value must be considered provisional. No
decrease in the value of K with increasing retention
time has been noted, but this conclusion may be
modified as more experimental results become
available. K may also be affected by temperature
variation, although this has not been observed in
southern Africa.
BOD results show only approximate conformity

with the theory. There is a wide scatter of experi-
mental results, with strong evidence that, in the
primary pond, K decreases as the retention time
increases (Marais, 1963), and that, in the secondary
pond, K is considerably lower than in the primary
pond. In the design of the primary pond, a value of
K=0.17 is selected since, for retention times of up to
40 days, this value gives lower reductions than those
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FIG. 1
THEORETICAL CONCENTRATIONS OF FAECAL BACTERIA IN SINGLE POND, SERIES OF PONDS, AND RIVER FOR K= 2.0,

ACCORDING TO THEORY OF MARAIS & SHAW a
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observed in most primary ponds, thus leading to
conservative design.

Thus, when the influent BOD, the flow, and K
are known, the minimum retention time in a primary
pond for any selected depth, and hence the required
surface area of the pond, can be determined from
equations (6) and (9). Application of this theory
leads to a variable BOD loading per unit surface
area of primary pond, the loading being a function
of the influent BOD and the depth of the pond.
The secondary ponds are not subject to the

restrictions imposed by equation (9) and are designed
on the basis of retention time only. Marais & Shaw

(1961) select an arbitrary minimum value of 7 days
for the retention time per pond, since they consider
that shorter times increase the problem of short-
circuiting. At least two secondary ponds are
recommended.

Vincent et al. (1963) suggest that a formulation
based on Fair & Geyer's (1957) theory of a decreasing
value of K might give a more realistic assessment of
the BOD in the pond. This leads to the following
equation for equilibrium conditions:

PO
(P/Po)nKR + 1 (10)
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FIG. 2
EXPERIMENTAL AND THEORETICAL CONCENTRATIONS OF E. COLI IN SINGLE POND FOR

DIFFERENT RETENTION TIMES AND IN SERIES OF PONDS, FOR K = 2.0
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However, other factors considered later are

significant with regard to the degradation action and
it is only after they have been isolated and evaluated
that this approach may become productive.

Integration of theories
A study of the last two theories in terms of Fair's

paper (1960) indicates that they are particular
developments of two of Fair's purification-rate

)
)p

j
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parameters-temperature and time of exposure-
and that the two theories can be integrated.

This integration starts from the concept " time of
exposure ", which can be defined as the time for
which the pollution is subjected to degradation
action. Under piston-flow, river-flow, and batch
conditions, the time of exposure, t, is given directly
in the equation for reduction of BOD:

P = Po K (11)

In a pond in which complete mixing occurs, the
time of exposure can be examined by tagging a slug
of pollution in the influent. The proportion of the
slug remaining at any time, t, after its introduction
is given by:

proportion remaining = e-(QIv)t (12)

This shows that an infinite time is required for
complete discharge of the slug. The time of exposure
for decreasing proportions of the slug therefore
ranges from zero to infinity. If there is no outflow,
the pollution concentration of the slug in the pond
at any time, t, is given by:

PO -Kt
(VIQ) e

Hence, taking account of the outflow, the pollu-
tion concentration due to the slug at any time, t, is:

PQ e-Kt e-(Q/V)t
(VlQ)

The pollution concentration for continuously fed
slugs, i.e., continuous flow, is given by:

C.)

P0
P (V/Q) e-Kt e-(Q/v)t dt (13)

tenI = 0

If VIQ is defined as retention time, R, then:

P
IKKl/R+1R)t

PO

KR+1

The time of exposure, t, is not now directly repre-

sented, but a pseudo-time-of-exposure parameter can
be recognized in the retention time, R.
From equation (11), for a fixed percentage

reduction, it can be shown that, under piston-flow
conditions for temperatures T1 and T7, the relation-
ship between the times of exposure, t1 and t2, and
the degradation constants, K1 and K2, is:

K1/K2= t2/tl (15)

Similarly, for a single pond, from equation (14), in
terms of the parameter, R, the relationship is:

K1/K2 =R21R1 (16)
In a series of ponds, if the configuration (the

relative volumes and the number in series) remains
the same, the pseudo-time-of-exposure, Rg, can be
chosen arbitrarily as either the retention time of one
pond or the total retention time of the series. Again,
in terms of this parameter, equation (16) is valid. If
the configuration changes, the value of Rg to give
a fixed percentage reduction will change, but
equation (16) will still apply to each configuration.
Hence the value (3.5) that Hermann & Gloyna (1958)
give to R35 (equivalent to Rg) in equation (1) applies
to a series of ponds only if the configuration is the
same as theirs. This is a restrictive condition, as
their experimental value for R35 in equation (1)
cannot, for instance, legitimately be used to deter-
mine the volume of a single pond. (Theoretically, for
90% reduction in a single pond, use of equation (18)
below with K35= 1.2 gives R35= 7.5 days.)
From the relationship expressed by equations (1)

and (16), the functional relationship between R, K,
0 and T can be written:

RT 0(35-T) = K35 (17)
R35 KT

K is now expressed in terms of 0 and T, and can be
incorporated into Marais & Shaw's (1961) theory:

P=
PO

R whereKT= K35-(35-T) (18)KTR+1

To test the validity of equation (18), an analysis
of the results obtained by Suwannakarn (1963) on a
laboratory-scale series of oxidation ponds operated
at 35°C, 24°C, 20°C and 9°C was made. Suwanna-
karn's results are given in Table 1, with other
pertinent details. The analysis gave = 1.085 and
K3I5= 1.2. The value of 0 is near that (1.072)
accepted by Hermann & Gloyna (1958). Fig. 3
shows the correlation between the experimental and
theoretical results obtained by using the series form
of equation (18); there is good correlation for
reductions up to 90%.
The conditions under which Suwannakarn's

experiments were performed are approximately
those postulated for the derivation of equation (18)-
namely,

(1) The pollution entered the body of the pond
with only an insignificant portion settling out as a
sludge-a water-soluble milk compound was used
as the degradable material in the influent.
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TABLE 1
EXPERIMENTAL BOD VALUES OBTAINED FROM LABORATORY-SCALE SERIES OF OXIDATION PONDS

BY SUWANNAKARN (1963)

743

Inflow rate: 6 litres/day a Inflow rate: 9 litres/day a
Pond 35 OC 24 °C 20 OC 9 OC C 35 OC 24 °C 20 oC d
No. Rb BOD BOD BOD BOD R BOD BOD BOD(days) (mg/I) (mg/I) (mg/I) (mg/I) (days) (mg/I) (mg/I) (mg/I)

1 2.82 60 109 107 215 1.88 51 109 156

2 2.02 14 60 62 158 1.35 24 67 48

3 2.82 8 46 36 124 1.88 16 38 26

4 2.82 3 12 9 87 1.88 19 4 13

5 2.02 4 13 8 65 1.35 16 3 7

6 2.82 5 7 7 47 1.88 9 2 4

a Influent BOD to first pond = 226 mg/I.
b Calculated by author as volume of pond/daily flow.
c Reductions calculated from first-pond effluent, as it is apparent that a qualitative change took place in the first pond.
d Data not used in correlation plot for reason given by Suwannakarn.

