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Pragmatic and sound engineering practices are vital in the design of municipal waste disposal sites in karstified dolomitic terrain in 
order to protect water resources - particularly in arid and semiarid environments such as Namibia, where water is a scarce resource. 
Practical site-specific solutions can thus be focused on the influences identified at various stages of the site development from desk study 
to restoration and aftercare. This study is rooted in a knowledge-based approach covering the influences of local climatic, environmental 
and ground data sets. The climatic data relevant to municipal solid waste disposal site development include precipitation, evapo-transpi-
ration, temperature and wind. The environmental components comprise the type of industrial activities, the amount and type of waste, 
likely contaminants associated with different types of waste, as well as local ecological and community settings. The ground data sets 
comprise the regional and local geological, geomorphological, surface and groundwater data sets. In addition, in situ and laboratory tests 
that include index properties of rocks and soils, mineralogy and water chemistry form part of the ground data sets. The influences and 
interactions of climatic, environmental and ground data sets on waste disposal site development are vital to environmental protection, and 
the results from this study indicate that climatic, environmental and ground data sets all have direct influences on the selection, designing, 
management and restoration of municipal solid waste disposal sites in karstified dolomitic terrains.   

Introduction  

This study has been undertaken in Tsumeb, which is a 
mining town located in the north-central part of Namibia 
(Fig. 1). The Otavi Mountains dominate the topography 
of the surrounding area. The town of Tsumeb dates back 
to the nineteenth century, when it became a copper min-
ing centre in Namibia. Over the years, population and 

infrastructural development activities have been on the 
increase due to the influx of job seekers. Waste disposal 
sites have been part of this infrastructural development, 
associated with the waste management activities of the 
town. The three municipal solid waste disposal sites 
for the town of Tsumeb are generally regarded as mere 
dumps, a typical trend found in most urban centres in 
Namibia. These dumps are operated and owned by the 



local municipality and are estimated to be about 8-12 
years old. The sites are located less than 5000m to the 
west of the town fringes and are used for the disposal 
of all types of municipal solid wastes, as well as some 
liquid wastes such as oils.

The objective of this study was to investigate, evalu-
ate and characterise the current waste disposal sites in 
the Tsumeb municipal area. The characterisation of the 
sites was based on the influences of local climatic, envi-
ronmental and ground settings (Mwiya, 2003). The site 
characterisations and influence evaluation of individual 

sites was aimed at environmental protection (land, air 
and water). The delineation of suitable areas for waste 
disposal site development and the assessment of po-
tential available local material that could be used for 
construction of engineered structures such as liners and 
covers have all been part of the study (Al-Yaqout and 
Townsend, 2001).

Methodology

The development of a conceptual model (Nathanail et 

Figure 2: A complete cycle of the conceptual knowledge-based model used in the study.   The loop is initiated by site selec-
tion (1a) and thereafter the system cycles through and new knowledge is added at each stage of the investigation using the 
same data sets.
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al., 2002) was followed by a desk study and preliminary 
field site investigations, covering the influences and in-
teractions of climatic, environmental and ground data 
sets on waste disposal sites (Fig. 2; Anon, 1986, 1999; 
Parker et al., 1993; Clayton et al., 1995). The evalua-
tion of existing data sets was undertaken with the aim of 
delineating the influences and interactions asso-ciated 
with each of the data sets on the waste disposal sites. 
The climatic data covering average annual and monthly 
precipitation, evaporation and wind data sets as col-
lected from the Meteorological Services in Windhoek 
were evaluated using statistical measures such as the 
five or ten year running averages (Andraski, 1996 and 
1997). Industrial activities contributing to municipal 
solid waste in the Tsumeb area (waste generating ac-
tivities), type and amount of waste as well as potential 
contaminants formed the environmental components. 
In ad-dition, the role of vegetation in water balance 

was used as exemplified in Andraski and Prudic (1997). 
Flora and fauna were evaluated as part of the environ-
mental components. 

