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ABSTRACT 
The environmental sanitation situation in Kampala’s peri-urban areas was reviewed and investi-
gated through field studies, structured interviews with personnel from key institutions and ad-
ministration of questionnaires to households in a selected peri-urban settlement (Bwaise III Par-
ish).  In this settlement, specific field and laboratory measurements were undertaken so as to 
create a better understanding of the environmental sanitation situation, anthropogenic pollution 
loads and their transport and impact (with a focus on Phosphorus) in Kampala’s Peri-urban areas 
in pursuit of interventions for improving the environmental sanitation and protecting the shallow 
groundwater resource there. The review revealed that the urban poor in Kampala, like elsewhere 
in developing countries, are faced with inadequate basic services caused by a combination of 
institutional, legal and socio-economic issues and that the communities’ coping strategies are in 
most cases detrimental to their health and well-being. Field surveys showed that excreta disposal 
systems, solid waste and greywater are major contributors to the widespread shallow groundwater 
contamination in the area. Field measurements revealed that the water table responds rapidly to 
short rains (48 h) due to the pervious (10-5-10-3 m/s) and shallow (<1 mbgl) vadose zone, which 
consists of foreign material (due to reclamation). This anthropogenically influenced vadose zone 
has a limited contaminant attenuation capacity resulting in water quality deterioration following 
rains. The only operational spring in the area is fed by regional baseflow meaning a wider protec-
tion zone. The spring discharge exhibited microbial quality deterioration after rains primarily as a 
result of poor maintenance of the protection structure. Subsurface phosphorus (P) transport 
mechanisms appeared to be a combination of adsorption, precipitation, leaching from the soil 
media and through macropore flow with the latter two playing an important role in the wet sea-
son. The Langmuir isotherm described the phosphorus sorption data well (R2≥ 0.95) and the best 
prediction of Langmuir sorption maximum (Cmax) had organic carbon, Ca and available phospho-
rus and soil pH as significant predictors. Loosely bound P (NH4Cl-P) was the least fraction 
(<0.4% of total P) in all layers indicating a high binding capacity of P by the soils implying that 
the soils have a capacity to adsorb additional P loads. Simulation results from the preliminary 
numerical model built in this study based on field and laboratory measurements indicate that 
rainfall infiltration rates > 7x10-3 mm/s drive shallow groundwater contamination with higher 
intense rains of relatively longer duration (≥ 70 mm within 48 h) reducing phosphorus transport. 
Sensitivity analysis of the model input with respect to how long it takes to pollute the subsurface-
had the phosphorus sorption coefficients as being more influential than the pore size and air 
entry values. There are however, key contrasts between the model simulations and field observa-
tions which are useful in guiding new efforts in data collection. The study reveals that interven-
tion measures to improve the environmental sanitation and protect the shallow groundwater in 
the peri-urban settlements are of a multidisciplinary nature necessitating action research with 
community participation. 

Key words: Environmental Sanitation; Kampala; Modelling; Phosphorus transport; Shallow 
groundwater; Peri-urban; Vadose zone 

1 INTRODUCTION 
The urban population, particularly in cities 
in developing countries, is rapidly increasing 
due to both natural and social population 
growths. In these countries, urbanization is 
not associated with industrialization but with 
rapid expansion of peri-urban settlements 
(Vernon, 2002). These settlements contain 

high proportions of the urban population, 
are of low income and occur in cities in 
Africa, Asia, Latin America and the Car-
ribean (UN-Habitat, 2006). Much of the 
growth in these areas is unplanned and in-
formal, subsequently resulting in environ-
mental degradation with problems far more 
serious than in Europe, Japan or North 
America (Hardoy et al., 2001). Africa, though 
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reported to be the least urbanized continent, 
is recognized as one where the rate of ur-
banization is highest (UNEP, 2002). The 
development and expansion of informal 
settlements in the peri-urban areas of her 
cities is widespread. Sub-Saharan Africa 
hosts the largest proportion of the urban 
population in these unplanned and unser-
viced settlements (71.9%, UN-Habitat, 
2003). These settlements often contain the 
majority of the city's population, for exam-
ple: more than 70% of the population in Dar 
es Salaam (Kombe, 2005), 77% in Blantyre, 
80% in Luanda (Palamuleni, 2002), > 50% 
in Nairobi (Wegelin-Schuringa and Kodo, 
1997), and 60% in Kampala (UN-Habitat, 
2007) to mention a few.These settlements 
share similar characteristics with the major 
ones being high population densities, de-
plorable housing, inadequate basic service 
infrastructure (safe water supply, sanitation, 
roads etc), location in flood plains and lack 
of legal status as residential dwellings (Park-
inson and Tayler, 2003). The increase of 
these settlements has in general caused vari-
ous problems in relation to public health and 
socioeconomic conditions (Yusof and Kwai-
Sim, 1990). 
Kampala, the capital city of Uganda, like 
most cities in Africa, is experiencing an 
increase in population and development of 
informal settlements in the peri-urban areas. 
The resident urban population of the city is 
the highest in the country and is currently 
estimated at 1.53 million with an annual 
average growth rate of 3.7% (UBOS, 2009). 
This population size almost doubles during 
the day since the city serves as a workplace 
for residents of several nearby areas but who 
return home in the evening. The informal 
low-cost settlements in peri-urban areas 
have a high population density, are located 
in low-lying areas with a high water table, are 
predominantly inhabited by the urban poor 
and lack or have inadequate access to basic 
infrastructure services such as water supply, 
sanitation (excreta disposal), solid waste 
collection and drainage. Some of these set-
tlements have spilled over into natural wet-
lands contributing to the increased flooding 
of many residential and commercial areas of 

the city during the rainy season. Some of the 
well known informal settlements include 
Katanga, Nakulabye, Kalerwe, Bwaise, 
Katwe, Mulago Nsooba, Kiswa, Kinawataka, 
Banda, Kivulu, Kisenyi, Ndeeba, Wabigalo 
and Kamwokya.   
Like in many other cities in developing 
countries, the capacity of the public sector 
(municipal authorities, utility agencies) to 
provide basic services to meet the needs of 
the increasing population in Kampala is 
currently limited. For example, of the 1500 
tonnes of solid waste generated in the city 
daily, only about 35% is collected and dis-
posed of by Kampala City Council (KCC) 
while the rest is indiscriminately disposed of 
or managed by the private sector (KCC, 
2006). The sanitation coverage with respect 
to sewerage is low; with less than 7% of the 
city’s households connected to the sewerage 
system (NWSC, 2007). Hence a substantial 
number of the city’s population (>90%) rely 
on-onsite sanitation. In the informal peri-
urban settlements in the city, availability of 
public and household on-site sanitation 
facilities is deficient in terms of coverage, 
quality and effectiveness (NWSC, 2004). In 
these settlements therefore, the environ-
mental conditions are unhealthy largely due 
to the poor sanitation, solid waste manage-
ment and drainage (Nuwagaba, 2003). 
These, coupled with poor landuse practices 
which include wetland destruction, have 
resulted in unprecedented discharge of large 
quantities of untreated contaminant loads in 
both surface water and shallow groundwa-
ters. The high population growth rate in 
these areas compounds this situation.   
The piped water service coverage in Kam-
pala is estimated to be about 70%, of which 
only 8% of the population have running 
water in their houses (NWSC, 2007). Even 
then, the coverage of water services is con-
sidered inadequate, with the most affected 
areas being the informal settlements where 
the largest numbers of residents are without 
piped water services (KCC, 2003a). As a 
result, these communities use a variety of 
different sources like natural springs, shallow 
wells and rainwater. A significant number of 
residents in the low-income peri-urban areas 
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(about 40%, AquaConsult, 2002) use shallow 
groundwater sources with some households 
resorting to these sources for all their water 
needs. The groundwater quality in these 
settlements is an issue of increasing concern 
due to the high rates of contaminant genera-
tion per unit area and limited waste man-
agement systems (Pegram et al., 1999). Stud-
ies carried out in these areas suggest a link 
between the incidence of cholera, acute 
diarrhoea and use of contaminated protected 
springs (Nasinyama et al., 2002). In addition, 
due to poor environmental sanitation, dis-
ease outbreaks (malaria, cholera, typhoid, 
etc) are prevalent especially during the rainy 
seasons because of flooding (PLAN, 2001).  
These populations therefore, are at great 
health risk from unsafe water and inadequate 
sanitation. 
This study was initiated to assess the envi-
ronmental sanitation situation in Kampala’s 
peri-urban settlements, characterise the 
potential anthropogenic pollution sources 
and hydrogeology and, study the impacts of 
these on the shallow groundwater quality 
with season. Together, these aims formed 
the basis for the development of a numerical 
model to simulate solute transport (here 
phosphorus was considered as it was found 
to occur in high concentrations in the shal-
low groundwater during the course of the 
study), assessment of the feasibility of natu-
ral remediation of the selected solute in a 
variably saturated soil in a peri-urban settle-
ment and identification of mitigation meas-
ures for poor environmental health includ-
ing groundwater contamination.  

1.1 Motivation 
The studies reported in this thesis were 
motivated by the limited water quality moni-
toring and data records, absence of investi-
gations to ascertain pollutant (solute) trans-
port mechanisms with seasonal hydrological 
events and, limited analysis of available 
information in peri-urban areas of Kampala. 
The characteristics of anthropogenic pollu-
tion, which include type, quantities (loads), 
and sources from the peri-urban areas of 
Kampala, are largely unknown. Also, there is 
no basis for assessing the impact of con-

taminant loads on the shallow groundwater 
during different seasons (wet and dry). As a 
result, the variability of contamination due 
to landuse activity in the shallow groundwa-
ter underlying the peri-urban areas is not 
known. Here, models of soil water flow and 
solute transport are required to assist the 
understanding of transport mechanisms in 
the subsurface, to interpolate and extrapo-
late experimental findings, and to make 
predictions and evaluate scenarios (Bond 
and Smith, 1998). The aforementioned chal-
lenges have been noted to limit the quest for 
sustainable clean groundwater among others, 
in Sub-saharan Africa (Kreamer and Usher, 
2010).  
Efforts to mitigate the impacts of anthropo-
genic pollution by municipal authorities, 
policy makers and regulators within Kam-
pala’s peri-urban areas, are limited by, 
amongst other reasons: lack of a compre-
hensive database on contamination sources 
and impacts from domestic sources, water 
quality data, financial constraints, land own-
ership issues, and non-implementation of 
mitigation measures by local communities.  
It is therefore hoped that the findings of this 
study will contribute to the development of 
targeted interventions aimed at improving 
the environmental sanitation and hence lives 
of the communities in the peri-urban settle-
ments. In so doing, contribute to the Mille-
nium Development Goals (MDGs) that 
have health and improving the lives of the 
people living in slums as a priority (Sheuya, 
2008). 

1.2 Case study area - Bwaise III Parish 
The study was carried out in Bwaise III 
Parish, a typical informal settlement in 
Kampala city with chronic and diverse envi-
ronmental sanitation problems. Bwaise III is 
found in Kawempe Division, Kampala Dis-
trict (under the decentralisation reforms, the 
city was declared a district). It is located in 
the northern part of Kampala approximately 
4 km from the city centre (Fig.1). Bwaise III 
is a low-lying area (mostly a reclaimed wet-
land and highly built up with housing) with a 
high water table, less than 1.5 m below 
ground level (mbgl) in most of the area. The 
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parish has an area of 57 ha and is divided 
into six local administrative zones namely: 
Kalimali, Bokasa, Bugalani, St. Francis, 
Katoogo and Kawaala (Fig.1). The area, 
though mainly residential, has some eco-
nomic activity for the low-income residents 
which consist of small-scale trading ranging 
from cooking and selling food in markets to 
hawking and retail shops. 
The parish is largely unplanned with lack of 
basic services, poor road access and deplor-
able housing. It has one of the highest popu-
lation growth rates in Kampala District with 
an annual average rate of 9.6% (more than 
twice the city’s average growth) and a popu-
lation density of about 27,000 persons/km2 
(UBOS, 2005).  