FIG. 3
BOD REMOVAL
IN LABORATORY-SCALE
SERIES OF OXIDATION PONDS:
CORRELATION OF EXPERIMENTAL
(SUWANNAKARN, 1963) AND
THEORETICAL RESULTS
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(2) The temperature remained constant through-
out each experiment, and equilibrium conditions
were attained.

(3) Mixing was induced by directing jets of air on
to the pond surface.

(4) All except one pond remained aerobic.
In practice, none of these conditions is con-

tinuously satisfied, since:
(1) A portion of the influent BOD settles out as

sludge and undergoes anaerobic decomposition.
(2) The temperatures in the pond vary cyclically,

daily and yearly.
(3) Stratification inhibits the mixing of the

influent with the pond contents and induces anaer-
obic conditions in the lower depths.

INFLUENCE OF THE SLUDGE LAYER

Oswald (1964) was one of the first to emphasize
the importance of the sludge layer in the behaviour
of ponds. He showed experimentally that the
intensity of anaerobic fermentation in the sludge is
greatly influenced by temperature. A plot of his
results, and observations of gas evolution at a point
in a primary oxidation pond at Lusaka, Zambia, are
shown in Fig. 4, in which the logarithm of the
volume ratio of gas evolved per day is plotted
against the temperature in the sludge layer. The
plots are approximately linear, and the slopes of the
Oswald and the Lusaka results are approximately
the same. The temperature-dependence of the gas
evolution is marked-there is approximately a
sevenfold increase of gas evolution for a rise in
temperature of 5 degC.
An expression for the degradation occurring in

the sludge layer can be incorporated in the differ-
ential equation if it is assumed that anaerobic
degradation of the sludge, which manifests itself in
the evolution of gas and release of fermentation
products, is a first-order reaction. Further assump-
tions are:

(1) All BODs are ultimate first stage. This
assumption is necessary because the rates of degrada-
tion in the sludge and in the body of the pond may
differ markedly in magnitude and temperature-
dependence, whereas, according to Gotaas (1948)
and Oswald (1964), the ultimate BOD and gas
evolution per lb BOD, respectively, tend to be
independent of temperature.

(2) A fraction, ftp, of the influent ROD, Pui, is
dispersed within the body of the pond, the remaining
fraction, fs, settling out as sludge.

(3) Complete and instantaneous mixing occurs in
the pond; hence the effluent BOD is equal to the
pond BOD.

(4) Influent and effluent flows are equal.
(5) The reaction constants, K for the pond liquid

and KB for the sludge layer, are temperature-
dependent according to the following type of
relationship:

KT = KTO e-C(To2T), with 0 = ec (19)
(6) A fraction, cp, of the BOD lost in the sludge

due to fermentation enters into the pond volume;
the remaining fraction, Cg, leaves the system as gas.
The following differential equations can be

derived:
(1) Total ultimate BOD, St, in the sludge:

dSt= -K8St + f8PuiQ (20)

where K8 is temperature-dependent according to the
relationship expressed in equation (19).

(2) Gas evolution from the sludge:
dVg
d

= CvcgK8St (21)

(3) BOD, Pu, in the pond:
Change in the pond BOD in time dt equals:
Reduction due to degradation in the pond and loss in
effluent;
Increase due to influent fraction, fp, to the body
of the pond and to fermentation products from
sludge in time dt, i.e.:

dPu 1 f-P(iKPcRSt
dt R-K+P+R+ V~ (22)

If the influent BOD, flow rate and temperature
remain constant, the BOD in the pond liquid and the
total BOD in the sludge eventually reach equi-
librium, i.e., dP/dt= 0 and dSt/dt= 0. Hence from
equation (20):

f8PuiQ
(cp + cg)K8 (23)

Substituting for St in equation (22) and solving for
Pu gives:

1+1= (fvPut + K8cpQ _8u___ (4U KR+1 V g(C)) (24)

Now V/Q=R and cp + cg = 1. Hence:

KR+=(uv+ cvf8) (25)
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FIG. 4
EXPERIMENTAL AND THEORETICAL RELATIONSHIPS BETWEEN GAS EVOLUTION PER DAY FROM SLUDGE LAYER

IN PRIMARY OXIDATION POND AND TEMPERATURE
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Under conditions of equilibrium, equation (25)
gives the relative magnitude of the effects on the
pond BOD of the BOD in the influent and that from
the sludge fermentation.

Because of the seasonal variation of influent BOD,
flow and temperature, solutions of equations (20),
(21) and (22) can be obtained only by numerical
methods. Information on the values of the various
fractions and degradation constants is required.
Little is available on fp, .f8, cs and cg. The value ofK
can, as a first approximation, be obtained from
equation (18) with K3r= 1.2 and 9 = 1.085. The
values of K8 and C can be determined as follows.

Consideration of equations (20) and (21) shows
that, for any BOD loading, the ratios of gas evolu-
tion at different temperatures can be theoretically
determined without knowing cp, cg, fs and fp,,
provided that these remain constant. This assump-
tion will be accepted in the subsequent analysis.