The geological setting, water occurrences and geo-
technical characteristics of soils and rocks of the project 
area were also evaluated during the desk study and pre-
liminary site investigation stages (Mathews et al., 2000; 
Smith and Ellison, 1999). Preliminary investigations 
were followed by detailed field site investigations co-
vering the environmental and ground components (Figs. 
2 and 3).  All the data sets collected were characterised  
according to sources, pathways and target factors (Figs. 
2 and 3, Mwiya, 2003). Source factors characterise data 
sets with influences that can cause an impact upon the 
waste disposal design. Pathway factors represent data 
sets with characteristic influences that may allow an 
im-pact to occur, while target factors define the data 
sets that are likely to be impacted. Influence assess-

Figure 3: Characterised factors associated with the climatic, environmental and ground components.
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ment was based on the data collected during the desk 
study as well as during preliminary and detailed site 
investigations, using the tools shown in Tables 1 and 2. 
Recommendations and appropriate mitigation measures 
were developed based on the mandatory requirements 
of the Knowledge-Based System Model Methodology 
described in Mwiya (2003) and the modified minimum 
requirements described by the Department of Water Af-
fairs and Forestry (1994).

Climatic Components 

The peak of the rain season around Tsumeb is from 
January to March but generally the rainfall period ex-
tends from November to April. The annual average 
rainfall in the Tsumeb area varies between 550mm 
and 600mm. The moist-rain bearing winds are typi-
cally from the north and north-east. The high rainfall 
around Tsumeb is due to a localised high topography ef-
fect which forces incoming moist air to rise and causes 
heavy condensation and subsequent high precipitation. 
The average monthly rainfall is in excess of evapora-
tion from January to March (Fig. 4). This relationship 
between rainfall and evaporation indicates that excess 
rainwater may be available for potential leachate ge-
neration on each of the test sites. Solar radiation is 
around 6 kwH/m2/d with highest temperatures gener-
ally above 30°C in summer and lowest just below freez-
ing during the winter months (Fig. 5).  

The high mountainous terrain surrounding the three 
Tsumeb test sites has considerable influence on the lo-
cal wind patterns. Regional wind velocity reaches up 
to 2.5 m/s, with the lowest velocities typically being in 
the morning and afternoon. However, wind effects are 

controlled by topography and vegetation influences and 
show considerable local variations. The velocity and di-
rection of the prevailing winds has been taken into con-
sideration when determining the particle size of cover 
material to be used, as well as the setting of the site rela-
tive to sensitive areas such as residential locations. 
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Environmental Components  

The types of waste deposited at each of the test sites 
have been classified into hazardous, non-hazardous and 
inert wastes, based on records obtained from the local 
municipality and the field investigation undertaken at 
each of the test sites (Fig. 6a; Department of Water Af-
fairs and Forestry, 1994). The main sources of hazar-
dous wastes include hospitals, clinics, abattoirs, house-
holds, transportation and retail activities (Tarr, 1997). 
Ground level open burning is commonly used for ma-
nagement of hazardous waste, which includes medical 
waste (Fig. 6b). 

The amount of leachate likely to be produced will de-
pend on whether the amount of precipitation exceeds 
evapo-transpiration after taking the absorption capac-
ity of the waste into consideration (Department of the 
Environment, 1986, 1995; Bell et al., 1996). The po-
tential amount of leachate has been calculated with re-
spect to rainfall variation (Fig. 4) and the annual aver-
age of about 70.000 tonnes of hazardous wastes for the 
three sites, using Equation 1 which is based on a life-
cycle in-ventory method described by Tchobanoglous 
et al., (1993), White et al., (1995) and Harrison et al., 
(2001).  The method assumes that 13% of rainfall on a 
waste disposal site will emerge as leachate. An upper 
and lower limit of 13% and 1% of rainfall, respectively 
(Fig. 7), and an average depth of 3m have been used in 
the calculations. 