1.3 Aims and objectives 
The aim of this study was to create a better 
understanding of the environmental sanita-
tion situation, anthropogenic pollution 
sources and loads, and seasonal impact on 
the shallow groundwater quality with a spe-
cial focus on Kampala’s peri-urban areas. 
Also the study sought to ascertain the proc-
esses affecting subsurface solute (phospho-

rus) transport and attenuation with season. 
More specifically, the following objectives 
were addressed in the thesis: 

i) To analyse the environmental sanita-
tion situation in Kampala’s peri-
urban areas (Paper I & VI) 

ii) To locate and determine the charac-
teristics (sources, types, loads) of 
pollutants in a selected peri-urban 
settlement (Paper I) 

iii) To assess the influence of the lan-
duse and hydrogeological setting on 
both protected and unprotected 
shallow groundwater sources with 
seasonal hydrological events (Paper 
II) 

iv) To determine the factors that influ-
ence solute (phosphorus) transport 
and attenuation in the shallow 
groundwater with season and the 
sorption capacity of soils (Paper III) 

v) To create a conceptual model for 
generating a numerical model to 
simulate flow and transport  of 
phosphorus under different rainfall 
infiltration scenarios (Paper IV) and 

Fig . 1 Map of Uganda showing location of Kampala District (A), location of Bwaise III 
Parish in Kampala District (upper right) and administrative zones in Bwaise III Parish 
(lower left) 
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to assess the feasibility of natural at-
tenutation of phosphorus from the 
subsurface (Paper V),  

vi) To identify possible remedial meas-
ures to improve environmental 
health and protect the shallow 
groundwater in Kampala’s peri-
urban areas (Paper VI). 

1.4 Structure of thesis 
The thesis is based on six papers which are 
appended.  
Paper I describes the characteristics of an-
thropogenic pollution in the case study area-
Bwaise III Parish. Here, the sources and 
locations are identified; a description of the 
pollutant source types and estimation of the 
loads is made. 
Paper II explores the impacts of the landuse 
and hydrogeological setting on pollutant 
concentrations in both protected and unpro-
tected shallow groundwater with season 
(both wet and dry)  in the case study area.  
Paper III is an investigation of processes 
that influence solute transport in the shallow 
groundwater with season. Phosphorus is 
used here as example due to its high occur-
rence in the shallow groundwater underlying 
the study area. Also presented is the attenua-
tion (sorption) capacity of the soils for 
phosphorus and main soil-binding forms of 
this solute. 
Paper IV focuses on modelling of flow and 
phosphorus transport in the variably satu-
rated soil underlying the case study area 
under different rainfall infiltration rates. 
Here, the developed conceptual model is 
described which forms the basis for the 
numerical model. The flow and solute gov-
erning equations are presented together with 
the coefficients used in the parameterisation 
of the simulation model-some following 
from field and laboratory measurements in 
this study while others from literature are 
provided. 
Paper V follows from paper IV and uses the 
developed numerical model to assess how 
long it takes to pollute the subsurface with 
phosphorus using the national effluent dis-
charge standard as the criteria (5 mg/l) un-

der differing rainfall infiltration occuring 
over the wet and dry seasons. Following 
occurrence of pollution, feasibility of natural 
remediation is investigated under the same 
rainfall infiltration for the wet and dry sea-
sons as before with the source of contami-
nation removed. Here, how long it takes for 
the flow domain to recover to realise 
groundwater without phosphorus is deter-
mined. Field measurements undertaken at 
the model site (Paper III) are also used here 
to give an insight into the feasibility of 
phosphorus natural remediation. 
Paper VI provides an insight into the envi-
ronmental sanitation situation in Kampala’s 
peri-urban areas. The focus is on water 
supply, sanitation (excreta disposal), solid 
waste, stormwater and greywater disposal 
practices. The paper highlights the perspec-
tives of the local communities, interviewed 
institutions (Kampala City Council, National 
Water and Sewerage Corporation, National 
Environmental Management Authority) on 
problems, constraints and possible interven-
tions to service provision. 
In addition to the appended papers, the first 
part of the thesis provides an introduction to 
the study (section 1). The next section is a 
background further justifying the study with 
literature on subsurface flow hydraulics and 
solute transport (section 2). This is followed 
by materials and methods used to realise the 
different study specific objectives linked to 
Papers I-VI (section 3). The results and their 
discussion are provided in section 4. Con-
clusions and recommendations drawn from 
the study results are presented in section 5; 
followed by areas for further study in section 
6. 

2 BACKGROUND 

2.1 Groundwater and hydrological as-
pects 
Groundwater is subsurface water that fills 
voids and permeable geological formations. 
It accounts for about 97% (excluding per-
manently frozen water) of the Earth’s use-
able freshwater resource (Canter et al., 1987). 
Groundwater does not exist in isolation, but 
is an integral component of the hydrological 



Environmental sanitation situation and solute transport in variably saturated soil in peri-urban Kampala 

 

  6 

cycle: the endless circulation of water be-
tween oceans, atmosphere and land (Fig.2). 
Groundwater aquifers are periodically re-
plenished by precipitation and by surface 
water percolating down through the soils. 
However, the degree of replenishment or 
recharge depends on the soil characteristics 
(e.g., porosity, hydraulic conductivity and 
current moisture content), climate and vege-
tation. Water stored in aquifers is usually in 
motion, flowing slowly under the influence 
of gravity, until it discharges into a spring, 
stream, lake, wetland or the ocean or is 
taken up by plants or is extracted by wells. 
Hydrologic studies on the water mass bal-
ance are usually conducted within a water-
shed, since the earth’s water cycle is too 
large to be studied easily. The physical hy-
drologic processes of precipitation, infiltra-
tion, surface runoff, subsurface flow and 
stream flow play an important role in the 
propogation of contaminants generated by 
human activities (Fig. 2) in a particular wa-
tershed. However, depending on the particu-
lar climatic, geologic, topographic and vege-
tative characteristics of the watershed in 
question, some of these processes might be 
negligible (Sergio, 1997). 

2.2 Groundwater use and urbanisation 
effects 
Urban groundwater is a key resource for 
domestic and industrial use worldwide. For 
example, groundwater use for public water 
supplies is estimated at about 50% in the 
USA, 75% in Europe, 32% in Asia-Pacific 
and 29% in Central and South America 

(Morris et al., 2003). In Africa and Asia, most 
of the largest cities utilise surface water, but 
many millions of people in the rural areas 
and low-income peri-urban communities are 
dependent on groundwater. According to 
Cronin et al. (2006), as much as 80% or 
more of the drinking water used by the low-
income peri-urban communities in develop-
ing countries is abstracted from groundwater 
sources. The proportion of the African 
population that currently depends upon 
groundwater as its primary source of drink-
ing water is estimated to vary from ~ 50% 
(Carter and Parker, 2009) to 75% (Goulden 
et al., 2009). The high dependency on 
groundwater for urban water supplies 
worldwide has led to awareness of, and 
concern about, groundwater contamination 
in the urban areas (Taylor et al., 2009).  
In developing countries, groundwater con-
tamination has resulted from primarily rapid 
urbanisation with impacts schematised as in 
Figure 3. A prominent feature of urbanisa-
tion effects in most African cities are the 
dense settlements built in marginal lands 
(e.g., in lowlying flood plains, over swamps) 
with poor basic infrastructure service deliv-
ery. Many of the anthropogenic activities in 
these settlements are linked to environ-
mental degradation including contamination 
of groundwater sources as indicated in Fig-
ure 3. The land use change has contributed 
to an increase in impervious surfaces (Fig. 3) 
including roads, pavements and roofs with 
implications for groundwater recharge pat-
terns. Rainfall infiltration and direct recharge 

Fig . 2 The hydrological cycle and its role in contaminant propagation 
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decrease with occupation of flood plains by 
the urban poor resulting in increased surface 
runoff (Fig. 3). The relatively heavy runoff 
combined with inadequate waste manage-
ment and silted-up drainage contributes to 
the higher flood frequency, magnitude and 
duration in the low-income settlements in 
many African cities (Douglas et al., 2008). 
However, it is observed that the reduction in 
groundwater recharge from precipitation in 
the dense settlements is quite commonly 
offset by localised recharge from soakaways 
or stormwater drains and latrines (Foster, 
1990; Morris et al., 2003; Cronin et al., 2007). 
The localised recharge has a profound effect 
on the quality of the shallow groundwater 
sources and considering that often, the water 
taken from these sources is not treated be-
fore use, results in increased health risks. 
Ramin (2009) and, Patel and Burke (2009) 
observe that African slum dwellers are par-
ticularly vulnerable to the negative health 
effects of rapid urbanisation as noted. Hence 
in sub-Saharan Africa, the scale of implica-
tions of the rapid urbanisation impacts as 
schematized in Figure 3, for safety of devel-
oping city water supplies, is of great impor-
tance. 

2.3 Subsurface characteristics 
Within the unsaturated zone (vadose zone), 
the soil pore spaces are filled with both air 
and water (Tindall and Kunkel, 1999). The 
uppermost layers of this zone, typically a few 
centimetres in depth, are traditionally called 
soil. The soil is characterized by intense 
biological activity, which involves water and 

solute uptake by plant roots, bacteria, fungi 
and small soil animals. In addition, a variety 
of natural organic acids are produced from 
the decay of organic material (dead roots, 
fallen leaves etc).  
Precipitation that does not simply runoff the 
land surface into a surface water body or 
stormwater drain enters the unsaturated 
zone (infiltration). It replaces water lost 
either by plant root uptake and subsequent 
transpiration or by direct evaporation. The 
maximum moisture content that the unsatu-
rated zone can hold is equal to field capacity. 
If the water content in this zone equals field 
capacity (a phenomena typical during the 
rains), the excess water percolates down-
wards to the water table in a process known 
as recharge. However, the water can also 
percolate down to the water table through 
preferential flow pathways (e.g., fissures, 
macropores) within the unsaturated zone 
when the moisture content of the soils is 
below the field capacity (Fetter, 2001). Thus 
groundwater recharge can occur despite an 
overall soil-moisture deficit. Recharge of the 
groundwater can be either direct or indirect. 
Direct recharge means infiltration of surface 
water, while indirect recharge is lateral in-
flow of water from surrounding higher lying 
groundwater sources of inflow from water 
courses. 
The saturated zone is formed by porous 
material in which all of the pore spaces are 
filled with water. The water table is defined, 
as the depth at which pore water pressure 
equals atmospheric pressure. The water table 
can be located by digging a hole down into 
the saturated zone and establishing the 
maximum level at which water accumulates 
in the hole without abstraction (Chapman, 
1992). In coarse porous material, the loca-
tion of the water table very nearly approxi-
mates the transition between saturated and 
unsaturated material; in fine textured porous 
material, enough water may move upward by 
capillarity to cause complete saturation of a 
measurable thickness above the water table 
(capillary fringe). The shape of the ground-
water surface is a subdued imitation of the 
overlying land surface. The groundwater 
level fluctuates with changes in precipation 

Fig . 3 Conceptual model depicting the 
impact of urbanization process on hydro-
logical regime and urban environment 
quality (adapted from Suresh, 1999) 
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but also with withdrawals (Domenico and 
Schwartz, 1998). 
Concern about groundwater pollution re-
lates primarily to unconfined aquifers, par-
ticularly where their vadose zone is thin and 
water table is shallow, but may also arise 
where aquifers are semi-confined, if the 
confining aquitards are relatively thin and 
permeable (Lewis et al., 1982). This may be 
attributed to the fact that frequent ground-
water level fluctuations can occur in uncon-
fined aquifers in case of high evaporation, 
short and intense rainfall events followed by 
draught, or in case of water level changes in 
nearby surface water storage. Shallow 
groundwater table fluctuations may acceler-
ate the rate of pollutant movement due to 
interception of descending contaminated 
infiltration by the rising water table. Conse-
quently where the quality of the groundwa-
ter in unconfined aquifers is concerned, full 
recognition must be given to its relationship 
to surface-water quality. 

 2.4 Subsurface flow hydraulics and sol-
ute transport 
An understanding of the groundwater flow 
is important inorder to adequately estimate 
the direction and speed at which pollutants 
are transported in an aquifer (Schwartz and 
Zhang, 2003). However, it is nearly impossi-
ble to directly measure the rate at which 
groundwater moves through an aquifer, so 
flow is estimated from known relationships 
among measurable parameters (Schnoor, 
1996).  
The unsaturated zone is normally dominated 
by vertical groundwater flow, while the 
saturated zone is dominated by lateral flow. 
The flow of moisture in the unsaturated 
zone is primarily due to water content, ma-
tric potential gradient (sometimes referred to 
as suction) and gravitational potential. The 
water flow in the unsaturated zone in this 
study is described using a generalization of 
Darcy’s law together with Richard’s equation 
which are presented in section 3.5.2. Rich-
ard’s equation is a standard, frequently used 
approach for modelling and describing flow 
in variably saturated porous media (Miller et 
al., 2005). 