The experimental relationship between the log-
arithm of the ratios of gas evolution and the temper-
ature is approximately linear (Fig. 4). Trial solu-
tions of equations (20) and (21), using various
values of KTO and C,1 indicate that such a relation-
ship is possible only if KTO is small and C relatively
large. Under these conditions the first approxima-
tion to C is given by the average slope of the log
(volume ratio)-temperature plot (Fig. 4). The
curvature in the plot is influenced by the value of KTO
and the temperature range in the sludge but, with ex-
perience, it is possible to make a trial estimate ofKTO.
From the daily temperatures in the sludge layer

and the trial values KTO=K20=0.002 and C=0.3,
and assuming a constant daily influent BOD load,
the numerical solutions of equations (20) and (21)

"To avoid undue complexity of subscripts, KTO here
refers to the value of K for the sludge layer at temperature
TO.
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FIG. 5
SLUDGE ACCUMULATION AND TEMPERATURE (A) IN, AND GAS EVOLUTION (B) FROM, SLUDGE LAYER OF PRIMARY

OXIDATION POND AT LUSAKA OVER ONE YEAR
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were determined from August 1963, when the Lusaka
ponds came into use, until May 1965. The solutions
showing the ratios of gas evolution over the period
August 1964 to May 1965 are illustrated in Fig. 5 B.
As ratios only are considered, the absolute

magnitude of the BOD settling as sludge is not
required. Consequently, on the semi-log plot
(Fig. 5 B) the theoretical solution can be moved
vertically up and down en bloc to check the mean fit
(this is equivalent to multiplying the gas evolution by

various values corresponding to assumed BOD
loads settling as sludge). The fit can be verified by
superimposing the theoretical and experimental
values, as in Fig. 4, and checking whether the slopes
and the curvatures of the plots agree.' As the plots

1 It will be noted that in Fig. 4 the points representing
the theoretical solution do not lie on a smooth curve. This
is because two points at the same temperature may relate
to different parts of the yearly temperature cycle; owing to
the change in the volume of sludge in the time interval, the
amounts of gas evolved are not identical.
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of the experimental and theoretical values on Fig. 4
and 5 B show good correspondence, K20=0.002
and C=0.3 can be accepted as first approximations.
Their accurate determination will, however, require
correspondence on the gas-time plot over at least one,
and preferably two, annual cycles.

In Fig. 5 A, the number of days' accumulation of
sludge is shown, indicating that at the end of the
two-year period (730 days) there is approximately
270 days' accumulation of sludge. If, say, 50% of
the influent BOD settles as sludge, 135 days of
influent BOD has accumulated. The sludge accu-
mulation on 1 May 1965 is higher than that on
1 May 1964, indicating that, although nearly two
years have passed since the pond came into use, the
sludge build-up has not yet reached an equilibrium
mean value. (This serves as a warning against the
practice of testing performance over short periods
after the inauguration of, or after a change of
influent BOD load to, a pond.)
Once equilibrium conditions are attained there is

an annual cyclic variation of sludge accumulation.
Theoretically, in the case under consideration,
equilibrium would be virtually attained after about
four years; thereafter the amount of sludge would
decrease during summer and increase during winter.
From a number of theoretical solutions over

various ranges of temperature, it appears that the
mean sludge accumulation at equilibrium depends on
the mean annual temperature. If the mean temper-
ature is low, a high equilibrium value is established,
and vice versa.
From the theoretical deductions given above, the

practical influence of the sludge layer on the pond can
be described as follows.
During the early life of a primary pond a portion

of the observed reduction of the BOD in the pond is
due to settlement of organic material as sludge.
Anaerobic fermentation develops in the sludge,
reducing its organic load but releasing products of
fermentation to the supernatant liquid. Under
uniform conditions of deposition and temperature,
the sludge will increase, releasing correspondingly
greater quantities of fermentation products, until a
state of equilibrium is reached in which the BOD
deposited as sludge is equal to the BOD released as
fermentation products.

Seasonal variations of temperature have the
following effect: During the cold season, little
degradation takes place in the sludge and the pond
bottom becomes primarily a sludge storage space,
whereas during the hot season the products from

increased fermentation of the sludge accumulated
during the winter are off-loaded to the supernatant
liquor. Depending upon the sludge deposition per
unit area, the relative lengths and severity of winter
and summer, and several other factors, it is possible
that during the summer the oxygen required may
exceed the reoxygenation capacity of the pond, which
then turns anaerobic. This condition has been
reported by Meenaghan & Alley.' More usually,
increased fermentation during summer results in the
formation of mats of sludge on the surface, buoyed
up by occluded gases; this is an annual phenomenon
in Zambia. From continuous recordings of sludge
temperatures, it appears that the critical temperature
for the sludge to rise is approximately 22°C.
During summer the degradation rate is high and,

from the theory, a low equilibrium BOD in the pond
is established. However, the BOD load received
from the sludge is high. During winter the degrada-
tion rate is low, establishing a relatively high
equilibrium BOD in the pond, but a low BOD load
is received from the sludge. The two processes,
operating simultaneously, tend to cancel out, and
decrease the cyclic variation of pond BOD. This
hypothesis explains why the pond BOD appears
insensitive to seasonal variations of temperature.

MIXING CONDITIONS

One of the basic assumptions in the theory ofpond
degradation set out in this paper is that complete
mixing takes place. The degree to which this assump-
tion is satisfied in oxidation ponds at Lusaka will
now be examined.
Lusaka is situated inland on the African plateau

about 4500 ft (1370 m) above sea level at about
latitude 15° South. At this height the seasons are
cooler than the normal for this latitude. Two
seasons are recognized: " winter " and " summer ",
with April and October the transition months. The
maximum temperature in summer is about 32°C-
380C and the average minimum in winter is 10°C.
The rainy season occurs in summer, from November
to April approximately, and is a period of high
humidity. The radiation (Fig. 6 C) is remarkably
uniform throughout the year, ranging from 400
cal/cm2 to 600 cal/cm2, and can be slightly lower

1 Meenaghan, G. F. & Alley, F. C. (1963) Evaluation of
waste stabilization pond performance (preparatory paper
presented at Third International Water and Waste Con-
ference, Texas, organized by the Water Pollution Control
Association).
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in the summer than in the winter, owing to cloud
cover. The average daily wind speed (Fig. 6 A) is
higher in winter than in summer; during December
and January there is very little wind. The wind
blows from approximately 8 a.m. to 11 a.m., then
dies away and rises again, but less strongly, during
the afternoon.

Experimental results show that conditions in the
pond reflect the difference between winter and
summer but with a lag of about one month, making
it necessary to include October in winter and April
in summer.

In Fig. 7 A and 9 A, temperature variations at
different levels in a 5-ft(1.5-m)-deep pond over a

FIG. 6
WIND SPEED (A), MIXING (A), TEMPERATURE (B) AND RADIATION (C) AT PRIMARY OXIDATION POND AT LUSAKA

OVER ONE YEAR
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FIG. 7
VARIATION OF TEMPERATURE (A) AND OXYGEN CONCENTRATION (B) IN 5-FT-DEEP PRIMARY OXIDATION POND

AT LUSAKA DURING ONE DAY UNDER WINDY WINTER CONDITIONS
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period of a day during winter and summer, res-
pectively, are shown. In Fig. 8 A and 10 A, the
temperatures on a vertical section at hourly intervals
are shown. The following states of mixing can be
recognized:

(1) In the morning, if there is any wind, there is a
period of complete mixing in which the temperature
is uniform throughout the pond but, owing to the
absorption of radiation, gradually increases (Fig. 7 A
and 7 B).