(Equation 1)

where:
Eleachate =  Leachate generation rate, litres yr-1

Q =  Total amount of waste on site, tonnes
H =  Depth of the waste disposal, m
P =  Percentage of rainfall on the site likely 

to emerge as leachate (assumed 13%, 
where site specific data is not avail-
able)

D =  Density of waste, kg /m3 
1000 =  Conversion from kg to tonnes of waste, 

kg/tonne
CE =  Control efficiency of waste disposal 

liner, cap and/or leachate collection 
system as %

R =  Annual average rainfall at the sites or in 
the area, mm yr-1 (equivalent to litres/
m2.yr when conversion from mm/year 
to volume of water entering the waste 
disposal 
[(mm/m2.year) * (m/1000 mm)* (m2) * 
(1000 l/ m2)])

However, field observations have shown that the per-
centage of rainwater that will emerge as annual leachate 
will be less than 1%, due to the high proportions of dry 
wastes and long time intervals between rainfall events, 

Figure 6: Showing the type of waste (a) and the type of site operation practices (b).
[a]  Inert, non-hazardous and hazardous wastes are dumped directly on top of the heavily fractured dolomite bedrock. 

The site appears to be flat because the ash has been mixed with the non-combustible wastes and spread all around. 
[LOCATION:-71800 304800]

[b]  This site is characterised by heavily fractured dolomitic terrain, which is a major regional aquifer. Ground open 
burning of all types of wastes is commonly used. All types of wastes are dumped on the site uncovered. All the three 
dumpsites around the Tsumeb test site are not fenced. [LOCATION:   -72600 304000]
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resulting in high moisture deficits. 
Uncontrolled ground level open burning of munici-

pal refuse is commonly used (Fig. 6b). Tables 3-5 show 
the calculated annual emissions based on emission fac-
tors and the estimated annual average of about 70.000 
tonnes of hazardous waste. The emission factors used 
have been adopted from Environment Australia (1999; 
2002), as well as from the United States Environmental 
Protection Agency (1995; 1997).

The vegetation in this area is highly controlled by 
topography and shallow soil forms between pockets 
of large boulders and cobbles. It is characterised by 
de-ciduous trees in topographically higher areas and 
mixed scrub in topographically lower terrain. The tree 
Termi-nalia prunioides dominates the vegetation in the   
Tsumeb area. However, influence of transpiration to 

the overall water budget of the sites is limited, because 
original vegetation has been cleared or destroyed on 
and around the sites.       

Ground  Components

The investigation, classification and testing of rocks 
and soils was undertaken in accordance with the exist-
ing systems as described in Hights (1986), Anon (1990) 
and (1999), Bieniawski (1993a;b), Culshaw and North-
more (2002) and Culshaw and Ellison (2002). 

Rocks of the Damara Sequence that outcrop around 
the Tsumeb sites are dominated by dolomites and lime-
stones. These rocks belong to the northeast-trending 
intracontinental branch of the Damara Orogen, which 
extends from Walvis Bay on the Namibian coast to 
the Copper Belt of Zambia. The rocks of the Damara 
Sequence between Tsumeb and Kombat (northwest of 
Grootfontein) have been moderately folded into three 
synclinoria and two anticlinoria trending east to west 
(Schneider and Seeger, 1992). Two of the three sites 
which form the Tsumeb test site are situated on an an-
ticline, while the third site is located at the edge of a 
syncline (Fig. 9). The folds are structural style of the 
Otavi Mountainland (Lombaard et al., 1986). 

Locally, grey massive dolomite outcrops around the 
Tsumeb site (Figs. 8a and 9). The average thickness of 
the various lithologies is about 200m, with individual 
bed thickness ranging from 0.1m to 0.8m (Fig. 8a). Thin 
limestone and chert bands outcrop between the thick 
dolomite beds. Solution holes are common around the 
test site (Fig. 10a). The highly jointed dolomites show 
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moderate weathering, particularly in areas with closely 
spaced discontinuity sets. 

An approximately 6m thick unit of red coarse- grained 
feldspathic sandstone belonging to the Tschudi Forma-
tion also outcrops around the Tsumeb sites (Fig. 8b). 
These sandstones rest disconformably upon the upper-
most (Hüttenberg) dolomites. The low-lying area north 
of the site is covered by about 40m thick, variable cal-

cretes, probably of Cenozoic to recent age and for-ming 
part of the Kalahari Group (Günzel, 2000; Fig.    8c). 