The physical setting of an area usually de-
termines how easily groundwater becomes 
contaminated if inadequate waste manage-
ment or improper land use occur. The 
"physical setting" of a basin includes soil 
type, characteristics of the unconsolidated 
subsurface, depth to bedrock, depth to 
groundwater, topography, hydrologic char-
acteristics and landuse characteristics (e.g., 
constructed structures) of the area. Con-
taminants (solutes) can reach the groundwa-
ter from activities occurring at the land 
surface, such as solid waste dumps, from 
sources below the land surface but above 
the water table, such as pits for excreta dis-
posal, and from contaminated recharge 
water (Kresic, 2007).  
The rates at which pollutants applied at the 
ground surface migrate through the vadose 
zone and the amounts that are delivered to 
the saturated zone are determined by proc-
esses that encourage transport or serve to 
hinder their movement, by factors relating to 
the aquifer materials and by solute character-
istics. Knowledge of the aforementioned is 
of great significance in modeling efforts, 
which seek to track and predict the migra-
tion and fate of pollutants for risk evalua-
tion, evaluation of the impact of remedial 
actions on groundwater quality as well as 
designing of monitoring networks (Bould-
ing, 1995; Domenico and Schwartz, 1998).  
Transport mechanisms that govern the 
extent to which pollutants migrate in the 
subsurface are a combination of advection 
(groundwater transports the contaminants), 
dispersion (results from non-uniformity of 
groundwater flow paths and variations in 
groundwater velocities within the flow 
paths), diffusion (movement of the con-
taminant dissolved in water from areas of 
higher concentrations to areas with lower 
concentration) and retardation (mechanisms 
that occur during advection which tend to 
slow down the rate of contaminant migra-
tion) (Fetter, 2001). The equation governing 
transport of dissolved solutes (and hence 
pollutants) in variably saturated media is the 
advection-dispersion reaction and is pre-
sented in section 3.5.3. 
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3 MATERIALS AND METHODS 
In this chapter, the materials and methods 
used to achieve the objectives of the study 
(linked to Papers I-VI) are presented. These 
follow from the study framework presented 
in Figure 4.  

3.1 Environmental sanitation situation in 
Kampala’s peri-urban settlements (Paper 
VI) 
To ascertain the environmental sanitation 
situation in Kampala’s peri urban areas, a 
review of earlier studies focusing on these 
settlements with regard to current status, 
constraints to service delivery, knowledge, 
attitudes and practices related to hygiene and 
health education was done. In addition, field 
surveys were undertaken in Bwaise III Par-
ish. Here, a pre-tested questionnaire, field 
observations and photography were used. 
The questionnaire was administered to 30 
randomly chosen households (HHs) repre-
senting 1% of the household number in the 
parish (5 HHs in each zone). It sought to 
explore local people’s socio-economic status, 
current environmental sanitation practices 
and perception on problems related to basic 
service provision, environmental sanitation 
and causes of these problems. 
In order to obtain some medical evidence of 
the health status of the inhabitants in Bwaise 
III parish related to safe drinking water and 
environmental sanitation, consultations were 
held with the Disease Surveillance Officer, 
KCC, Kawempe Division. Here data was 
obtained for two health care centres for six 
months prior to the questionnaire survey. 
These health centres (Kawempe Health Unit 
and Mulago Hospital) are located within and 
near Bwaise III respectively, and are visited 
by the majority of the inhabitants due to the 
low cost of services (Personal communica-
tion with Disease surveillance Officer, KCC 
Kawempe Division). 

3.2 Anthropogenic pollution characteris-
tics in a selected peri-urban settlement 
in Kampala (Paper I) 

3.2.1 Field visits and consultations 
 

Field visits were made to Bwaise III Parish 
during 2003-2004 and 2008 to identify and 
locate the various pollution sources, and 
assess the environmental sanitation of the 
area respectively.  By walking through the 
area, anthropogenic pollution sources were 
identified and their location geo-referenced 
using a Geographical Positioning System 
(GPS) (Garmin etrex Vista). The resulting 
coordinates of the various sources were 
transferred to a digitized map of the study 
area, which was obtained from the Depart-
ment of Surveying, Entebbe, Uganda. In-
formation on the operational status of the 
available facilities was obtained from consul-
tations with the residents and local authori-
ties. This included: number of users, 
desludging frequency and methods (for pit 
latrines), and management issues (for solid 
waste dumps). Information on the nature of 
the solid waste, number of pit latrine stances 
and the nature of sullage (greywater) drains 
(lined or unlined, flowing or stagnant) was 
obtained through observations. Record 
sheets were used to note the pollutant 
source types, location and operational status 
of the facilities including information on 
water supply.  

3.2.2 Wastewater sampling 
To ascertain the quality of the wastewater 
carried by the open greywater/stormwater 
drains within the area, wastewater samples 
were collected from three (3) selected drains. 
The sampling locations were code-named 
SD1 to SD3 and are indicated in Fig. 5. The 
sampled locations are secondary drains 
(recipients of wastewater from tertiary 
drains) discharging into main drains 
(Nsooba and Nakamiro drains, Fig. 5). Due 
to the intermittency of flow in most of these 
systems, sampling was undertaken regularly 
from a flowing drain (SD3) during the wet 
and dry season in 2003. To assess the spatial 
variability of the wastewater carried by these 
drains with season, samples were also col-
lected from drains SD1 and SD2 from July 
to December 2004. During the course of the 
study, it was observed that a lot of stormwa-
ter carried by the main drains, and contain-
ing lots of pollutants, collects and stagnates 
in the area contributing to the poor  
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Fig . 4 Framework of the study 
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Fig . 5 Sampled drains (SD) Monitoring well locations in the zones of Kalimali and Bokasa in 
Bwaise III Parish (Note the high density of housing) 

Fig. 6 Sampling locations along the main drains within Bwaise III Parish 
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environmental sanitation including ground-
water contamination (Paper I). In view of 
this therefore, additional samples were col-
lected at selected locations (code-named 
MD1 to MD8) along the main drains Na-
kamiro, Bwaise Nsooba traversing Bwaise 
III Parish and Kiwunya (Fig. 6) weekly over 
a four month period (January to April 2006) 
to ascertain the pollutant loads carried by 
these drains with season (wet and dry). 

3.2.3 Insitu measurements and laboratory 
analysis 
Insitu measurements were carried out for the 
determination of pH and electrical conduc-
tivity (EC) of the wastewater and discharge 
in the drains (SD3, MD1-MD8). These 
measurements were undertaken during the 
same period as sample collection. The flow 
(discharge) in the drains was estimated using 
the velocity-area method (Wilson, 1990). 
Here, a floating object and a current meter 
with propeller (Eijkelkamp) were used to 
ascertain the velocity of flow. The current 
meter was mostly used in the main drains 
while the floating object was used in the 
secondary drains with insufficient depth and 
flow for current metering. 
Electrode probe field meters: WTW TA 
197pH/Temperature and HANNA instru-
ments HI 9033 multi range conductivity 
meters were used for measurement of pH 
and EC respectively. 
Laboratory analysis on the collected waste-
water samples was carried out for thermo-
tolerant (faecal) coliforms, total phosphorus, 
total Kjedahl nitrogen (TKN), Nitrates, 
Chlorides, Chemical oxygen demand (COD) 
and 5-day Biochemical oxygen demand 
(BOD5) determination. The methods used in 
the determination of these parameters are 
provided in Paper I. The analysis for TKN 
was undertaken at the Animal Science labo-
ratory in the Faculty of Agriculture while the 
rest of the parameters were determined in 
the laboratory of Public Health and Envi-
ronmental Engineering in the Faculty of 
Technology, Makerere University, Kampala. 
 

3.3 Assessment of the impacts of landuse 
and hydrogeological settings on shallow 
groundwater sources with season (Paper 
II) 

3.3.1 Monitoring (Observation) well installa-
tion 
In Bwaise III Parish, there are currently no 
installed boreholes. The area has only one 
operational protected spring located in the 
upper part of Katoogo zone (Fig. 1). Hence 
to ascertain the flow characteristics, tempo-
ral and spatial water quality and water level 
variation of the shallow groundwater, a total 
of 16 monitoring wells code-named MW1 to 
MW16 (Fig. 5) were installed in two zones 
within the parish (Kalimali and Bokasa).  
The wells were augured using a 6-inch di-
ameter hand auger to depths ranging be-
tween 1.6 and 2 m depending on the water 
table depth at the time. The design and 
installation of the wells were according to 
USEPA (1995) and current practice of ob-
servation well construction in Uganda (Con-
sultations with Dr. Callist Tindimugaya, 
Principal Hydrogeologist, Water Resources 
Management Department, Entebbe) (Fig. 7). 
The wells were developed and purged (until 
relatively clear water was obtained) during 
the first week after installation and prior to 

Fig .7 Monitoring well internal features  
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collection of water samples the following 
week. 

3.3.2 Water quality monitoring and identifica-
tion of  landuse activities within the vicinity 
of  monitoring wells 
3.3.2.1 Sampling and landuse identification 
To assess the seasonal variation of the shal-
low groundwater quality, water samples were 
collected from the installed wells (unpro-
tected sources) and the protected spring 
within the area. This was carried out for 19 
months, weekly during the first wet (March 
to May and September, 2003) and dry season 
(June to August 2003) and thereafter mon-
htly for the following dry and wet season 
respectively (October to December 2003 
and January to December 2004). A manual 
pump was used for sample collection. The 
samples were collected after a discharge of 
about two to four well volumes since the 
recovery rates were quite fast, so as to obtain 
representative groundwater samples (EPA, 
1991). Samples were collected in 1-litre acid-
rinsed and sterilized plastic bottles (which 
were rinsed at least twice) for chemical and 
microbiological analysis respectively. The 
samples were stored in a cool box at 4 °C 
(with ice packs) before delivery to the labo-
ratory for analysis. 
During water sampling, records were taken 
on the presence of pit latrines,  solid waste 
dumping, animal rearing activities, grey-
water/storm water drains and their con-
struction status (lined or unlined) within the 
vicinity of the monitoring wells.  
Rainwater samples were collected over a 
short period near the Faculty of Technology, 
Makerere University (about 1.5 km from the 
study area) to enable comparisons to be 
done with respect to contamination of the 
shallow groundwater by anthropogenic 
sources and hydrogeological setting. 
3.3.2.2 Insitu measurements and laboratory analy-
sis 
Insitu measurements were carried out for the 
determination of the spring discharge, 
groundwater levels, temperature, pH, EC 
and dissolved oxygen (DO). These meas-
urements were undertaken during the same 
period as water sample collection. 

The discharge rate of the spring was deter-
mined by the time it took to fill a bucket of a 
known volume (10.5 litres). The average 
time for three trials using a stopwatch was 
recorded and used to calculate the rate of 
discharge from the spring in litres per sec-
ond. Water level measurements (metres 
below groundlevel-mbgl) were taken in each 
of the wells using a water dip (W7-T-15-50 
water level meter-50 m flat tape, Soil in-
struments Inc.) with an audio device before 
sample collection. Measurement for pH, 
temperature and EC was done with the same 
electrode probe field meters as described in 
section 3.2.3. The Camlab Handylab OXI 
oxygen meter was used for measurement of 
DO. 
Laboratory analysis on the collected water 
samples was carried out for thermotolerant 
(faecal) coliforms, faecal streptococci (on 
MW1-9 and spring discharge only due to 
logistic problems), total phosphorus, ni-
trates, TKN and chloride determination. 
The methods used in the determination of 
these parameters are presented in Paper II.  

3.3.3 Rainfall data collection 
There is no installed weather station in 
Bwaise III Parish. The rainfall data used in 
the study was for the Makerere University 
weather station, located about 2 km from 
the parish. The rainfall data (only total daily 
rainfall amounts are available) was collected 
from the Meteorology Department in Kam-
pala for the period 1991-2004. Rainfall data 
for the period 2003-2004 taking into consid-
eration the sampling dates, was used to 
assess the impact of the rains on the shallow 
groundwater quality, spring discharges and 
water levels in the monitoring wells. Short 
rains, 48 h prior to sampling, were used in 
the analysis since they are considered to be 
good indicators of (microbial) contamina-
tion of shallow groundwater (Howard et al., 
2003). 

3.3.4 Soil profiles and characterisation 
3.3.4.1 Sampling 
Qualitative and quantitative methods were 
used to determine the nature of the soils at 
the different monitoring well locations. For 
the former, the soil profile description fol-
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lowed from observation and “feel” methods 
during well auguring. Changes in colour, 
texture and structure guided the identifica-
tion of the different profile layers. Disturbed 
and undisturbed soil samples (from different 
layers) for quantitative measurements were 
collected from 1.5 m x 1.5 m x 1 m deep 
trial pits close to the selected monitoring 
well sites. The samples were analysed for 
selected physical and chemical parameters 
(section 3.3.4.2) known to influence 
groundwater flow and transport of phos-
phorus (solute). Total Phosphorus (as or-
thophosphates) was found to occur in high 
concentrations in the shallow groundwater 
during the course of the study.  
3.3.4.2 Field measurements and laboratory analysis 
Measurements were carried out in the field 
to determine the depth and thickness of the 
identified layers within the soil profile and 
soil drainage characteristics at the different 
well locations. 
Using a steel tape, the depth (with the 
groundsurface as a datum) and the thickness 
of the identified layers were determined. 
Infiltration rate measurements using an 
Eijkelkamp standard double ring infiltrome-
ter set were carried out at selected monitor-
ing well locations to estimate the hydraulic 
conductivity of the top layers. For the bot-
tom layers for selected monitoring well 
locations, hydraulic conductivity tests were 
carried out on undisturbed soil samples (127 
mm height and 100 mm diameter) using the 
standard falling head permeability test (BS 
1377, 1990). 
Laboratory soil analysis was undertaken in 
the Soil Mechanics laboratory, Faculty of 
Technology and Soil Science laboratory, 
Faculty of Agriculture at Makerere Univer-
sity. Here, both physical (moisture content, 
specific gravity, particle size, bulk density, 
total porosity, hydraulic conductivity) and 
chemical (pH, organic matter, available 
phosphorus, total nitrogen, exchangeable 
metal content -Mg, Ca, Na, K and Fe, and 
cationic exchange capacity-CEC) soil analy-
ses were undertaken. The methods used to 
determine these parameters are presented in 
paper II. 