(2) At some time, usually during a short lull in the
wind, stratification develops abruptly and a thermo-

cline forms. The temperature above the thermocline
increases to a maximum and then decreases, while
below the thermocline the temperature rapidly falls
to a value approximately that of the earth and
thereafter remains practically constant. A certain
amount of mixing may take place above the thermo-
cline (Fig. 7 A and 8 A).

(3) In the afternoon and evening, a second period
of mixing may be initiated as follows:

(a) Above the thermocline, under quiescent wind
conditions, the top layers lose their heat more rapidly
than the bottom layers. The cooler top layers sink,
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FIG. 8
TEMPERATURE (A) AND OXYGEN (B) PROFILES IN 5-FT-DEEP PRIMARY OXIDATION POND AT LUSAKA UNDER WINDY

WINTRY CONDITIONS
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inducing mixing, with the result that the temperature
down to the thermocline remains approximately
uniform but gradually decreases (Fig. 10 A). The
thermocline gradually sinks and, should the tempera-
tures above and below it become equal, with further
cooling, mixing is initiated and sustained throughout
the pond (Fig. 9 A).

(b) Under windy conditions, usually during the
period of decreasing temperatures, the energy
imparted by the wind to the water above the thermo-
cline at some stage overcomes the stratification forces
and progressively mixes the warmer and colder
layers adjacent to the thermocline, causing it to be
displaced downwards until the temperature is
uniform throughout and the whole pond is in a state
of mixing (Fig. 8 A).

It is possible that during summer, when the wind
speeds are low, cooling by radiation is not sufficient
to equalize the temperatures throughout the pond
and the thermocline persists. At Lusaka during
December 1963 and January 1964 the thermocline
persisted for almost a month and a half. The thermo-
cline oscillated daily but was on average lower
(± 1 ft (0.3 m)) during the summer than during the
winter (± 3 ft (0.9 m)).
The lengths of the daily periods of stratification

and mixing depend significantly on the temperature
in the pond and on the wind conditions. For a 5-ft-
deep 1 pond the temperature over a period of one
day at depths of 6 in and 4 ft 6 in is shown in Fig. 11.

15 ft = 1.5 m (approx.).
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FIG. 9
VARIATION OF TEMPERATURE (A) AND OXYGEN

CONCENTRATION (B) IN 5-FT-DEEP PRIMARY OXIDATION
POND AT LUSAKA DURING ONE DAY UNDER CALM

SUMMER CONDITIONS
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The initiation and termination points of complete
mixing are indicated by slight jumps on the trace at
4 ft 6 in, the temperature traces coinciding within
this interval. Temperature traces are shown for cold,
mild and hot days, and the periods of stratification

and mixing are indicated. From traces recorded
over a year, the daily hours of complete mixing are
shown in Fig. 6 A; during winter, the periods of
complete mixing are considerably longer than during
summer, and during the latter season stratified con-
ditions exist for weeks on end.
Comparison of the average wind speeds with the

hours of mixing in Fig. 6 A indicates the similarity
of the two graphs, but during the warmer months
the wind does not appear to be as effective in main-
taining mixing conditions as during the colder
months. According to Fair & Geyer (1957), as the
average temperature of the water increases, the wind
energy necessary to nullify a 1 degC difference in
temperature between layers of water increases
significantly. The plots in Fig. 6 A confirm this.

Fig. 6 B shows the average daily temperatures of
the influent and at a depth of 4 ft 6 in; the maximum
temperatures at a depth of 6 in are also shown. The
daily variations in the temperatures of the bottom
layer and the influent rarely exceed 1 degC, but the
temperature in the top layer ranges from the maxi-
mum recorded to that at the bottom of the pond.
From Fig. 6 B and 11 it is evident that, during

mild and hot weather, the major part of the influent
flow enters the pond during the period of stratifica-
tion, when the influent temperature is lower than
the surface temperature. There is, therefore, a
tendency for the influent to remain in the lower
regions of the pond. This was verified by the
following experiment. Over a period of four months
during late summer and early autumn 1963, the
E. coli concentrations taken from a surface overflow
of a pond at 10 a.m. (period of mixing) were on the
average higher than those at 3 p.m. (period of
stratification) (Fig. 12). From the daily influent flow
pattern, the mean influent E. coli concentration and
the volume of the pond, the variation in concentra-
tion of E. coli in the effluent over a period of a day
was determined, using equation (4) according to the
numerical method given by Marais & Shaw (1961).
Although the solution correctly predicted the
10 a.m. value, too high a value was predicted for
3 p.m. If, however, stratification is assumed to
take place at 11 a.m., the theoretical and experi-
mental values at 3 p.m. are in close agreement
(Fig. 12).
During the winter season, the temperature of the

influent may remain above the maximum surface
temperature of the pond throughout the day (Fig. 11)
Even though the mixing period during this season is
longer than in summer, streaming and sheet-
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FIG. 10
TEMPERATURE (A) AND OXYGEN (B) PROFILES IN 5-FT-DEEP PRIMARY OXIDATION POND AT LUSAKA UNDER CALM

SUMMER CONDITIONS
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spreading of the influent on the surface of the pond
have been observed, particularly for short retention
times.

In the light of these observations, it appears that,
during mild and hot weather, a surface draw-off is
desirable, but during cold weather a deep subsurface
draw-off is preferable. As a compromise for year-
round operation, it is suggested that the draw-off
should be at about 9 in below water level (Fig. 13).
To reduce short-circuiting and promote mixing,

the inlet to the pond should always be near the
bottom, discharging in a horizontal direction away

from the outlet. Where possible, the outlet should
be windward of the inlet.
The seasonal change in the length of the daily

mixing period also has a significant effect on the

E. coli concentration. In Fig. 14 the statistical
distribution of the E. coli in the influent, taken over
a year, and the statistical distributions of the E. coli
in the effluent, separated into the two seasons, are
shown. The average concentration during summer is
almost three times as high as that during winter.
A plot of these results with respect to time (not
reproduced here) indicates clearly the change in con-
centration over the transition months October and
April. Over a period of a year, statistical analysis
of E. coli concentrations in the influent and effluent
of a large septic tank with one to two days' retention
shows no significant difference between the influent
and effluent concentrations, indicating that under
anaerobic conditions the E. coli has a very slow die-
off rate. It has been shown earlier that in summer the