Surface and Groundwater Assessments 

The various conduit sizes that may allow surface wa-
ter to infiltrate into the ground play an important role in 
the facilitation of the recharging process of groundwa-

Figure 8: (a) The nature of the rock outcrops, (b) and (c) shows the nature of the surficial deposits found around Tsumeb 
area.  
[a] Greyish pink, fine to coarse-grained massive bedded inclined DOLOMITE. Thin bands of chert are found between 

the thick beds. Chemical solution holes are common and they are due to the weathering of the dolomites. [LOCA-
TION: -73500 303500]

[b] Moderately dense red sandstone consists of 70% medium rounded quartz, 20% feldspars and 10% of iron and calcar-
eous fragments. The calcareous fragments increase with depth.  [LOCATION:-73500 304000]

[c] The centre of the plate shows the nodular CALCRETE, the top shows powder CALCRETE and the bottom right 
edge shows a slab of pan CALCRETE. [LOCATION: -71500 304500]
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Figure 9: Geological setting of the sites.
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ter in this area. However, these conduits, e.g. solution 
holes and discontinuities, can also be potential path-
ways for groundwater contamination (Fig. 10b). Eco-
nomic groundwater resources in Tsumeb are located in 
porous aquifers (unconsolidated deposits) and fractured 
aquifers (hard rock terrain), as well as aquitards and 
aquicludes (Department of Water Affairs, 2001). The 
regional unconsolidated porous sediments have primary 
porosity  and permeability and consist of gravels, cal-
cretes, sands and silts. The regional fractured aquifers 
are character-rised by fractured hard rock with second-
ary porosity and permeability (Figs. 10a and 11a-d). 

Surface water and groundwater vulnerability influ-
ences, with respect to the three sites, have been deter-
mined using geological and geomorphological data, as 
well as discontinuity survey data sets (Windhoek Mu-
nicipality, 2000; Mwiya 2003).  The town of Tsumeb 
depend on groundwater from the karstified and heavily 
fractured dolomites of the Otavi Mountainland (Figs. 
10 a and b and 11a-d; Seeger, 1990). These dolomites 
contain discontinuities with secondary transmisivity 
and  permeability in the range of 10-7 to 10-4 m2/s and 
10-7 to 10-5 m/s, respectively (Figs. 11a-d). Locally, the 
thick deposits of calcretes are aquicludes with good re-
charge; they represent a reliable source of water supply 
to the farming communities of the surrounding areas.

Geotechnical Characterisation 

The discontinuities found around the Tsumeb test   
site consist of two transverse lineaments striking 05°. A 
regional dyke swarm and its associated discontinuities 
form part of a major northwestern geological feature 
named the Okorusu-Heidelberg geofracture, which was 
described by Schneider and Seeger (1992). The first to 
fourth order regional discontinuity sets are represent-

ed  by a group of faults in the Kombat area situated 
between Tsumeb and Grootfontein. Faults around the 
Tsumeb sites are associated with an extensive second 
order discontinuity defined by jointing and bedding 
sets  (Fig. 11a-d). The classification of the rock types 
outcropping around the sites for civil engineering ap-
plications has been based on the discontinuity surveys, 
weathering profile characterisations and Uniaxial Com-
pressive Strength (UCS) tests (Pusch, 1995). The fresh 
to moderately weathered dolomites are classified as of 
good strength  for civil engineering purposes.

The results of the compaction tests undertaken on the 
calcrete samples collected around the Tsumeb sites in-
dicate that calcretes have a good workability with high 
dry densities (Fig. 12a and b). Calcretes are suitable 
material that can be used for designing liners and cov-
ers  (Fig. 12a and b; Al–Yaqout and Townsend, 2001). 
The pore spaces of the samples compacted in accord-
ance with the British Standard 1377 (Anon, 1990), and 
natural sam-ples were evaluated at various moisture 
contents using the Scanning Electron Microscope (Fig. 
12a-c). The tested calcretes consist of dolomite,  cal-
cite and rock fragments (Fig. 12c). The maximum dry 
densities range from 1.9 Mg/m3 to 2.4 Mg/m3, with op-
timum moisture contents varying from 1.7% to 9.5%. 
Permeability tests were conducted on the 4% moisture 
content and 1.7 Mg/m3 dry density, as well as on 8% 
moisture content and 1.9 Mg/m3 dry density samples. 
The results, which range from 10-4 to 10-9 m/s indicate 
that calcrete is porous at   an optimum moisture content 
of 8% and a dry density of 1.9 Mg/m3.