3.3.5 Topographical surveys 
The gradient of the natural landscape of 
Bwaise III Parish was estimated from a 
topographical map (Kampala sheets 
71/1/12SW/3 and 71/1/17NW/1, 1994) of 
the area having 2 m contour intervals. To 
obtain further detail of the ground surface 
slope of the area within which the monitor-
ing wells were installed (Fig. 5), a ground 
elevation survey using a DataGrid Tough-
man Geodetic dual frequency GPS with an 
antennae (accuracy ± 50-100 mm) was used. 
One GPS was used as a base station and 
placed at Kitante Road Geodetic Control 
Point about 3 km from the study area and 
the other, a rover. The rover was first sta-
tioned at the Makerere Tank Hill Geodetic 
Control Point located about 1.5 km from 
Bwaise III before taking readings for about 
50 spot heights in the area. The resulting 
data was processed using GeoID (version 
1.9) so as to obtain the elevations of the spot 
heights in metres above sea level (masl). The 
spot heights were georeferenced on a digital 
map of the area in Arcview (version 3.2) and 
using their elevations, a contour map of the 
area was generated. 

3.4 Solute (phosphorus) transport (Paper 
III) 

3.4.1 Monitoring well installation 
To determine the quality of the shallow 
groundwater as well as phosphorus trans-
port and hence natural attenuation potential 
of the soils for this solute, at each of the 
four selected monitoring well sites within 
the study area (MW3, MW6, MW8 and 
MW9, Fig.5), two additional wells were 
installed at distances of about 1.2 m apart 
downgradient along a presumed groundwa-
ter flow line. These sites each having three 
installed wells were code-named MW1 to 
MW4 respectively (Fig. 2, Paper III). 

3.4.2 Water sampling and insitu measure-
ments 
Water samples were collected from each of 
the three wells at MW1-MW4 to determine 
phosphorus seasonal water quality varia-
tions. Samples were collected for 17 months, 
weekly during the first two months (August 
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to September 2003) and thereafter monthly 
till December 2004. Samples were collected 
in 1 litre acid washed plastic bottles which 
were rinsed with the groundwater at least 
twice before sampling. The samples were 
stored in a cool box at 4 °C (with ice packs) 
before delivery to the laboratory. 
Insitu measurements were carried out for the 
determination of water levels, pH, tempera-
ture, EC and DO during sampling - using 
the same field meters as described in section 
3.2.3 and 3.3.2.2. 

3.4.3 Soil sampling and insitu measurements 
Determination of the nature of the soils and 
collection of soil samples within the vicinity 
of the well locations was as described in 
section 3.3.4.  
To obtain information regarding natural 
attenuation of phosphorus, it was important 
that the lateral saturated hydraulic conduc-
tivity and hence flow velocity be determined. 
The insitu lateral saturated hydraulic conduc-
tivity for the soils at the well sites was de-
termined using the augerhole method (Van 
Beers, 1983). This is a commonly applied 
method to unconfined aquifers with a shal-
low water table and provides an estimate of 
the average horizontal component of the 
saturated hydraulic conductivity of the soil 
within the aquifer. The activities involved 
here and computation of the hydraulic con-
ductivity and estimation of the lateral flow 
velocities are expressed in paper III. 

3.4.4 Laboratory analysis 
3.4.4.1 Water quality analysis 
Water quality analysis included the determi-
nation of chlorides, total phosphorus and 
TKN. Prior to the analysis, the relatively 
turbid samples were filtered through a 
1.2µm Whatman glass microfibre filter paper 
(GF/C). The methods used for determina-
tion of these parameters are presented in 
paper III.  
3.4.4.2 Soil characterisation 
This included the determination of physical 
(specific gravity, texture, dry bulk density, 
porosity and moisture content) and chemical 
(pH, organic matter, available phosphorus, 
total nitrogen, exchangeable metal content-

Mg, Ca, Na, K and Fe, and CEC) parame-
ters. The methods used in the determination 
of these parameters are presented in paper 
III. 

3.4.5 Determination of  soil phosphorus sorp-
tion kinetics and isotherms 
To determine the capacity of the soils to 
retain phosphorus as well as to ascertain 
whether the saturation rate of the soils had 
been reached (partly explaining the high 
occurrence of this solute in the groundwa-
ter), adsorption batch experiments were 
carried out. The experiments were used to 
derive adsorption isotherm for soils ob-
tained from different profile layers at se-
lected monitoring well sites. 
Soil profiles (about 1 m long) were extracted 
from 11 sites adjacent to selected monitor-
ing wells (Fig. 2, Paper III) using fabricated 
steel cores (about 1200 mm long and diame-
ter 100 mm). The extracted soil profiles 
were air dried at room temperature before 
being sliced into the different layers. The 
gross sample for each of the layers was 
divided using a riffle splitter to the required 
mass (500g) to give a representative sample 
for that layer. This was then ground and 
homogenized to a fine powder with a mortar 
and pestle and passed through a 2 mm 
stainless steel sieve (Houba et al., 1995). 
Phosphate solutions used in the experiments 
(to cover the range observed in the monitor-
ing wells) were prepared by dissolving anhy-
drous KH2PO4 in distilled water containing 
0.01 M CaCl2. Batch studies were conducted 
in the laboratory at a room temperature of 
24±0.05 °C. The initial pH of the solution 
was not adjusted, as this was found to fall 
within the range measured insitu. A series of 
5 g air-dried soil samples were placed in 236-
ml glass bottles. Each of these bottles was 
filled with 100 ml of different initial PO4-P 
standard solutions (0.1, 1, 3, 5, 10 and 15 
mg/l) in triplicates. The solutions were then 
equilibrated on an orbital shaker at 150 rpm. 
For the adsorption kinetics, 5 ml of samples 
were collected after 1, 2, 4, 8, 12 and 24 h 
intervals while for the isotherm experiments, 
samples were taken after equilibration for 
24 h. At the end of the 24 h equilibration 
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time, measurement of pH, DO and EC was 
done. The collected samples were filtered 
through a 0.45 µm sieve and phosphorus 
concentration determined using the ascorbic 
acid method (APHA/AWWA/WEF, 1998). 
Details for the calculation of the phosphorus 
adsorption amount and estimation of the 
most appropriate sorption isotherm are 
provided in Paper III. 

3.4.6 Phosphorus (P) fractionation 
In order to assess the different phosphorus 
binding forms of the soils and hence identify 
the main form, fractionation experiments 
were performed. Soil sample collection and 
preparation was as described in section 3.4.5. 
Samples were analyzed in duplicate, follow-
ing an adaptation of the Furumai and 
Oghaki (1982) procedure with details pre-
sented in Paper III. The scheme allows 
fractionating loosely bound P, Fe and Al-
bound P, Ca-bound P and Residual P. Also, 
the procedure allows for the determination 
of organic P. 
To ascertain the potential for P release from 
the soils, determination of the dissolved 
ortho P concentration in a 1:1 soil (g) to 
water extract (ml) for the soil from the dif-
ferent layers was done according to Torrent 
and Delgado (2001). Torrent and Delgado 
(2001) demonstrated that this P concentra-
tion was a useful index for predicting the 
potential release of P from soils to water in 

different P desorption scenarios and across a 
wide range of soils.  

3.5 Conceptual model development and 
modelling of flow and solute (phospho-
rus) transport (Paper IV) 

3.5.1 Conceptual model 
To provide an understanding of the flow 
dynamics and solute transport mechanisms 
in the subsurface (both unsaturated and 
saturated zones) underlying a selected cross 
section in Bwaise III under different rainfall 
events, a conceptual model was developed 
for a cross section within the area.  
Given the complex land use pattern within 
the study area, with contaminants scattered 
almost uniformly between the dense settle-
ments (Paper I), spatially heterogeneous 
groundwater flow domain with this aggra-
vated by the haphazard wetland reclamation 
activities (Paper II), modelling of the whole 
parish was an insurmountable task. To real-
ise the above objective, the model site was 
constrained to a cross section within the 
study area located in Kalimali zone (MW3, 
Fig. 5). 
The cross section was limited to a distance 
of about 12 m because of the dense settle-
ment in the area and had a depth of 1.5 m. 
The model site (MW3) had three installed 
monitoring wells (MW1 to MW3) at a sepa-
ration distance of 1.2 m along a presumed 
flow line within the cross section length 

Fig . 8 Conceptual model of cross section within Bwaise III Parish with initial 
boundary conditions (the lateral outlet is assumed to be a seepage face with 
discharge into a drain)  



Robinah Kulabako                                                                                                       TRITA LWR PhD Thesis 1059 

 

 
 

17 

(Fig. 2, Paper IV). Given the heterogeneity 
of the soils in the area, the small size of the 
model site was not considered a limitation 
since larger scale measurements would result 
in a less clear picture preventing the under-
standing of the subsurface flow and solute 
transport processes. 
Data collected on the topography, soil pro-
file and texture, and for water levels from 
Paper II-III studies (sections 3.4-3.5) was 
used to define a simplified conceptual model 
for the model site (Fig. 8). The conceptual 
model had three geological layers: top layer 
(layer 3) being largely sand that contains 
various types of fill material, middle layer of 
silty sands (layer 2) and bottom layer of stiff 
clay silts (layer 1). The layer thicknesses were 
0.45, 0.55 and 0.5 m for top, middle and 
bottom respectively. The three monitoring 
wells were represented at distances of 0, 1.2 
and 2.4 m from the left inlet boundary. 

3.5.2 Fluid flow  
There is a proliferation of numerical models 
available for variably saturated flow and 
solute transport. Examples of numerical 
models we found relevant to realize the 
study objective included HYDRUS ((Šimů-
nek et al., 2008), FEFLOW (Trefry and 
Muffles, 2007), SUTRA (Voss, 1984) and 
COMSOL Multiphysics (Li et al., 2009). 
COMSOL Multiphysics (Version 3.5), a 
finite element analysis and solver software 
package for various physics and engineering 
applications, especially coupled phenomena 
(multiphysics) was used in the study. The 
choice for COMSOL Multiphysics was on 
the basis of prospective continued work 
with more complex fluid flow and transport 
conceptualization as well as on the versatil-
ity, flexibility and ability to implement user-
defined functions (Li et al., 2009). 
To simulate soil water movement in the 
vertical profile under rainfall infiltration, a 
generalisation of Darcy’s law used within 
Richards’ equation (Eq. (1)) (COMSOL AB, 
2007) was applied. 
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where the Darcy flux, q (m/s) appears inside 
the divergence operator in Eq. 1, which 
utilizes a constitutive relation for the storage 
coefficient S (m-1) given in Eq. 2. 
The dependent variable of the system 
(Eqs.1-2) is the term for the fluid pressure p 
(kg/m/s2). Other terms include μ the dy-
namic viscosity (kg/m/s), C the specific 
moisture capacity (m-1), Se the effective satu-
ration (dimensionless), ks the saturated per-
meability (m2), kr the relative permeability 
(dimensionless), ρf  the fluid density (kg/m), 
g the acceleration of gravity (m/s2), D the 
vertical coordinate (m), t time (s), and Qs the 
volumetric flow rate per unit volume of 
reservoir for a fluid source (s-1). Additionally 
S (Eq. 2) describes the change to fluid stored 
within the medium as a function of time 
using the liquid volume fraction at saturation 
θs (dimensionless) with the particle and fluid 
compressibilities, χp and χf (m/s/kg), re-
spectively. 
The flow model (Eqs. 1-2) uses expressions 
defined in terms of moisture retention and 
permeability for each layer in the unsatu-
rated zone (COMSOL AB, 2007), and is 
estimated through the relations defined by 
Brooks and Corey (1964): 