v ff . ... . , .. . , X r752
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FIG. 11
COMPARISON OF FACTORS AFFECTING MIXING IN PRIMARY OXIDATION POND AT LUSAKA
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thermocline is nearer the pond surface and persists tested to check the reliability of the complete set.
for,longer daily periods than in winter; anaerobic This test indicated that the results were statistically
conditions are therefore much more in evidence satisfactory (Marais, 1964b).
during summer than during winter. This may explain In Fig. 15 the concentration and types of algae in
the higher E. coli concentrations during the summer. the primary pond over a year are shown. During

winter the concentration increased to over 1.2 x 106

Algae and oxygen concentrations per ml, with the dominant form being Micractinium.
Samples from the effluent of a primary oxidation During summer the total number decreased to less

pond at Lusaka were drawn off weekly from 9 in than 1.0 x 105 per ml, with Euglena and Chlorella
(0.23 m) below the surface at between 10 a.m. and attaining dominance in turn. It seems that during
10.30 a.m., when the pond was normally in a state summer in the tropics the upper thermal limit of the
of complete mixing. The samples were con- algae is exceeded and causes a severe decrease in their
centrated, when necessary, and counted over 10 concentration; this appears to be due to windless
large microscope fields in a haemocytometer. Each days and long periods of stratification, which cause
set of counts was tested statistically to check the high temperatures in the photic zone (± 1 ft (0.3 m)).
reliability of the mean and to control the counting In Zambia it is difficult to assess separately the
technique. The means obtained over a year were influences of mixing and temperature on the algal
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FIG. 12

INFLUENCE OF THERMAL STRATIFICATION ON E. COLI CONCENTRATION IN EFFLUENT DURING SUMMER AND AUTUMN
IN OXIDATION POND WITH SURFACE OUTLET AT LUSAKA
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concentration, since, in general, high temperatures
are associated with low wind speeds and short
mixing periods, and vice versa. The effect on algal
growth of low temperatures and high wind speed
(long mixing periods) is dramatically illustrated in
Fig. 15 by the explosive increase of algal con-

centration with the unseasonal drop in temperature
and increase in wind speed during November 1964
(Fig. 6 A and 6 B). However, during July and
August, when temperatures were low, a significant
decrease in algae concentration occurred when the
wind speed dropped. This may indicate that, even

under low-temperature conditions, mixing affects the
algal concentration.
The oxygen concentrations in the pond were

measured with a Mackereth oxygen electrode
modified for determinations in quiescent waters
(Beer & Marais, 1964). The influence of algae on

daily reoxygenation of the pond is indicated in

Fig. 7 B, 8 B, 9 B and 10 B. In winter, the oxygen

is dispersed through the pond during the mixing
period in the morning. After the thermocline has
been established, the oxygen below it is depleted,
generally at a high rate because of the high oxygen

demand of the anaerobic fermentation products
diffusing into the liquid from the sludge layer.
Above the thermocline the oxygen concentration
increases, at times up to 35 mg/litre, i.e., approxi-
mately four times supersaturation. On windy days,
if the oxygen concentration reaches these values, the
turbulence in the upper layers causes some loss of
oxygen to the air, resulting in higher concentrations
at about 1-ft (0.3-m) depth than at the surface
(Fig. 8B). In summer, and particularly on windless
days when the thermocline persists, the oxygen

production is confined to the photic zone above the
thermocline, the oxygen being detected to about
3-ft (0.9-m) depth only. The region below the
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FIG. 13
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FIG. 15
CONCENTRATION OF ALGAE IN 5-FT-DEEP PRIMARY OXIDATION POND AT LUSAKA OVER ONE YEAR
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thermocline remains anaerobic. Owing to the high
rate of degradation, once the radiation decreases
during the afternoon, the reduction of oxygen con-

centration above the thermocline is extremely rapid
and the pond may be completely anaerobic for up

to 12 hours. The rate of oxygen consumption was

verified by means of the Mackereth oxygen electrode
by obtaining the BOD-time curve for the undiluted
pond contents at pond temperature (Marais, 1964a).
It is clear that a primary pond is more likely to
become anaerobic in summer than in winter.

DESIGN OF OXIDATION PONDS

Marais & Shaw's (1961) theory deals with the
behaviour of oxidation ponds near the upper

temperature limit of operation; Hermann & Gloyna's
(1958) is concerned with the behaviour near the
lower temperature limit. Although both theories
have been shown to be parts of a more-embracing
one, the empirical constants incorporated in each
theory were determined for the range of environ-
mental conditions under which the theories were

developed and should provide satisfactory bases for
design.
Where temperature conditions make it difficult to

decide which theory should apply, it is advisable to
design the primary pond on the basis of both and
to select the one giving the larger surface area.

The design of secondary and tertiary ponds is
flexible, but it is recommended that two ponds in
series, with minimum retention times of seven days
each, are used. This provides for a further 99%

JULY AUG SErT OCT M4V mu

reduction of E. coli concentration in the primary-
pond effluent.

In the tropics, the reduction of algal concentration
in summer and the consequent adverse effects on the
reoxygenation capacity of the pond indicate that
the thermocline should be destroyed by the installa-
tion of stirring or mixing devices in primary
ponds. Such devices are, however, justified only in
large installations where mechanical maintenance is
feasible. In small installations, which are common in
the tropical areas of Africa, mechanical adjuncts are

not practical. An alternative solution is to be found
in the anaerobic pretreatment of the raw sewage

before its discharge to the ponds. The problems
arising from low algal concentration and sludge
formation in the summer then become of no con-

sequence.

ANAEROBIC PRETREATMENT

General
Anaerobic pretreatment in lagoons has been used

extensively in America with industrial wastes, but
only rarely with domestic sewage. Israel is the first
country to adopt the systematic use of anaerobic
pretreatment in lagoons for domestic sewage

(Watson, 1962).
Anaerobic degradation in septic tanks and aqua

privies is identical to that in anaerobic lagoons.
The reduction of BOD in these pretreatment pro-

cesses is a function of the retention time, the tempera-
ture, and, according to Parker et al. (1950), the
quantity of sludge. Owing to the various combina-
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tions of these factors, a wide range ofBOD reduction
is found in the literature, and correlation is difficult
because of the inadequate reporting of the three
factors.

