
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


3/ C/ 12

Pollution controls for calcine and gypsum waste disposal
Contrôle de la pollution des déchets de calcin et de gypse

C. E. REA, Lecturer in Civil Engineering, University of Zimbabwe, Harare, Zimbabwe 

A. WOODS, Construction Engineer, Zimbabwe Phosphate Industries Ltd, Harare, Zimbabwe

SYNOPSIS The production of fertilizers from phosphates generates waste products with a
high pollution potential. The waste disposal facilities at Zimbabwe Phosphate Industries Ltd were 
inadequately designed to prevent the contamination of surface and ground water resulting in severe 
pollution of a tributary to the main river that supplies municipal water to Harare. Extensive 
remedial control measures were constructed to contain the waste and prevent water pollution.
This paper discusses the nature of the chemical wastes, the attenuation capacity of the soils, the 
design of the pollution control measures and assesses their efficacy in the 2 year period since 
construction.

INTRODUCTION

The factory for Zimbabwe Phosphate Industries 
Ltd is situated on the outskirts of the city of 
Harare, the capital of Zimbabwe. The factory 
has produced fertilizers since 1958, and the 
process generates solid and aqueous wastes with 
a high pollution potential. The location of 
the factory is adjacent to the Mukuvusi stream 
which is a tributary to the Hunyani river from 
which the water supply for Harare is obtained. 
Severe problems were encountered with highly 
polluted wastes entering the watercourses and 
threatening the closure of factory. This paper 
outlines the nature of the problems, the 
attenuation capacity of the soils, the methods 
adopted to control pollution emanating from the 
wastes, and the effect of the control measures.

The four groups of waste material produced by 
the factory are gypsum, calcined pyrites, 
miscellaneous waste and liquid effluent. The 
location of the principal waste areas are 
indicated on the airphoto (fig 1). Various 
measures were adopted to control the pollution 
from these sources as awareness of the problems 
grew, but their ineffectiveness and poor 
operation led to a complete appraisal and 
remedial design in 1980. The remedial civil 
works were designed to control the surface 
water run-off, curtail the groundwater 
pollution around major waste areas and to 
reshape disposal facilities thereby enabling 
correct operation procedures. The works were 
carried out in the period 1981-1982 and there 
are indications that the remedial measures are 
taking effect since construction.

GEOLOGY OE THE SITE

The factory area is situated in an area of 
massive basement granites with a major dolerite 
dyke crossing the eastern side of the area as 
shown on figure 1. The topography is typical 
"Castle kopje" granite remnants of the African 
erosion surface in a gently undulating land

scape in which shallow "vleis" have been formed,

A detailed site investigation was carried out in 
order to define the soil profiles, rock 
stratigraphy and the engineering characteristics 
of the various materials. Test pits (62 No) 
were excavated to define the subsurface geology 
and hydrogeologic characteristics of the near 
surface soils. Percussion boreholes (16 No) 
were drilled to define the geology and depth of 
weathering.

The findings of the investigation revealed that 
there were two major categories of soil profile 
which are summarised in figure 2. Profile 1 
covers most of the area but is prevalent in the 
vleis and has a characteristic clayey horizon. 
Profile 2 is similar except that the clayey 
horizon is absent which enhances vertical 
drainage from infiltration. In some areas the 
clayey horizon displays relict joints which are 
filled by the overlying silty sand but can be 
open, thus increasing the overall permeability 
of the clayey horizon by virtue of the 
secondary flow. This clayey horizon progressiv
ely grades down into less decomposed granite 
with reducing permeability as the frequency of 
relict joints decreases. Permeability tests 
were conducted which indicated a low coefficient 
of permeability k = 5 x 10”9m/sec. The over- 
lying silty sand horizon which is a transported 
material was tested giving an average value of 
k = 5 x 10-6m/sec. It was observed from the 
test pits that there was usually a "perched" 
water table within the silty sand of the soil 
profile type 1.

The drilling results showed that the bedrock 
topography is extremely irregular which is 
typical of the "Castle kopje" geomorphology.
The Hatfield dyke consists of dolerite and the 
trace is indicated on figure 1. The dyke 
appears to be discontinuous through the granites 
at the surface and does not appear to be a 
major conduit of groundwater.
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Figure 1 : Air photo of factory and waste disposal areas before remedial measures(1977)

HYDROGEOCHEMISTEY Of’ THE POLLUTANTS

The remedial design philosophy is based upon 
dealing with the mechanisms associated with the 
pollution which have been identified as:

- the availability of a solute transport 
mechanism

- the quantity of water associated with 
the mechanism

- low pH conditions.