( )rser S θθθθ −+=                                    (3) 

where θs and θr denote the volume fraction 
of the fluid at saturation and after drainage 
respectively, and Se is the effective satura-
tion. COMSOL uses pressure head Hp (m) in 
Eq. 4 to define the dimensionless parame-
ters, effective saturation Se (Eq. 5), specific 
moisture capacity C (Eq. 6) and the relative 
permeability (Eq. 7).  The system is as fol-
lows: 
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Equations 5 to 7 use constants α, n and l that 
specify a particular type of medium: 

λ
ψ

α == n
a

;1  

where α is an empirical parameter (m-1) that 
equals the inverse of ψa, the air-entry value 
(m), and λ denotes the pore size distribution 
index, which affects the slope of the reten-
tion function. The parameter l is related to 
the connectivity and tortuosity of the pore 
space and is considered to be about 0.5 for 
many soils (Looney and Falta, 2000). 
The flow model was solved subject to speci-
fied initial and boundary conditions and to 
the soil hydraulic function which were ob-
tained from measurements as presented in 
the subsequent sections. 
Boundary and initial conditions 
The boundary and initial conditions for the 
fluid flow were set to represent the concep-
tual model of cross section as presented in 
Figure 8. 
The boundary conditions for the fluid flow 
model were according to Eqs. (8-10) repre-
senting zero flux, flux and Cauchy (mixed) 
respectively. 
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In the boundary equations n represents the 
normal to the boundary, p0 is the prescribed 
pressure, N0 is a prescribed flux, Rb repre-
sents the conductance to flow in a hypo-
thetical layer adjacent to the boundary, and 
pb is the pressure at the edge of the resistive 
layer. In our case, the term Rb was modified 
with logical operators so as to create a flow 
condition below the water table (Rb > 0) and 
a no flow condition above it (Rb ≤ 0). At the 
free surface, such as a water table or seepage 
face, the pressure is atmospheric, so the total 
hydraulic potential equals gravitational po-
tential, Db is the elevation external to the 

boundary that corresponds to the internal 
elevation D.  
The inward flux (Eq. 9) was set equal to the 
rainfall infiltration over the interval 0<x<3 
m of the upper boundary (Fig. 8). This was 
set to an initial flux of 10-7 m/s (~ 8.64 
mm/day) representing the household grey-
water directly disposed into drains and 
poured onto open surfaces during the dry 
period (Paper I). The rest of the upper 
boundary was considered impermeable 
(Zero flux, Eq. 8) as the dense settlement 
impacts the ground which renders it mostly 
impervious (Gard and Tortensson, 2006). 
Evapotranspiration (ET) loss estimates were 
based on Gaspà (2004)’s findings following 
application of the water balance method for 
the area. Considering the hydraulic conduc-
tivity contracts and barring preferential flow 
paths (Paper II), the lateral flow in the un-
saturated zone was considered much smaller 
than that in the saturated zone and hence a 
zero flux was prescribed on the left and right 
boundaries of the topsoil layer. 
The lateral influx through the middle layer is 
estimated to be in the region of 10-7 m/s and 
5x10-7 m/s during the dry and wet season 
respectively following application of a tran-
sient groundwater model with Groundwater 
Modelling System (GMS) for the larger area 
covered by the monitoring wells (Fig. 5)  
(Herzorg, 2007). This influx was applied for 
depths less than 0.55 m such that the water 
table slope takes on the ground topographic 
slope (Fig. 8). To set the position of the 
water table, field measurements in the three 
monitoring wells at the model site during the 
dry period were used. The lateral outlet 
boundary for the middle layer was modelled 
using the Cauchy type of boundary condi-
tion (Eq.10). The bottom layer was consid-
ered relatively impervious (Paper II) and 
hence considered to have a zero lateral in-
flux and outflow on its left and right 
boundaries respectively (Fig. 8). 
The stiff clay layer on the bottom is under-
lain by a deep fractured bedrock aquifer with 
which it is hydraulically connected (Taylor 
and Howard, 1998). Under ideal contact 
conditions between the bottom layer and 
unmodelled underlying layer it could be 
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considered that there is free drainage along 
the bottom layer. However, preliminary 
testing revealed that prescribing free drain-
age from the bottom layer was unrealistic 
and hence a value less than the hydraulic 
conductivity of this layer was prescribed (10-

9 m/s, Fig. 8). 

3.5.3 Solute transport  
Transport of phosphorus from the ground 
surface was modelled for selected rainfall 
rates using the advection, dispersion and 
sorption equation (Eq. 11, COMSOL AB, 
2007). 
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Equation 11 describes the time rate change 
in two terms: c denotes the dissolved con-
centration [kgP/m3], and cP the mass of 
adsorbed contaminant per dry unit weight of 
solid [mgP/kg of dry soil]. The parameter θ 
denotes the volume fluid fraction [m3/m3] 
and ρb the bulk density [kg/m3]. The first 
term of the time derivative gives the change 
in liquid concentration, and the second 
terms give the time rate change in the 
sorbed solute. In the equation, DL is the 
hydrodynamic dispersion tensor [m2/s]; q is 
the seepage rate (m/s), which comes from 
the flow equation. The right hand side of 
Eq. 11 is the solute source Sc which equals 
solute added per unit volume of soil per unit 
time [kgP/m3soil/s]. The source takes on 
positive values for processes that increase 
concentrations (sources) and negative values 
for processes that decrease them (sinks).  
Boundary and initial conditions 
The solute boundary conditions were accod-
ing to Eqs (12-14) for prescribed concentra-
tion, no flux and advective flux respectively. 

0cc =                                                     (12) 
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where n is the normal to the boundary, u is 
a vector of directional velocities often 
termed specific discharge [m/s]. The advec-
tive flux boundary condition Eq. 14 sets the 

dispersive flux to zero so that the advective 
flux across the boundary is determined as 
part of the solution.  
In the present problem for the cross section, 
infiltrating water of concentration c0  (Eq. 
12) was prescribed at the upper boundary 
(Fig. 8) as rainfall infiltrating water at the 
upper boundary primarily drives surface 
contaminants into the shallow groundwater 
(Paper II). Initially, the concentration was 
set to zero (c=0 in Eq. 12) but at the onset 
of the rains, a phosphorus concentration 
was set in the influx (Eq. 12). All the other 
water entering the cross section was as-
sumed to be without any contamination (c= 
0 in Eq 12). To account for phosphorus 
transport out of the system, the advective 
flux boundary conidition (Eq. 14) was im-
posed on the right handside of layer 2 (Fig. 
8).  

3.5.4 Input data 
Soil hydraulic properties 
In order to solve the flow model, the water 
retention curve and unsaturated conductivity 
function for the soil layers had to be deter-
mined. These soil hydraulic properties were 
obtained by water retention measurements 
for the different soil layers using an Eijkel-
kamp pF curve standard set (Eijkelkamp, 
2004) where pF refers to the logarithm of 
the negative pressure head in cm. Volumet-
ric water content of the soil samples was 
determined at pF 0, 1, 1.5, 2, 2.7, 3.4 and 
4.2. Coefficients for the Brooks and Corey 
(1964) hydraulic model were estimated with 
the COUP (Jansson and Karlberg, 2004) 
model. 
Hydraulic conductivities for the different 
soil layers estimated from infiltration rate 
measurements and standard falling head 
permeability tests (section 3.3.4.2) were used 
in the flow model. Also used, are some other 
properties deduced from literature. Moisture 
measurements undertaken at a depth of 
0.3 mbgl at the model site prior to the infil-
tration rate measurements were used for 
calibrating the fluid flow model. This re-
sulted in the adjustment of the pore size 
distribution index, n for the top layer from 
an estimated value of 0.341 to 0.190. Table 
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A1 (Paper IV) presents the hydraulic proper-
ties of the soil layers used for the fluid flow 
model. 
Water table depths and phosphorus quality meas-
urements 
For preliminary validation of the fluid flow 
model, in-situ logging measurements of the 
water table depths in each of the installed 
wells during a rainfall event was undertaken 
using three PDCR 1830 pressure transducers 
and a 52203 Model tipping bucket raingauge 
(0.1 mm per tip) connected to a multichan-
nel CR10X logger (Campbell Scientific Ltd., 
UK). Here, the measured and modelled 
water table changes generally matched for 
MW2 (represented at a distance of 1.2 m 
from the left inlet boundary, Fig. 4, Paper 
IV) and it is the modelling results for MW2 
that are presented (section 4.5). 
For comparisons of simulation results with 
field measurements, water level measure-
ments were undertaken and samples col-
lected from each of the monitoring wells at 
the model site (MW1-3, section 3.5.1) for 12 
months to ascertain seasonal variations. The 
relatively turbid water samples were filtered 
through a 1.2µm Whatman glass microfibre 
filter paper (GF/C) and Total Dissolved P 
of the filtrate determined according to the 
ascorbic acid method with persulfate diges-
tion (APHA/AWWA/WEF, 1998). Water 
levels were determined using a water dip 
(W7-T-15-50 water level meter-50 m flat 
tape, Soil Instruments Inc.) with an audio 
device.  
Rainfall infiltration rates 
A range of rainfall infiltration rates corre-
sponding to rainfall intensities varying from 
0.06 to 58.30 x 10-3 mm/s (≈ 0.0036 to 3.5 
mm/min) were prescribed at the infiltration 
boundary. The selection of the rainfall inten-
sities was based on previous rainfall records 
for the area during the study period with 
rainfall amounts of 5,10, 20, 50 and 70 mm 
occurring over 20, 45, 60 minutes and 1 day 
durations. The selected rainfall intensities 
were applied for 48 h as previous studies 
(Paper II and Howard et al., 2003) have 
demonstrated short rains 48 h prior to sam-

pling to be good indicators of contamination 
of shallow groundwater. 
Dispersion coefficients 
To provide in-situ estimates of aquifer dis-
persivities (longitudinal and transverse) and 
also provide an understanding of solute 
transport in the aquifer underlying the study 
area at the model site, preliminary pumping 
and tracing experiments were conducted at 
the model site with the three wells (MW1-
MW3). The injection well (IW-MW1) and 
pumping well (PW-MW3) were about 2.4 m 
apart. Forced gradient tracer experiments 
were applied using bromide. Bromide was 
used due to low background levels (1.96-
3.92 mg/l) and to its unreactive character. 
Prior to the application of the tracer, a 
pseudo-steady state flow field between the 
IW and PW was established after 24 h of 
pumping. Injection of the aqueous Bromide 
(200g) into the IW was effectively instanta-
neous through a funnel. The tracer was 
mixed with the well volume using a plastic 
tubing. EC and discharge were measured 
every 2 h over the 28.25 h experiment. The 
probe for EC measurements was sealed into 
a flow cell in which the water from the 
pumping well was introduced. Samples for 
tracer analysis were collected after 5, 15, 45, 
75, 105, 135, 165, 195 minutes, thereafter 
every 1 h until the end of the experiment 
(28.25 h) in 500 ml-plastic bottles and ana-
lyzed within 24 h at the Public Health and 
Environment Engineering Laboratory at 
Makerere University (Kampala). Continuous 
water level measurements in the injection 
well during both pumping and recovery 
were monitored and stored every 10s using 
PDCR 1830 pressure transducers connected 
to a multichannel CR10X logger (Campell 
Scientific Ltd., UK). AquiferTest Pro (ver-
sion 4, Waterloo Hydrogeologic, Inc. 2006) 
and QTRACER2 (USEPA, 2002) were used 
in the estimation of aquifer dispersivities. 
Phosphorus sorption coefficients 
In this study, sorption was assumed to play 
an important role in the retention of phos-
phorus. This was based on the Total P con-
tent of the soils which was considered to be 
high compared to other areas (section 4.3.2). 
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In addition, high phosphorus loads gener-
ated in the area (Paper I) and subsequent 
concentrations in the shallow groundwater 
(Paper II-III) make microbial mineralization 
and immobilization within the subsurface a 
minor process in phosphorus regulation 
(Sobehrad, 1997).  
Results from previously undertaken batch 
experiments (section 3.4.5) were used to 
estimate phosphorus sorption coefficients 
for the solute transport model. Here, the 
linear isotherm (Eq.15) described the sorp-
tion of the top layer better while the Lang-
muir isotherm (Eq.16) fitted well the sorp-
tion data for the middle and bottom soil 
layers.  
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Where c and cp are as defined in section 3.5.3, 
kP is the partition coefficient (m3/kg), Lk  
and s are the Langmuir constant (m3/kg) 
and sorption maximum coefficient (kg/kg), 
respectively. 
The input for the phosphorus transport 
model is summarised in Table A2 (Paper 
IV). 
Initially, prior to the onset of the rains, it 
was assumed that the infiltrating rainwater 
representing the dry conditions was not 
contaminated. However, at the onset of the 
rains, given the nature of the waste disposal 
practices in the area, the infiltrating water 
was considered to have a P concentration of 
0.002 kg/m3 as observed in the overland 
flow and surface drains.  