In order to obtain more information on this
process under tropical conditions, the effluent BODs
and flows from 150 self-topping aqua privies dis-
charging into an oxidation pond at Lusaka were
measured over a year, the basic data being:
Number of contributors
Flow per person per day
Retention time per aqua privy tank
Average temperature in aqua privy

tanks

2800
13 UK gal (59 litres)

2.7 days

220C

The tank effluent BOD rose rapidly to 570 mg/
litre, which approximates to the calculated value
when a BOD/capita/day contribution of 0.08 lb
(36 g), as found for African contributors elsewhere in
Zambia (Vincent et al., 1963), is used. Little or no
reduction appeared to take place during the first
few weeks of operation. With the establishment of
anaerobic fermentation, the effluent BOD dropped
over three months to approximately 250 mg/litre.
The water supply taps were then changed from the
push type to the screw type, thereby increasing the
effluent flow to 18.9 UK gal/person/day (86 litres/
person/day), and reducing the estimated raw sewage
BOD to 420 mg/litre, the retention time to 1.9 days
and the experimental BOD of the effluent to 195
mg/litre. This last value was maintained with

FIG. 16
BOD VALUES DURING
FIRST YEAR OF OPERATION
OF SELF-TOPPING AQUA-PRIVY
SYSTEM DISCHARGING TO
PRIMARY OXIDATION POND

* Influent to pond (aqua-privy
effluent)

o Effluent from pond (unfiltered)

* Filtered pond effluent

Retention time (days) initially later
in aqua-privies 2.7 1.9
in pond 36 25

remarkable consistency until the end of the testing
period (Fig. 16).
From these data and others abstracted from the

literature, the degradation action for design purposes
can be approximately formulated in terms of
equation (10) and conservative estimates can be
made of effluent BOD by taking n=4.8 and K=6.0.
This BOD value is then used in the design of the
oxidation ponds for further treatment of the effluent
(Vincent et al., 1963). A rule-of-thumb technique is
to accept 40 %-50% reduction of BOD in the septic
tanks and aqua privies for one or more days'
retention. A fundamental approach to the reduction
of BOD in the tanks would probably be on the lines
suggested above (page 744).
The aqua privy water-carriage system
In Zambia, pretreatment of sewage in septic tanks

is more than a method of partial stabilization-it is a
vital factor in the provision of a system of sanitation
for small communities. The problems associated
with conventional waterborne systems, aqua privies
and septic tanks draining to soakaways, pit latrines
and night-soil buckets have been dealt with in detail
by Vincent et al. (1963).

In general:
(1) Conventional water-borne systems with con-

ventional treatment are expensive to install, maintain
and operate.

(2) Soakaways fail to function in areas of un-
suitable soil conditions and high water-tables.
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(3) Aqua privies fail to function satisfactorily
where the water seal is not maintained by daily
manual topping-up.

(4) Pit latrines have a short life and, in high-
density housing areas, space for relocation is
limited. Difficulties are experienced in sinking holes
in hard laterite, in rocky areas and where the water-
table is high.

(5) Bucket systems require supervision of a high
order if standards of health are to be maintained,
and labour is difficult to recruit and retain.
The system evolved in Zambia incorporates the

use of the aqua privy or septic tank for each
household or group of households, as follows:

(1) All household waste water is directed into the
aqua privy tank, thus automatically retaining the seal.

(2) By discharging the tank effluent by sewers into
oxidation ponds for final treatment, soakaways are
dispensed with.
The tank retains all the inorganic solids and large

indigestible organic solids. Anaerobic fermentation
changes the digestible organic material to a finely
dispersed state. The self-cleansing velocity for this
effluent in a sewer can be reduced to one foot per
second (30 cm/s), and the lower sewer gradients thus
possible virtually eliminate the need for pumping
where the land is flat.
The system is flexible, in that flush latrines

flushing directly to the tank underneath can be
substituted for the aqua privy squat plate. With
normal internal flush latrines, the discharge is
through a single-chamber septic tank outside the
house into sewers. By series connexion of the aqua
privy tanks, the system has worked successfully even
where the water supply is hand-drawn; washing
troughs are provided at the head of each series and
the waste water is directed into the first tank. With
conventional water-borne systems, where sewer
gradients are such that raw sewage can be discharged
into them, anaerobic pretreatment is given in a single-
chamber tank immediately before discharge to the
pond system. The inlet from the manhole immedi-
ately before the tank is a straight pipe sloping to
the mid-liquid depth at approximately 45°. The outlet
is an ordinary T-junction as used in septic tanks.
The following criteria for design of the tanks have

been found satisfactory:
(1) For populations of 500 or more, two tanks

coupled in parallel with a total of one day's retention
are provided. The two tanks assist in desludging,
which takes place at intervals of 11/2 to 2 years.

(2) For smaller populations, single tanks with
longer retention times are used. The increased
retention time allows for longer intervals between
desludgings.

(3) For single houses, the retention time is usually
6 days, giving an interval between desludgings of
approximately 10 years.
Large-scale anaerobic pretreatment

In order to reduce the size of the aerobic ponds for
large-scale application, van Eck (1965) investigated
the performance of anaerobic ponds treating raw
sewage at Durban, South Africa. The following
observations are of interest:

(1) For 59 000 people/acre/day (147 000 people/
ha/day) [BOD/capita/day 0.063 lb (0.14 kg), giving
3700 lb BOD/acre/day (4150 kg BOD/ha/day)] and a
retention time of 23 hours, the ponds function
satisfactorily.

(2) Van Eck verified Abbott's (1962) conclusion
that recirculating from aerobic ponds (into which
the anaerobic pond discharges) at the rate of 13 %-
40% of the influent flow prevents the formation of
sulphides in the anaerobic pond and renders the
anaerobic pond practically odourless.

(3) The fermentation rate is greatly affected by
the temperature, which causes a build-up of sludge
in winter and a decrease in summer. For pond
temperatures above 20°C, the reduction in BOD is of
a higher order than that obtained in a Dortmund
sedimentation tank receiving raw sewage (45.5%
reduction); above 25°C, removals of over 80% BOD
are recorded. During winter, the efficiency of remo-
val of BOD decreases on occasions to zero and a
thick scum forms, providing a layer for fly-breeding.

This experiment demonstrates the potential of
anaerobic ponds in providing an efficient method of
BOD reduction in the tropics.
Even with conventional works, van Eck proposes

that " it would be more economical to reverse the
flow of the conventional system [of sewage treat-
ment] by treating raw sewage in the digestor [then
settling the effluent in a sedimentation tank] and
having a continuous sludge return from the sedimen-
tation tank to this digestor. A possible BOD
reduction of 80% in the digestor and consequently
a load of 20% instead of the average 54.5% of BOD
load of raw sewage on the biological filters of the
system would present a considerable saving of cost." 1
For high efficiency, it appears necessary to heat the

1 Author's insertions in brackets.
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FIG. 17
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digestors serving as pretreatment tanks; as the total
raw sewage flow has to be treated, a considerable
amount of heat energy will be required in winter, but
the gases of fermentation would be useful. This
proposal, if substantiated and implemented, could
have a significant effect on the cost of treatment of
effluents in conventional works.