The gypsum tailings liquid is a major source of 
pollutants having a high total dissolved solids 
(T.D.S.) comprised mainly of calcium sulphate, 
fluoride, phosphate and silica combined with a 
very low pH in the range 1,3-1,5 which is due

to the free sulphuric acid. The solubility of 
calcium sulphate depends upon its solubility in 
water, the presence of other ions dissolved in 
the water and the pH. Solute reactions are the 
dominant controlling process for the high 
concentrations of calcium sulphate and control 
measures should include the reduction of water 
volume as well as neutralisation, thereby 
reducing the calcium concentrations in the water.

Phosphate concentrations in natural waters are 
usually very low suggesting strong natural 
control reactions restricting the solubility of 
phosphorous. Tîem (1970) suggests that adsorp
tion on metal oxides or ferric hydroxide,
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SOIL PROFILE 1
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1,0 of ferricrete
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reworked granite
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coarse sand from decomposed residual granite
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Dry reddish brown speckl«d black and whit« loos« to 
d«ns« silty sand from decomposed granite with tre« and 
shrub roots
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As above but more dense (decomposed granite still in its 
original state but highly weathered). Hie sand appears 
to b« highly permeable at t 2m with many small fissures 
and cracks

Figure 2 : Typical soil profiler

coupled with removal by aquatic vegetation, 
will effectively fix phosphate ions in natural 
waters. It is also evident that the ferric ion 
has low solubility in neutral conditions which 
will enhance the precipitation of phosphorous 
as iron phosphate if the pH is raised.

Fluoride and silica solubility are strongly 
related at low pH levels forming fluosilicate 
complexions, SiFg (Sillen and Martell, 1964).

This accounts for the high levels of both these 
ions in the gypsum tailings liquid and removal 
is best effected by neutralisation reactions to 
reduce the availability of a solute transport 
mechanism.

Calcined pyrites are produced as burnt waste 
ore in the production of sulphuric acid for the 
fertilizers. When the calcine is dumped and 
subsequently leached by rainfall the chief 
pollutants are sulphate, iron and hydrogen ions 
which reduce the pH thereby increasing the 
potential for solution reactions to take place. 
The preventative measures to arrest the produc
tion of leachate from the calcine dumps should 
be directed towards reducing the infiltration 
and migration of groundwater from the dump thus 
minimising the quantity of water associated 
with the transport mechanism.

CHEMICAL ATTENUATION CAPACITY. OF THE SOILS

Chemical attenuation is the general term for 
the chemical processes, such as ion fixation, 
redox reactions, pH reactions by which natural 
materials change the chemical properties of a 
permeant fluid. The site investigation of the 
area showed two basic lithological soil 
profiles:

Profile 1 : a sand and silty sand overlying 
a clayey sand horizon 

Profile 2 : a sand and silty sand overlying 
an irregular weathered granite 
bedrock.

The two attenuating media consist of the 
sand/silty sand and the clayey sand through

which the polluting fluids must permeate to 
contribute to the groundwater regime. Samples 
of these in-situ soils were tested to assess 
the bulk capacity to attenuate the gypsum 
tailings liquid.

Sand was found to have little effect in modify
ing the chemistry of the gypsum tailings 
permeant. The sulphate levels increased due to 
removal of sulphates from the clay fraction by 
solution in the low pH conditions.

In contrast to the sand the clayey soil display
ed attenuation capacity for calcium, fluoride, 
phosphate and T.D.S. to 30% of the original 
level even with the sulphate content increasing 
due to the low pH conditions. The attenuation 
process also reduced the permeability of the 
samples indicating a decrease in pore sizes due 
to physical or chemical reaction by the 
permeant fluid.

POLLUTION PREVENTION AND CONTROL

The whole area shown in figure 1 was divided 
into five separate zones for the purpose of 
pollution control on the basis of the rainfall 
catchment area, groundwater flow direction and 
the relative position of the pollution source. 
Each area indicated on figure 1 is discussed 
with comment on the effectiveness of the 
remedial works subsequent to construction in 
1981/82.