3.5.5 Simulations 
Sixty simulations of variably saturated fluid 
flow and phosphorus transport were carried 
out. Prior to these, with the initially set con-
ditions (Fig. 8), the model was run for a 
steady state solution. Thereafter, transient 
flow and solute transport were modelled 
with the initial conditions for the transient 
simulation being the steady state flow solu-
tion. In the transient models, the rainfall 

boundary had the selected infiltration rates 
held constant with time to ascertain the 
water table response over a 48 h period 
while the other boundary conditions did not 
change with time. The prescribed solute 
concentration at the rainfall boundary was 
also held constant throughout the simulation 
period to determine the travel times to the 
water table with resulting concentrations of 
at least 0.001 kg/m3 with and without sorp-
tion for 48 h rainfall infiltration duration.  

3.6 Using field measurements and solute 
transport modelling to assess potential 
for natural remediation of phosphorus 
during transport in variably saturated 
soil (Paper V) 

3.6.1 Mathematical model 
The mathematical model built using 
COMSOL Multiphysics for the cross section 
within the study area as described in section 
3.5 was used to preliminarily assess 1) the 
length of time it would take to pollute the 
subsurface with the discharge from the 
modelled cross section having phosphorus 
concentrations exceeding the national efflu-
ent discharge standard (5 mg/l = 0.005 
kg/m3) 2) how long the polluted flow do-
main would take to recover considering 
removal of the pollutant source and, 3) 
ascertain model sensitivity to some of the 
key parameters (the sorption coefficients, air 
entry value and pore size distribution index).  

3.6.2 Input data 
Rainfall infiltration event pattern 
The applied rainfall infiltration pattern was 
based on an analysis of total daily rainfall 
amounts for both the wet and dry season for 
the period 1943-2004 for the Makerere 
weather station. Here, on average 17 
mm/day of rain occurred every fifth day 
during the dry season (102 days/year) while 
27 mm/day of rain occurred every second 
day during the wet season (162 days/year). 
However, in reality, these total rains do not 
occur for 24 h but over times much less 
than this for each day. Typical heavy rain (> 
10 mm) durations are 30 and 45 minutes 
(Watkins and Fiddes, 1984). Our basic as-
sumption in this study was to adopt rains of 
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17 mm/h during the dry season and 27 
mm/h during the wet season and imposing 
these for 30 mintues for each rainy day in 
each season. With this assumption, an an-
nual rainfall amount of 1521 mm is realized 
which falls within the range for the average 
annual amount for the Makerere weather 
station (1498 ±49 mm). 
Given the location of the model site (within 
the low lying part of Bwaise III), the infiltra-
tion rates are assumed to be much higher 
than the rainfall intensity due to some over-
land flow adding to the net infiltration. This 
assumption agrees with a study by Kelbe et 
al. (1991) in which he observed a reduction 
of peak discharge from catchments inhab-
ited with informal settlements as compared 
to similar pristine catchments due to land 
use practices there. Hence in our model, the 
prescribed seasonal infiltration rates were 
enhanced to about 5 times the rainfall inten-
sity. 
The flow model was set up using the mate-
rial and fluid parameters in Table 1 (Paper 
V) with boundary and initial conditions that 
represent the conceptual model of the cross 
section (Fig. 8). 
Phosphorus input at the infiltration boundary 
A phosphorus concentration of 0.015 kg/m3 
(slightly above the maximum observed in 
the shallow groundwater, Paper II) was set 
at the rainfall infiltration boundary and held 
constant with time to assess how long it 
would take to contaminate the subsurface. 
Following realization of contamination as 
per the defined criteria (section 3.6.1), the 
model solution at this point was used as an 
initial condition for ascertaining the reme-
diation times with the phosphorus source 
removed (c = 0). The input for the phos-
phorus transport model is summarized in 
Table 2 (Paper V).  

3.6.3 Model sensitivity 
Model sensitivity to selected key parameters, 
the sorption coefficients ( pk and Lk ), air 
entry value and pore size distribution index 
was carried out for a selected scenario of 
how long it takes to pollute as described in 
section 3.6.1. For the phosphorus sorption 

coefficients, the values were reduced by two 
orders of magnitude so as to ascertain the 
likely situation if the coefficients had been 
estimated using column experiments (Wang 
et al., 2009). For air entry and pore size dis-
tribution given the nature of the soils in the 
three layers (section 3.5.1), ranges reported 
in literature for similar types of soils were 
used. Air entry values were varied within 
10.5-13.5 cm for sandy soils and 5.0-5.3 cm 
for clay soils. For pore size distribution, 
values were varied within 0.32-0.56 for 
sandy soils and 0.03-0.06 for clay soils 
(Lundmark, 2008). 

3.6.4 Field measurements 
Groundwater quality data (water table depth, 
EC and total phosphorus-measured as Or-
tho-phosphates) previously measured over a 
period of 17 months for the three monitor-
ing wells (MW1 to MW3) at the model site 
was used (section 3.4.2). The data indicated 
that the groundwater flow was from well 1 
to well 3 (Paper III). Hence to assess the 
potential for natural remediation at the 
model site, the data for wells 1 and 3 was 
used. The two wells were 2.4 m apart (Fig. 1, 
Paper V).  

3.7 Identification of remedial measures 
to improve environmental sanitation 
(Paper VI) 
Questionnaires were administered to se-
lected households in Bwaise III Parish (sec-
tion 3.1) to ascertain the measures required 
to improve the environmental sanitation 
situation in Kampala’s peri-urban areas and 
also protect the shallow groundwater re-
sources there. Here, the locals’ perceptions 
on the solutions to the inadequacies faced 
with respect to environmental sanitation, 
who is responsible and their willingness to 
pay for the services were explored. Contin-
gent valuation (stated preference) was used 
to estimate willingness to pay considering 
the existing known levels of service and 
improvements wished for. Also, a review of 
findings of previous studies (section 3.1) was 
undertaken to identify remedial measures. 
To establish the challenges faced and solu-
tions to these by institutions responsible for 
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water supply and environmental sanitation 
services in Kampala with regard to man-
dated roles of service provision to peri-
urban communities (Kampala City Council-
KCC and National Water and Sewerage 
Corporation-NWSC), and to management of 
valued environmental components and 
implementation of related policy (National 
Environment Management Authority-
NEMA), structured interviews were held 
with at least three key personnel working at 
each of these institutions. 

4 RESULTS AND DISCUSSION 

4.1 Environmental Health Practices and 
constraints in Kampala’s peri-urban 
settlements – a review (Paper VI) 

4.1.1 Water supply 
Water sources 
In Kampala’s peri-urban settlements, the 
majority of the residents (50-80%) access 
water via public stand posts (Fig. 9). Most of 
the respondent households in Bwaise III 

parish (84%) collect their water from this 
piped water supply (Fig. 9a). Some house-
holds with private connections also serve the 
community (≥ 37%, Fig. 9a). Springs are the 
second predominantly used water source 
(Fig. 9) which is in line with previous studies 
that present springs as an important source 
of water for peri-urban residents (Howard et 
al., 2002a; Muwuluke, 2006).  
Continued use of protected springs by the 
locals in these settlements is due to easy 
access (distance ≤ 200 m, the national rec-
ommendation, Ministry of Water, Land and 
Environment (MWLE), 1999) and absence 
of piped water (KCC, 2003a). In addition, 
water from springs (protected and unpro-
tected) is free of charge and is perceived to 
be safe by the communities based on its 
usual clarity. It is hence used for all domestic 
needs including drinking. However, previous 
studies undertaken on springs in Kampala 
indicate that over 90% of these sources have 
faecal contamination even when protected, 
with the situation worse in the densely 

Fig . 9 (a) Main water sources in Bwaise III Parish by percentage of respondents (n=30) 
and (b) in Kampala’s peri-urban settlements for domestic use by Division  
(AquaConsult, 2002) 
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populated peri-urban settlements (KUSP, 
2006; Haruna et al., 2005; Nsubuga et al., 
2004; Howard et al., 2003 and Barrett et al., 
1998). 
Data obtained from two health centres vis-
ited by the Bwaise inhabitants (Table 1, 
Paper VI) reveals that malaria is a primary 
cause of mortality and morbidity within the 
study area. However, the health centre data 
and that from the interviewed households in 
the area (Fig. 2, Paper VI) reveal that diar-
rhoeal diseases are also an important health 
problem within the study area. This could 
partly be due to using contaminated pro-
tected spring and non-piped water 
(Nasinyama et al., 2000). 
Rainwater collection is not widely practised 
in Kampala’s informal settlements primarily 
due to lack of roof gutters and a collection 
tank which cost about Ushs 200,000 (Gard 
and Tortensson, 2006; 1 USD≈ UGX 2200). 
Moreover, the communities, most of who 
are of a transient nature (tenants), say they 
cannot afford it. Also rainwater is not col-
lected because it is reported to be dirty and 
unhygienic due to dust and possible pres-
ence of “flying toilets” on the roofs (section 
4.1.2; Hirotsugu and Takusei, 2002). Dust is 
indicative of possible microbial load from 
the atmospheric deposition (Evans et al., 
2007). 
Whereas all the respondent households in 
Bwaise III reportedly boiled their water 
before drinking it, most households in the 
peri-urban settlements do not boil their 
drinking water since they are already satis-
fied with the quality, particularly that pro-
vided by NWSC and, boiling of water is 
associated with high costs of fuel (charcoal) 
(Kiyimba, 2006). Whereas the NWSC water 
might be safe at the source (standpipe), 
previous study findings in these communi-
ties reveal that the water is contaminated by 
households at the point of use due to poor 
handling and storage (Chemuliti et al., 2002; 
Clasen and Bastable, 2003; Schneider, 2008).     
Water consumption 
The majority of the households in the 
Bwaise survey and in a previous study by 
Kiyimba (2006) in Kawempe division on 

average have a daily per capita water con-
sumption of 16 litres which falls within the 
range reported for Kampala’s peri-urban 
settlements (5-20 litres, NWSC, 2004). This 
amount of water is used for drinking, bath-
ing, cooking and washing. The per capita 
water consumption levels are below the 
national policy recommendation (20-25 
litres, MWLE, 1999) and are much less than 
the standard quantity of 50 litres recom-
mended for consumption and basic hygiene 
by the World Health Organisation (Howard 
and Bartram, 2003). Community members in 
these settlements have acknowledged that 
the amount of water they fetch is inadequate 
for their household chores and have to use it 
sparingly (Nuwagaba and Mulogo, 2000). 
Low water consumption patterns (< 30 litres 
per capita per day) have also been observed 
in other urban poor communites (Kumar 
and Harada, 2002; Koech, 2006; Marobhe, 
2008; Sharma and Bereket, 2008). 
Water supply problems 
Despite the majority of the peri-urban locals 
having access to piped water, they are faced 
with water supply issues that need to be 
addressed (e.g., 50% in the Bwaise survey, 
Fig. 3, Paper VI). The cited problems in 
order of magnitude are noted to be intermit-
tent supply, cost and safety of water (Fig. 3b, 
Paper VI) which are typical for peri-urban 
settlements in other cities of developing 
countries (Coates et al., 2004). According to 
UN-Habitat (2007), on average, > 40% of 
Kampala’s peri-urban settlements experience 
frequent interruptions in water supply. Also, 
the cost associated with the private connec-
tions and water procurement is prohibitive 
to the peri-urban residents. These factors 
when combined prompt the use of alterna-
tive unsafe water sources (shallow wells and 
protected springs) and low daily per capita 
consumption (Kiyimba, 2006). The consum-
ers in Kampala’s urban poor settlements pay 
between two-five times more for piped 
water than those with private connections a 
phenomenon observed worldwide (Coates et 
al., 2004). Moreover the unit water cost at 
the public stand posts varies with availability 
(Bwaise survey, Paper VI). A previous study 
(AquaConsult, 2002) revealed that the ma-
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jority of the consumers in Kampala’s peri-
urban settlements (> 96%), were willing to 
pay NWSC’s domestic tariff for public stand 
pipes. Following this finding, NWSC under 
its urban pro-poor branch (set up in 2006) 
started piloting prepaid meter technology 
(communal water dispensers) in Ndeeba and 
Kisenyi peri-urban settlements to ensure 
that the consumers there access water at the 
domestic tariff. The project now running for 
about two years has been successful and 
demonstrates that the urban poor are able to 
pay the NWSC domestic tariff for water 
which they can access at any time of the day 
whenever they need it provided they have 
sufficient credit on their tokens. Also, to 
further create conditions ideal to service 
provision which is relatively affordable to all 
including the urban poor, the utility agency 
enacted a new water policy that provides 
free access for pipe lengths upto 50 m with a 
nominal fee of about USD 30. This has 
contributed to an increase in the number of 
connections by the urban poor (30%) since 
its enaction in 2006 (NWSC, 2008b).  
Water from both protected springs and 
stand posts was reported as being unsafe by 
respondents in Bwaise III. Spring water was 
reported to be dirty (brown colour) during 
the rains most likely due to local infiltration 
of surface runoff resulting from poor main-
tenance of the spring protection structure 
(Howard et al., 2003). The likely explanation 
for the unsafe water from public stand posts 
is intermittency of the supply which is asso-
ciated with back siphoning as a result of 
variations in the mains pressure (Mark et al., 
2003). Other water supply problems men-
tioned by the peri-urban locals include long 
distances to the water sources and lack of 
cooperation by some landlords to allow 
water pipes through their land (Kiyimba, 
2006; UN-Habitat, 2007). 