Discussion 

The data sets which have been used to create the 
knowledge representation summary (constraint layer) 
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are shown in Figure 13, and comprise climatic, envi-
ronmental and ground components. The components 
were characterised into source, pathway and target 
factors (Figs. 2 and 3). The characterised factors were 
used in the data synthesis, as well as in the influence 
assessments summarised in the constraint layer (Fig. 
13). As shown in Tables 1 and 2, the constraints have 
an influence indicator above 2, while wind and surface 
runoff have an increasing influence on the development 
of waste disposal sites in each of the zones shown in 
the constraint layer (Fig. 13). Higher rainfall, particu-
larly between January and March, will sometimes result 
in contaminated surface runoff from uncovered waste 
contaminating the groundwater resources in this area 
(Fig. 10a and b). Discontinuities (Fig. 11a-d) as well 
as solution holes (Fig. 10a) are potential pathways for 
groundwater contamination in karstified dolomitic ter-
rain. 

The protection of water resources is vital in a dry 
country such as Namibia, where long periods of drought 

are common. The ever-increasing water demand for 
domestic use, agriculture, mining and other related hu-
man activities are a huge strain on the limited available 
fresh water resources. In addition, pollution due to the 
increasing human population and associated infrastruc-
tural development is a threat to the fresh water resources 
available in this area (Mwiya, 2003). The poor manage-
ment of surface runoff from uncovered waste (Fig. 6a) 
during heavy rainfall events, as well as the use of open 
burning (Fig. 6b) are among the major problems at each 
of the sites.

The waste management industry in Namibia is still 
underdeveloped, with municipal solid waste disposal 
sites in most urban centres being regarded as mere 
dumps, and consequently, the natural environment is 
suffering from this lack of regulation. Environmental 
education is vital in order to protect natural systems 
such as water resources; but lack of environmental leg-
islation and local guidelines governing waste disposal 
sites, as well as an independent regulatory body, will al-
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Figure 12: Scanning Electron Microscope photomicrographs of calcretes (a) and (b)  show the pore spaces associated with 
compacted calcrete and (c)  shows similar pores spaces associated with natural deposits. 
[a] COMPACTED TSUMEB CALCRETE [4%] MOISTURE CONTENT AND DRY DENSITY OF 1.7 Mg/m3]
The darker pore space areas appear to be connected. The falling head permeability tests were conducted using distilled water 

and the results are between 10-4 to 10-7 m/s.
[b] COMPACTED TSUMEB CALCRETE [8%] OPTIMUM MOISTURE CONTENT AND DRY DENSITY OF 1.9 Mg/

m3]  The results of the falling head permeability test were between 10-6 to 10-9 m/s. This calcrete has good pore spaces 
for holding sufficient water created between the fine calcitic and rock fragment particles. 

[c] NATURAL CALCRETE   This calcrete comprise calcite and rock fragments (centre left).  The particle sizes vary con-
siderably.
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ways be a setback to all efforts aimed at improving the 
current methods of operating dumpsites, which do not 
consider the influence of climatic, environmental and 
ground data sets (Fig. 2).  

Conclusions

The waste disposal sites of the Tsumeb area are   lo-
cated in karstified dolomitic terrain, which is an im-
portant regional groundwater area. These sites have no 
engineered structures and all types of waste are dumped 
uncovered on top of the well-connected heavily frac-

tured and karstified dolomite. During the rainy season 
contaminated surface water infiltrates the underlying 
groundwater resources. Suitable municipal solid waste 
disposal sites for Tsumeb could be established further 
to the northwest of the town, in low-lying areas covered 
by calcrete deposits. This study has shown that karsti-
fied dolomitic terrain is not suitable for development 
of waste disposal sites, and that proper investigations 
and pragmatic sound engineering practices based on lo-
cal knowledge (knowledge-based approach) is vital in 
order to protect the local ecosystems. 
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