(1) Epworth vlei and gypsum dam

The contamination of the watercourse forming 
Epworth vlei in the south of the area was 
caused by seepage of groundwater and polluted 
surface runoff from the gypsum dam. The cause 
of groundwater pollution was due to inadequate 
design of the impervious clay lining underneath 
the original dam and omission of an impervious 
liner under subsequent extensions of the dam 
allowing ingress of heavily contaminated gypsum 
tailings liquid into the groundwater regime at 
the headwaters of the vlei. Inadequate manage
ment of the dam and return water system contri
buted to the surface pollution which denuded
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Figure 3 : Reshaped Gypsum Dam (1982)

the vegetation and also infiltrated into the 
groundwater system.

The site investigation revealed that the typical 
vlei soil profile (fig 2) exists under most of 
the dam, i.e. a silty sand horizon overlying 
a clayey sand horizon which infers that the 
contaminated groundwater should be restricted 
to being perched on the relatively impervious 
clayey horizon. Remedial measures were direct
ed at reducing the pollution of the vlei area 
by means of an interceptor drain to collect 
contaminated seepage from the dam and pumping 
to a lined holding dam (fig 3) where it could 
be stored prior to treatment. Difficulties were 
encountered with loose collapsing material and

huge granite boulders representing core stones 
within the soil profile which is typical of 
"Castle kopje" granite geomorphology. The 
interceptor drain was the type shown in figure
4 comprising a 19mm crushed stone enwrapped 
with geotextile and open-jointed earthenware 
pipes on the invert of the drain leading to a 
sump which was founded at 8 metres depth. The 
system operates very efficiently with up to
12 m3/hr of intercepted contaminated ground

water being recovered. It is expected that the 
long-term effect of the pumping will produce a 
drawdown of the phreatic surface south of the 
drain causing a reversal of groundwater flow 
in the contaminated area, which together with 
the attenuation capacity of the clayey soil

1 2 8 4
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will retard the development of the pollution 
plume in Epworth vlei. An electrical resistiv
ity survey has been carried out to map the 
pollution plume south of the gyppum dam. The 
area of very low apparent resistivity is assoc
iated with seepage of undiluted gypsum tailings 
liquid emerging from the southern toe of the 
dam. The iso-resistivity lines indicate the 
progression of the pollution plume towards the 
interceptor drain. The plume has been inter
cepted by the drain and the attenuation of the 
pollutant level in the groundwater regime is 
monitored.

The gypsum dam had been managed in a haphazard 
manner endangering the stability and causing 
the spread of gypsum waste into the environment. 
The dam was completely reshaped into the one 
main dam and two sales dams. A management 
system was instituted to raise the perimeter 
paddock walls in an orderly manner to prevent 
the pool from approaching the crest of the dam 
(fig 3). After commissioning the reshaped main 
dam a series of tension cracks developed at the 
crest and in the paddocks together with a series 
of progressive toe failures on both the east 
and west sides of the dam. Piezometers were 
installed to measure the phreatic surface and 
it was observed that a seepage line was 
apparent on both sides at the toe. This 
condition was caused by impeded vertical drain
age through the underlying massive granites and 
no provision for filter drains under the slopes 
of the dam to intercept the phreatic surface.
A stability analysis was carried out which 
showed that the elevated phreatic surface was 
causing instability in the dam. A toe berm 
with a drainage system was installed which 
trapped the seepage line and reinstated the 
stability of the dam as shown in figure 5. A 
sensitivity analysis was computed on the 
elevation of the phreatic surface to design the 
size of toe berm. With the addition of a berm, 
the stability of the slope is insensitive to 
small phreatic surface variations because the 
most critical failure surfaces are shallow and 
do not intercept the phreatic surface.

A clean water trench was constructed around the 
north, east and south-west sides of the dam to 
divert stormwater run-off from the area surroun 
-ding the dam. A large holding pond was con
structed on the south side of the dam to 
facilitate safe storage of contaminated water 
until treatment or evaporation takes place.

(2) Central "clean water" area

There are no major pollution sources in this 
area which forms the main catchment divide. In 
order to prevent pollution of waters falling 
on this area it was necessary to construct two 
clean water trenches to divert the stormwater 
away from the major developments.