4.1.2 Sanitation 
Pit latrines are the dominant type of excreta 
disposal facility in the peri-urban settlements 
in Kampala (≈ 90%, AquaConsult, 2002). Pit 
latrines are used in these settlements primar-
ily because of low cost, unavailability of 
sewerage lines and other technological op-

tions (KCC, 2003a). However, it is main-
tained that even if the sewerage lines were 
available in the peri-urban settlements, the 
urban poor cannot afford the cost of con-
nection, operation and maintenance (Pater-
son et al., 2007; Carlesen et al., 2008). 
In Kampala’s peri-urban settlements, the pit 
latrines may be raised or not depending on 
the water level situation. A large portion of 
the pit latrines in Bwaise III parish (> 80%) 
like in other urban poor settlements are of 
the traditional unimproved type and do not 
meet the basic criteria for hygiene and acces-
sibility to children, the disabled and elderly 
(Paper I; Chaggu, 2004; Mugo, 2006). As a 
result, polyethylene bags (“flying toilets”) 
and open defecation are practiced with the 
excreta ending up on roofs, in drainage 
channels and on solid waste dumps. 
In Bwaise III Parish, all the respondent 
households had access to a pit latrine, with 
the majority of the latrines belonging to the 
landlord and shared with other households 
(Fig. 4a & b, Paper VI). The majority of the 
households share one pit latrine (66.7%, Fig. 
4b) with two households on average sharing 
one stance. However, a previous study es-
tablished that although on average 2 to 6 
households shared one stance, in many 
cases, as many as 10 households shared one 
stance in the parish (PLAN, 2001). The 
survey revealed that the responsibility of 
operation and maintenance of the pit latrines 
rested primarily on the homeowner and his 
family for the privately owned latrines and 
on the tenants and landlord for the latrines 
owned by the landlord (Fig. 4a, Paper VI). 
The pit latrines in Bwaise III parish are 
relatively more frequently emptied by the 
bulk of households (Fig. 4d, Paper VI). This 
is because of the high water table (Paper II) 
that leads to construction of shallow pits,  
and high number of users (Table 3, Paper I) 
leading to rapid filling up. Most households 
reported that pit emptying was by vacuum 
emptiers followed by other methods (such 
as discharging into stormwater drains during 
rain events and into excavated pits) (Fig. 4c, 
Paper VI). The reasons given for using the 
vacuum emptiers and excavated pits were 
availability (ownership is by the private 



Environmental sanitation situation and solute transport in variably saturated soil in peri-urban Kampala 

 

  26 

sector) and, poor or lack of road access, 
respectively. However, from observation, 
vacuum emptier use is likely to be lower due 
to the poor road access to these facilities and 
costs ranging from about USD 30-70 per 
trip (Paper I). It is therefore common to find 
soiled toilets and, in many cases, unusable 
facilities particularly the shared ones, possi-
bly due to a general reluctance to contribute 
to maintenance of these facilities (KCC, 
2003a; Kiyimba, 2006). Also the poor main-
tenance of the pit latrines may partly be due 
to the dislike of sharing these facilities which 
is typical in Kampala’s peri-urban settle-
ments (Muwuluke, 2006). 
The inadequate and or lack of sanitation 
facilities in the peri-urban areas puts the 
lives of the communities at greater risks of 
contracting infectious (diarrhoeal) diseases. 
The main polluting constituents from these 
facilities are pathogens that endanger public 
health and nutrients (nitrogen and phospho-
rus) that may cause eutrophication of sur-
face water and pollution of groundwater, an 
important drinking water source in the peri-
urban settlements (Paper II). Poor road 
access and high costs for faecal sludge col-
lection indicates that the bulk of the pollut-
ant loads from these facilities (e.g., section 
4.2) accumulates in the environment impact-
ing both surface and groundwater quality 
(Paper II).  

4.1.3 Solid waste management 
Solid waste characteristics 
The daily per capita solid waste generation 
rate in Kampala is estimated at 1 kg resulting 
in about 1500 tonnes of waste. The largest 
percentage of this solid waste is organic (Fig. 
5, Paper VI) and is inevitably to remain so 
for a long time due to consumption of 
mostly unprocessed foods. Peri-urban set-
tlements generate a relatively high propor-
tion (58%) of the organic solid waste gener-
ated in Kampala city (Matagi, 2002). Organic 
wastes comprise food peelings (banana, 
cassava and potatoes), banana leaves gener-
ated from households and commercial eat-
ing places and food wastes from markets 
that sell fresh foods.  

Collection and disposal 
Solid waste collection in Kampala’s peri-
urban settlements is in general inadequate 
even where the services have been out-
sourced after the enactment of the solid 
waste management ordinance in 2000 by 
KCC. The ordinance puts management of 
garbage to be the responsibility of the gen-
erators, and provides a legal framework for 
private sector involvement in solid waste 
collection and disposal. However due to 
poor road access and affordability con-
straints, most households in the peri-urban 
settlements are not served by the private 
collectors. In Bwaise III Parish, the majority 
of the respondent households have their 
waste collected by truck, while very few 
dispose of it into a central container (skip) 
managed by KCC (Fig. 6a, Paper VI). That 
few households use the central container 
follows from the abolishment of the con-
tainers by KCC due to irresponsible utilisa-
tion by communities and scavengers result-
ing in unaesthetic conditions (Golooba-
Mutebi, 2003). 
Of the respondents that have their waste 
collected by truck, the majority (89.5%) said 
it was by a private firm contracted by KCC 
with a collection frequency of once to twice 
a week. The waste collection service fee (~ 
USD 0.60 per week) is paid by most house-
holds (70%). When probed for willingness 
to pay per collection, 46.2% in the Bwaise 
III Parish survey said that they were ready to 
pay USD 0.12-0.18 per week followed by 
23.1% who were not willing to pay anything. 
The majority of the respondent households 
in Bwaise III Parish (56.7%) said that they 
were not satisfied with the solid waste man-
agement in the area. Also of those who paid 
for the waste collection service and those 
unwilling to pay, the majority (68.4% & 
66.7% respectively) said that the service was 
unreliable as noted in previous studies 
(PLAN, 2001; Ssembajjwe and Mukunya, 
2005; Kiyimba, 2006).  
Considering KCC’s inadequate waste collec-
tion capacity and the limited space in the 
peri-urban settlements, the locals turn to 
open dumping wherever there is available 
space e.g., behind houses and on the banks 
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of open stormwater/greywater channels 
(Paper I) a phenomenon typical of many 
peri-urban settlements in developing coun-
tries. Also, illegal disposal of solid waste into 
the open stormwater channels traversing 
these peri-urban settlements is practiced 
(section 4.1.4). 
Solid waste recycling 
Available solid waste recycling options in 
Kampala city include animal feeds, manure, 
charcoal briquettes, plastics recycling, metal 
scrap, paper recycling/reuse, incineration for 
energy and glass recycling (KCC, 2006). 
Considering these options, the KCC solid 
waste management ordinance (2000) advo-
cates for waste sorting at the source of gen-
eration. However, in the peri-urban settle-
ments, there is hardly any solid waste sorting 
carried out at the household except for 
banana peelings which are used for animal 
feeding (PLAN, 2001). In Bwaise III Parish, 
56.7% of the respondent households said 
that they did not sort their waste because 
they had no time, no space for storage or 
there was no demand for the sorted waste. 
However, the majority (63.3%) expressed 
willingness to sort their solid waste if re-
quested.  
The urban poor in Kampala like in many 
low income communities worldwide take on 
waste scavenging for survival to fill the gap 
of unemployment (Ssembajjwe and Mu-
kunya, 2005). The waste pickers, some of 
whom are organised into associations (e.g., 
Quality Scavengers Association) collect 
valuable items from heaps of garbage, the 
landfill site and affluent areas, which they 
then sell to recyclers. The role played by this 
category of the informal sector in waste 
minimisation is increasingly achieving local 
recognition (KCC, 2006). 
The high generation rate of solid wastes in 
the peri-urban settlements (e.g., 9000 kg/d 
in Bwaise III Parish, Paper I) and the limited 
collection for proper disposal, means that 
the bulk of this waste and hence associated-
pollutant loads (e.g., section 4.2) remains 
within these areas with detrimental effects 
on hygienic conditions and aesthetics, as 
well as on soil and groundwater quality. The 

poorly managed solid waste in these settle-
ments is a source for proliferation of rodents 
and vectors of diseases, offensive smells due 
to the high decay rate, blocked greywa-
ter/stormwater drains leading to flooding 
during the rains and infiltration into the 
subsurface of leachate (Papers I & II). Also 
the solid waste dumps in these areas are a 
recipient of human excreta (section 4.1.2) 
with impact on the microbiological quality 
of groundwater likely to be more localized 
than widespread (ARGOSS, 2001). 

4.1.4 Stormwater and greywater management 
Greywater disposal 
Washing and bathing activities contribute to 
the bulk of the greywater generated from the 
peri-urban settlements. The disposal of 
greywater is the responsibility of households. 
With the majority of bathrooms lacking soak 
pits, uncontrolled discharge of untreated 
greywater is a common occurrence. Like in 
other peri-urban settlements, the greywater 
is more often discharged into poorly con-
structed and maintained drainage channels, 
open spaces including roads making these 
impassable and unoccupied plots creating 
ponds of foul-smelling stagnant water.This 
stagnant water is not only a health hazard 
but implicitly results in contamination of 
natural water sources and deterioration in 
environmental health conditions in these 
settlements.  
A relatively significant number of the re-
spondent households in Bwaise III Parish 
(37%) use more than one option to dispose 
of their greywater (Fig. 7 Paper VI). The use 
of open drains followed by open space as a 
single option, however, is used by a consid-
erable number (60%). Of those that used the 
open drains for greywater disposal, the ma-
jority (53.3%) said that these were unlined. 
A few households practice greywater reuse 
and here, it is mainly for house cleaning 
prior to disposal into the environment. 
Given the greywater disposal practices in the 
area, this means that a great portion of the 
estimated annual pollutant loads associated 
with the generated greywater (2296 kgTKN 
and 132 kgP, section 4.2) is discharged into 
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the environment, contributing to groundwa-
ter contamination there (Papers II & III). 
Stormwater drainage systems 
Open channels dominate the type of tertiary 
and secondary stormwater drainage systems 
in the peri-urban settlements. These drain 
systems are poorly coordinated and con-
structed in many cases. The main drains 
traversing the peri-urban settlements have a 
low capacity compared to the increased 
volume of runoff (to about six times that 
which would occur in a natural terrain) due 
to continuous new constructions up gradient 
(Pers. Comm. with Drainage Engineer, 
KCC). In addition to solid waste disposal in 
drains, heavy silting, affects the whole sys-
tem resulting in serious flooding in the low 
plains. The silting is a result of soil erosion 
due to clearing during construction.  
The flooding potential in Bwaise III is con-
sidered high by the majority of the respon-
dents (76.7%). This is because of a combina-
tion of factors including flat ground and low 
terrain, lack of or poorly constructed small 
and shallow drains, blocked drains due to 
poor maintenance, poor planning resulting 
in encroachment on the flood plain, and 
heavy rainfall. Blocked drainage channels are 
considered to be the major cause of flooding 
in the area. Also, building over some drains 
has been noted to aggravate the flooding 
experienced in the peri-urban areas (KCC, 
2003b; Douglas et al., 2008). During flood-
ing, contaminated water from these drains 
(section 4.2) flows into people’s houses 
where water, food as well as utensils are 
contaminated. Consequently cholera epi-
demics are common during the the heavy 
rains. 
Whereas KCC is responsible for maintaining 
the main drains, not much is done. As a 
result, there is cohesion within the peri-
urban settlement communities to organise 
mutual self-help to unblock some drains 
when needed (Bwaise survey; Kiyimba, 
2006). 