Design, performance and operation of ponds for
pretreated effluents
From observations of ponds receiving pretreated

effluent, the following rules of thumb for design
have been found adequate: for ponds 4-ft (1.2-m)
deep-14 ft2 (1.3 m2) of pond surface per person in
the primary pond and 7 ft2 (0.65 m2) per person in
each of the secondary and tertiary ponds. Detritus
channels are not required and the structure of the
inlet to the pond series is simplified (Fig. 17).

Oxidation ponds react favourably to pretreated
effluents. Even under heavy BOD loadings (up to
400 lb BOD/acre/day (450 kg BOD/ha/day)), there is
very little sludge formation on the surface of primary
ponds during the critical summer period. This is
probably due to the reduced fermentation potential
in the sludge derived from pretreated effluent. Also,
the sludge is of a granular consistency and breaks up
on rising to the surface.
The operation of ponds receiving pretreated

effluents is simple, entailing virtually only clearing of

vegetation on the banks. Ponds in Zambia have
operated satisfactorily for over a year with no

attention other than the clearing of vegetation.
The advantages of pretreating effluents before dis-

charge to a pond system cannot be over-emphasized.

TERTIARY TREATMENT OF EFFLUENTS FROM

CONVENTIONAL WORKS

The systematic use of maturation ponds as a

secondary or tertiary treatment process for effluents
from conventional works appears to have been
developed mainly in South Africa, where such ponds
are an integral part of the sewage-purification
process. The success of maturation ponds as a buffer
against environmental bacterial pollution is such
that Stander & Meiring (1962) state " Although a

faecal E. coli count of nil per 100 ml cannot always
be obtained in maturation ponds, the degree of
safety (as indicated by faecal E. coli count) that can

be obtained is comparable with that obtainable in
practice where sand-filtered effluent is chlorinated ".
This applies equally to a series of oxidation ponds.
The design of maturation ponds is based prin-

cipally on retention time, but a vital feature for
efficient reduction of the faecal bacteria is that the
ponds must be arranged in series. First suggested
by van Eck (1960), the operation of maturation
ponds in series has been used in conjunction with

TOP OF BANK

LONGITUDINAL SECTION
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large installations in South Africa (Bolitho, 1964).
At the Northern Outfall Works in Johannesburg, six
million (UK) gallons (27 million litres) of primary
humus-tank effluent and secondary filter effluent are

treated daily. The first stage of the maturation pond
system consists of a channel 71/2 miles (12 km) long
with eight one-million-gallon dams, giving a total
retention time of two days. The mean reductions
achieved are E. coli 99.5% (a figure predicted by
Marais & Shaw's theory), detergents 49% and
BOD 60% (Bolitho, 1964).

In general, the reduction of BOD, COD, NH3,
NO2, NO3 and Kjeldahl nitrogen in a series of
maturation ponds is not great. In particular, it is
unlikely that the BOD can be reduced below about
4 mg/litre. However, a BOD of this value from
maturation ponds, when compared with a BOD of
the same value for raw sewage, is of a much less
noxious character to the receiving stream (Wuhr-
mann, 1954).
At Durban, South Africa, a subtropical region,

Gaillard & Crawford (1964) found that, if a quantity
of settled sewage is introduced with the effluent from
a conventional works to the first of a series of
maturation ponds, a marked reduction in nitrate
concentration takes place without a significant
increase in the other parameters of pollution. A
comparison of the effluent quality achieved with

humus-tank effluent only and that achieved with
humus-tank effluent plus settled sewage is given in
Table 2. It is not known whether the effect obtained
would be reproduced under cold winter condiVons in
temperate regions.

Bolitho (1964) gives a detailed account of the
economies that can be achieved by integrating
maturation ponds with conventional sewage works.
From his and Gaillard & Crawford's (1964) investi-
gations, it is clear that maturation ponds will play an
increasingly important role in reducing costs of
purification, with an improvement in the bacterial
and biochemical quality of the effluent.

HEALTH ASPECTS

Investigations into mosquito breeding in ponds
(Beadle & Rowe, 1961; Loedloff, 1963; Myklebust
& Harmston, 1962; Scovill, 1963) all point to the
same conclusion, namely, that, if the pond is kept
clear of emergent and peripheral vegetation, no

(or only insignificant) mosquito breeding will take
place. Experience in Zambia confirms this. Emer-
gent vegetation is normally not a problem in ponds
over 4-ft (1.2-m) deep, but peripheral vegetation is a
constant problem. Repeated clearing of the edges
often causes shelves to form where drifting solids
collect and cause nuisances. The solution lies in

TABLE 2. ANALYSIS OF INFLUENTS TO AND EFFLUENTS FROM MATURATION PONDS
FOR HUMUS-TANK EFFLUENT ONLY AND FOR HUMUS-TANK EFFLUENT PLUS SETTLED SEWAGE TO POND I a

Influents to ponds Effluents from ponds

Humus-tank Settled Humus-tank effluent only Humus-tank effluent plus
effluent sewaged 3x105 UK galld settled sewage

___________[ent_ _ sewage
Pond I Pond 2 Pond 3 Pond I_ Pond 2 Pond 3

BOD (mg/litre) 17 250 5.5 5.5 4.5 7.0 5.0 4.0

COD (mg/litre) 77 435 60 57 50 65 44 43

NH3 nitrogen (mg/litre) 4 24 5.5 3.5 3.0 5.0 4.00 2.5

NOa nitrogen (mg/litre) 0.3 0 0.45 0.55 0.60 0.15 0.15 0.10

NO. nitrogen (ml/litre) 34 0 26.5 22.5 20.5 13.0 6.5 5.0

Kjeldahl nitrogen
(mg/litre) 11 34 8.0 6.0 5.0 10.0 7.0 8.0

E. coli (MPN/ml) 613 000 4 000 000 1 460 97 10 7 800 195 17

Total flow (UK gal/d) - - 1.5 x 10' - - 1.5 x 10' - -

(litres/d) - - 6.8 x 106 - - 6.8 x 10. - -

lb BOD/acre/day 11st - - 24 - - 122 - -

kg BOD/ha/day J pond - - 27 - - 137 - -

a Kwa Mashu maturation ponds, Durban, S. Africa; average over two testing periods, averages calculated from data of
Gaillard & Crawford (1964); three ponds in series, each of area 7 acres (2.8 ha) and depth 4 ft (1.2 m); retention time per pond approx.
5 days for flow of 1.5 x 10' UK gal/d (6.8 x 10' Iltres/d).