(3) Eastern vlei

The main source of pollution in this area is 
the old dis-used S.E. calcine dump. The 
remedial works consisted of isolating the 
calcine deposit by constructing a dump on which 
all the waste was deposited. The dump was 
shaped in preparation for establishment of 
vegetation cover to minimise infiltration.

(4) Western and North-Western area

This area is the most complex area for pollution: 
control as there has been much indiscriminate 
dumping of calcine waste with two major dumps 
in the north-west corner of the site and the 
main dump to the south-west of the factory. 
Pollution of the groundwater system occurs 
beneath the major calcine dumps and migrates 
northward to the Mukuvusi stream. The remedial 
measures for the N.W. calcine dump are shown on 
figure 6 consisting mainly of an interceptor 
drain along the north and west boundary of the 
dump. These drains lead to a sump from which 
polluted leachate is returned to the factory 
for treatment. The surface water effluent 
discharge from the dump area is also collected 
by a berm which allows seepage into the inter
ceptor drain as shown in figure 4. Provision is 
made for stormwater which has sufficient 
dilution to be discharged directly into the 
stream. It was anticipated that the iron in the 
leachate would precipitate in the drain forming 
a gel which would limit the serviceability of 
the drain in the long term. Some tests were 
performed on the geotextile to research this 
phenomenum. Provision was made for introducing 
a form of backwashing or flushing by means of 
manholes along the length of the drain. The gel 
could then be loosened by agitation from the 
backwash pressure and collected in the sump for
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Figure 6 : N.W. Calcine Dump - Pollution Control Measures (1982)

removal to the factory area for treatment.

An electrical resistivity survey was carried out 
to trace the pollution plume as shown by the 
iso-resistivity lines on figure 6. There are 
two distinct plumes arising from the main por
tions of the dump and the direction of 
migration is controlled by bedrock topography. 
The extent of severe groundwater pollution 
from this dump is limited to approximately 50 
metres north of the dump. The migration has 
been retarded by the reduction of hydraulic 
gradient due to the interceptor drain and the

drawdown of the plume is clearly taking effect 
as indicated by the iso-resistivity lines.

The main calcine dump was also poorly managed 
which led to the spread of calcine in the area 
causing unnecessary surface water pollution.
The remedial measures for control were to 
reshape the dump to enable satisfactory manage
ment and form toe catchment paddocks to contain 
polluted surface run-off.

(5) Factory

The main sources of pollution in this area
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were due to both the direct run-off of storm
water via open drains which flow northwards to 
the Mukuvusi stream, and the club car park which 
is constructed using calcine being situated 
adjacent to the stream. The remedial control 
measures consisted mainly of limiting discharge 
of effluent through the open drains and 
removal of the calcine car park. The liquid 
effluent is now considered to be polluted and 
is returned to the water treatment plant.

The water treatment plant was of inadequate 
capacity and with the increased load there was 
ineffective control of the treatment. A pilot 
treatment plant is under construction to 
research the correct treatment methodology 
before a larger plant of 50m3/hr capacity is 
constructed in the second phase of the project. 
This will alleviate the disposal problems 
associated with the safe discharge of the 
return water from the various parts of the 
factory and the new remedial pollution control 
measures.

Faurie, J.N. (1982). The use of the resistiv
ity method to evaluate groundwater 
pollution in southern Africa. Ground
water '82, University of the Witwatersrand, 
Johannesburg, pp.72.

CONCLUSION

The remedial measures to control water pollu
tion at Zimbabwe Phosphate Industries Ltd are 
successful with clear evidence of improvements 
around the major sources of pollutants. The 
Epworth vlei area is much improved with grass 
and trees now being re-established successfully 
in the areas denuded by polluted surface water 
run-off. Groundwater emanating from the gypsum 
dam and N.W. calcine dump is intercepted and 
returned to the water treatment plant retarding 
the development of pollution plumes in the 
vicinity of these rehabilitated disposal 
facilities. The pollution plumes are being 
monitored to assess the attenuation in the 
direction of the water courses. A water treat
ment plant is being designed to deal with the 
increased volume of liquid effluent. The 
rehabilitated disposal facilities are now 
operated correctly and monitored to ensure 
stability and control.
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