76()



DESIGN, OPERATION AND PERFORMANCE OF WASTE-STABILIZATION PONDS

lining pond edges with concrete or other material.
Wherever this has been done in Zambia, the problem
of peripheral vegetation has disappeared.

Coetzee & Fourie (1964) determined the con-
centrations of Salmonella typhi in the influent and
effluents of a series of two oxidation ponds at
Pretoria, South Africa. Fig. 18 shows their S. typhi
and E. coli results plotted in terms of Marais &
Shaw's (1961) theory. The value for the degradation
constant, K, for the S. typhi is only 0.8, as against
2.0 for E. coli. For this series of ponds S. typhi
shows greater resistance than E. coli.

FIG. 18
COMPARISON OF
CONCENTRATIONS OF S. TYPHI
AND E. COLI IN SERIES OF TWO
OXIDATION PONDS
AT PRETORIA a
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From the experimental work of Hodgson (1961)
on the snail vectors of bilharziasis in a pond in
Rhodesia, it appears that the environment in an
oxidation pond is not conducive to their propaga-
tion. Helminths, cysts and ova were isolated from
raw sewage, but were not found in the pond effluent.
In over a year of observation on a pond series at
Lusaka, no helminths, cysts or ova were found in the
effluent from the series. As the specific density of
ova and cysts is approximately 1.1 (Liebmann,
1966), it seems that the long retention times cause
their settlement.

WHO 60417TOTAL RETENTION TIME (DAYS)
% remaining: 1st pond (N No) (%) = 1001(KRi + 1)

2nd pond (NNo) (%) = 100/(KR. + 1) (KR. + 1)
where R retention time (days) and K = 2.0 (E.coll) or 0.8 (S.typhl).
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Annex

SYMBOLS USED IN EQUATIONS DERIVED IN TEXT

T Temperature in degrees Centigrade (°C)
R Retention time in days for completely mixed

conditions
R35 Reference retention time in days at 35°C in

Hermann & Gloyna's theory
RT Retention time in days at T°C
Rg General reference parameter, being some function

of retention time in a single pond or in a series of
ponds

PO Influent 5-day 20°C BOD in mg per litre
P Pond and effluent 5-day 20°C BOD in mg per litre

or maximum allowable BOD in pond
Pu Ultimate BOD (mg per litre) in a pond, assumed

independent of temperature. A further subscript,
i, refers to influent

St Total ultimate BOD in sludge at bottom of pond
in g or lb

s0 Concentration of bacterial or biochemical pollu-
tion in influent

S Concentration of bacterial or biochemical pollu-
tion in pond and effluent

No Concentration of faecal bacteria in influent per ml

N Concentration of faecal bacteria in pond and
effluent per ml

t Time in days

K Degradation constant in first-order differential
equation in loge (-day) units (day"1 units). Sub-
script s refers to sludge layer

9, c Constants in Arrhenius theory

d Depth of pond in ft

Q Flow per day (subscript i refers to influent and
o to effluent)

V Volume of pond

cp, cg Fraction of fermentation products from sludge
layer entering pond liquid and evolving as gas,
respectively

fp, f8 Fraction of influent BOD to pond liquid and to
sludge layer, respectively

Cv Conversion of 1 lb ultimate BOD in sludge layer
to volume of gas
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RItSUMtl

Le principal objectif de la recherche en matiere d'assai-
nissement est de trouver les moyens d'eviter la pollution
du milieu, mais elle doit egalement chercher a adapter
ces moyens aux conditions economiques des collectivites.
Les experiences faites avec des etangs de stabilisation ont
mis en 6vidence leur faible prix de revient, quelle que soit
la taille de l'installation, et montre que, en zones tropi-
cales et subtropicales, ils fonctionnaient avec un fort
rendement. L'auteur etudie les trois theories du fonc-
tionnement des etangs d'oxydation: a) theorie de la
valeur de la demande biochimique d'oxygene (DBO) par
unite de surface (surface gelee en hiver); b) theorie de
Hermann & Gloyna (conditions d'hiver froid sans glace);
c) theorie de Marais & Shaw (conditions tropicales et
subtropicales). I1 montre que la seconde et la troisieme
theories participent d'une theorie plus g6nerale qui fait

intervenir l'influence de la couche de boues. Les trois
theories sont actuellement acceptables pour des realisa-
tions adaptees a leurs milieux respectifs.
A Lusaka, Zambie, la faible vitesse des vents en ete

inhibe fortement le melange dans les etangs et la sedimen-
tation peut persister pendant des semaines. La tempera-
ture des couches superieures d6passe la tolerance ther-
mique des algues dont la concentration s'abaisse jusqu'au
dixieme de ce qu'elle est en hiver. L'oxygene, confine aux
couches superieures, disparait rapidement la nuit, en rai-
son de l'augmentation de la demande biochimique en
oxygene. Une elevation de la temperature des boues de
5°C augmente sept fois leur fermentation et les gaz pris
au piege elevent la temperature des boues a 22°C ou plus.
Les conditions d'ana6robiose semblent plus frequem-
ment realisees en e qu'en hiver. L'etude du fonctionne-
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ment des cabinets a eau et des fosses septiques montre
qu'un pr6traitement anaerobie rdduit, pour une retention
de 1-2 jours, la demande biochimique d'oxygene d'envi-
ron 50%, en milieu tropical. Les surfaces necessaires aux
etangs d'oxydation, avec des effluents ainsi pretraites, sont
diminu6es, la formation de boues en surface est reduite
en ete, I'admission dans l'6tang est plus ais6e et la sur-
veillance est simplifiee. Un pr6traitement anaerobie dans
des reservoirs se deversant par eux-memes a travers des
6gouts vers les etangs d'oxydation a permis de realiser un
systeme 6conomique d'assainissement des eaux d'evacua-
tion dans les zones, fortement peuplkes, d'habitations a
bon marche de Zambie.

D'apres la troisieme th6orie, les etangs d'oxydation et
de maturation installs en serie assurent une meilleure
diminution de la quantite des bact6ries d'origine fecale.
Le systeme d'6tangs peut etre conqu pour que les effluents
aient la meme qualit6 bacteriologique que celle des
effluents filtres sur sable et trait6s au chlore des installa-
tions conventionnelles. Les effluents d'une s6rie de bas-
sins ne contiennent ni helminthes, ni kystes, ni ceufs; les
installations sont defavorables aux mollusques vecteurs
de la bilharziose et, si la vegetation p6riph6rique est sup-
prim6e, n'offrent pas de gites aux moustiques. Les bacilles
typhiques paraissent plus r6sistants que les micro-orga-
nismes servant d'indicateurs.
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