4.2 Anthropogenic Pollution Characteris-
tics in Peri-urban Kampala (Paper I) 
To characterise anthropogenic pollution in 
peri-urban Kampala, Bwaise III Parish was 
used as a case study (section 1.2). 
Anthropogenic pollutant sources in Bwaise 
III Parish are excreta disposal facilities, solid 
waste dumps, greywater/stormwater dis-
charge in drains, animal yards, car washing 
bays, and/or garages. These sources are 
scattered over the area (Fig.10).  
Judging by the estimated annual quantities, 
the major types of pollutant sources are 
excreta disposal facilities (41,500 kgN, 
6,690 kgP and 8,544 x 1014 cfu TTCs), solid 
waste dumps (4,910 kgN and 890 kgP) and 
greywater (2296 kgTKN and 132 kgP) in 
that order. These sources are typical for 
most informal settlements in developing 
countries and are reported to impact the 
quality of the groundwater sources there 
(ARGOSS, 2002; Palamuleni, 2002; Mato, 
2002; Pegram et al., 1999).  
Given the inadequate services in the area as 
described in section 4.1 and Paper I, the 
bulk of the generated pollutant loads from 
these sources is retained in the area and 
impacts on communities’ health as well as 
environmental sanitation and shallow 
groundwater quality (section 4.1 and 4.3). 
An additional important source of shallow 
groundwater contamination in Bwaise III is 
stormwater carried by the main drains trav-
ersing the area. During the wet season, 
stormwater collects and stagnates in the area 
carrying with it lots of pollutants. This re-
sults in infiltration of contaminants to the 
groundwater as well as a sustained relatively 
high water table, which merges with the 
drain wastewater under flooding conditions. 
Figure 11 highlights the variations of the 
mean pollutant loads with season at different 
locations of the main drains (MD1 to MD 8, 
Fig. 6). A comparison of the loads at the 
drain entry points into Bwaise III Parish 
(MD1, MD2 and MD7) indicates that 
Nsooba drain carries the highest loads as it  
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Fig .11 Variation of pH, EC and pollutant loads with season at different locations of the Nsooba (MD1, MD3-MD6), Nakamiro (MD2) and Ki-
wunya (MD7 & 8) drains as they traverse Bwaise III. The bars represent average pollutant load values±standard error (n= 3 for dry season, n=7 
for wet season). 
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flows into the area followed by Nakamiro 
and Kiwunya in that order. That the loads 
are generally higher in the wet compared to 
the dry season in these drains (Fig. 11) cor-
roborates observations noted regarding 
discharge of contaminated surface runoff 
and pit latrine contents into them (Paper I). 
Pollutant load differences between the in-
flows (MD1, MD2) and outflow (MD6) of 
the main Nsooba drain for TKN, nitrates, 
COD, Total-P and chlorides irrespective of 
season (Fig. 11) could be indicative of the 
release of these pollutants from the study 
area with repercussions to downgradient 
streams and wetlands as revealed in Okiror 
(2009) and  Natumanya (2009). On the other 
hand the pollutant load differences between 
the inflows and outflow for TTCs could be 
indicative of retention into the study area 
with possible subsequent transport into the 
shallow groundwater particularly where the 
drains are unlined (Paper II). 

4.3 Landuse, hydrogeological setting and 
their impact on the shallow groundwater 
quality in Bwaise III Parish (Paper II) 

4.3.1 Description of  well and spring location 
landuse 
The anthropogenic activities within 5 m 
radius of the monitoring well locations 
(MW1-MW16, Fig. 5) included presence of 
greywater/stormwater drains, solid waste 
dumping, pit latrines, animal rearing and 
wastewater disposal (Table 1, Paper II). 
These activities were noted to impact the 
shallow groundwater quality in the various 
wells with season (section 4.3.4).  
The protected spring located in Katoogo 
zone is upgradient of the monitoring wells. 
Most of the protection structures of the 
spring were damaged due to poor mainte-
nance. Here the cut off drain was buried, 
and the protection wall was damaged 
(Fig.12). Several pit latrines are located > 30 
m up-gradient of the spring. Disposal of 
greywater is a common practice in the open 
area adjacent to the spring. Also, due to its 
location, no more than 70 m lower than the 
Bwaise hill top (Gaspà, 2004), the spring 

area is a recipient of stormwater runoff from 
neighbouring upgradient areas. 

4.3.2 Hydrogeological setting 
Land topography 
Bwaise III is a low lying area with elevations 
of 1166-1170 masl and with a slight gradient 
in the region of 0.06% sloping southwards. 
The landscape of the zones within which the 
monitoring wells were installed (Fig. 6, Paper 
II) slopes southwards and westwards (0.5-
1.5% slope range) with wells lying at a lower 
altitude in the south than those in the north-
ern part. Given the gentle sloping and 
swampy nature of the area, stormwater run-
off from the upgradient areas (both 
neighbouring and the upper part of Bwaise 
III) was observed to result in flooding in the 
lower part of the area. 
Groundwater table depth and protected spring dis-
charge 
The water table depths within the monitor-
ing wells were high and varied spatially (Fig. 
13) as well as temporally (e.g., Fig. 7-9, Paper 
II) with the water levels rising after the rains. 
The water table depth ranged from 1.19 
mbgl to 0.22 m above the ground surface, 
with the latter indicative of the pond depth 
during flooding conditions. There was a 
significant positive correlation between the 
short rains and the water table depths at 
most of the well locations with this strongest 
at monitoring wells 1, 3, 6 (p<0.001) fol-

Fig . 12 Protected spring within the study 
area. Note the damaged spring protection 
wall and loss of cut-off drain, which con-
tribute to direct entry of surface contami-
nants into the spring backfill during the 
rains  
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lowed by MW 4, 7, 8, 9 (p<0.01) and lastly 
MW 2, 12, 13 and 16 (p<0.05). Monitoring 
wells 5, 10, 11, 14 and 15 had positive but 
insignificant correlations with the short rains 
(p> 0.05).The cause of these variations were 
attributed to the topographical location of 
the well sites, depth of the water table and 
the nature of an adjacent drain, where pre-
sent (Paper II). 
The spring discharge had a low positive 
correlation with the rains (r=0.356, p=0.042), 
and did not vary significantly between the 
seasons (p=0.087). Hence there was no 
marked increase of the discharge with the 
rains (Fig. 10, Paper II) and for both seasons 
(wet and dry) it was ranging from 1.22 to 
1.48 m3/h (Table 2, Paper II). 
Subsurface soil characteristics 
Bwaise III being a reclaimed wetland has a 
man-made unsaturated zone in most of the 
area. At most of the sites, there were three 
distinct layers within the first 2 m of the soil 
with average thicknesses (±SE) of   
0.52±0.07, 0.43±0.06 and 0.68±0.05 m for 
the top, middle and bottom layers respectiv-
ely. The groundwater levels were varying 

mostly between the top two layers with the 
flow occurring in the middle layer, most of 
the time (Fig. 7-9, Paper II).  
According to the soil texture (Table 1) and 
observations, the top and middle layers 
contain fill material of mainly clayey silty 
sands with polyethene, paper, rusty metals, 
stones, brick fragments, rugs and decaying 
organic material. The bottom layer is mainly 
stiff yellowish grey clayey sand silt.  The 
yellowish grey colour of the bottom layer is 
indicative of the highly fluctuating water 
conditions in the area which result in ferrous 
iron migration out of the soil leaving behind 
the grey matrix of exposed soil grains (Shen-
ker et al., 2005). 
Soil chemical characteristics 
The soils in Bwaise III are moderately alka-
line with high calcium and phosphorus con-
tents (>4 meq Ca/100g of dry soil and 15 
mgP/kg of dry soil respectively, Landon, 
1991) which decrease with depth (Table 2). 
This is a result of anthropogenic activities 
such as disposal of greywater, human waste 
and organic solid waste into the subsurface 
(Paper I). The cationic exchange capacity 
(CEC) of the soils did not vary significantly 
between the soil layers (p=0.857), most likely 
due to the presence of organic matter and an 
almost similar pH in all the three layers 
(Table 2). CEC is primarily dependent on 
the soil texture and organic matter content 
of the soils and is known to generally in-
crease with soil pH (Heidmann et al., 2005). 
The CEC values were low (CEC values at 
zero organic carbon (OC) content were 8.12, 
12.02 and 10.86 meq/100 g dry soil for the 
top, middle and bottom soil layers respec-
tively) indicative of kaolinites as the domi-
nant clay mineral type (typical CEC range 

Fig . 13 Water table depths at different moni-
toring well locations. Box represents 50% of 
the data points, whiskers represent outliers 
(extending beyond the limits of the graph), 
line in the boxes represents the median 
(approximately equal to the mean) and the 
grey line indicates the ground surface above 
which the wells are flooded. n is the sample 
size. 

             
Layer/ 
soil fraction 
(%) 

Top  
(0-0.52 mbgl) 

Middle  
(0.52-.95mbgl) 

Bottom 
(>1.63mbgl) 

Sand 41±3 (17-58) 33±5 (14-64) 31±4 (14-48) 
Silt 29±2 (14-40) 30±5 (5-57) 42±4 (30-57) 
Clay 18±3 (10-38) 21±3 (10-41) 27±6 (10-56) 

 

Table 1 Soil texture characteristics of the 
different layers. Range is g iven in paren-
thesis; n = 11 per layer 
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for kaolinites is 3-15 meq/100g dry soil, 
Heidmann et al., 2005). This agrees with X-
ray diffraction studies undertaken on the 
mineralogy of alluvial clays of Kampala by 
Biryabarema (2001) showing dominance of 
kaolinites. The soil CEC values though low, 
have the potential to retard contaminants 
such as phosphorus and thermotolerant 
coliforms (ARGOSS, 2001; Stumm and 
Morgan, 1996). 
Exchangeable metal content determination 
(Table 2) had Ca and Fe being highest in the 
top and middle layers respectively. All the 
layers exhibited relatively low Mg content. 
With phosphorus (P) being the solute con-
sidered in this study (section 1), this ex-
changeable metal content implies that its 
attenuation is most likely linked to Fe and 
Ca, which is further confirmed by the results 
of P fractionation studies in the different soil 
layers (section 4.4.3). 
Soil drainage characteristics 
For most of the sites, the infiltration capacity 
stabilized after 30 minutes resulting in a 
vertical saturated hydraulic conductivity in 
the range of 10-5 to 10-3 m/s for the top and 
middle soil layers. The infiltration curves 
(e.g., Fig. 17a) however, had perturbations 
implying soil heterogeneity in which there is 
increasing permeability with depth. Here, at 
a certain depth, the soil ceases to be satu-
rated which may be due to macropores as a 
result of presence of foreign material. This 
has implications for contaminant transport 
into the shallow groundwater as discussed 
later. The bottom layer, on the other hand, 
had a low vertical permeability, falling in the 
range of 1-3 x 10-7 m/s. 
Porosity did not vary significantly between 
the layers (p = 0.858) and between the sites, 

with an average of 23.85±1.54% for the top 
two layers, and 23.43±1.70% for the bottom 
layer. Samples, especially from the top two 
layers had entrapped foreign material which 
was observed to potentially contribute to 
macropore flow. Although macropores may 
comprise only a small fraction of total soil 
volume (0.001-0.05), they can have a pro-
found effect on the rate of infiltration and 
redistribution of water under the right condi-
tions (Helalia, 1993). 

4.3.3 Shallow groundwater quality 
The shallow groundwater in the area had a 
temporal and spatial quality variation (Tables 
2 and 3, Fig. 7-10, Paper II). The water had 
high microbial and nitrate (especially the 
spring water) contamination with median 
values well above WHO drinking water 
standards. The water drawn from the moni-
toring wells exhibited high organic contami-
nation in the form of total Kjedahl nitrogen 
(TKN). Except for the nitrates, the spring 
water had relatively lower contaminant levels 
than the wells. Water quality deterioration 
increased during the wet season, especially 
with respect to microbial contamination 
(thermotolerant coliforms-TTCs and faecal 
streptococci) and organic content in the 
form of TKN (Tables 2 and 3, Paper II). 
Additionally, there was an increase in the 
nitrate concentrations during the rains. Rain 
water contained relatively low contaminant 
levels (Table 4, Paper II) implying that it 
primarily transports surface contaminants 
into the shallow groundwater. 

4.3.4 Impacts of  Landuse and hydrogeologi-
cal setting on the shallow groundwater with 
season 
Results of the soil stratigraphy and charac-

Parameters/ 
Layer 

pH %OC %N Av. P  
(mg/kg) 

Fe  
(mg/kg) 

K  Na Ca Mg CEC 

(meq/100g) 

1 (Top) 
0-0.52 mbgl 

8.0±0.3 
(5.9-9.0) 

 3.3±0.7 
(0.7-10.1) 

 0.2±0.0 
 (0.1-0.5) 

 50.1±9.0 
(17.8-108.8) 

100.8±8.4 
(63.4-154) 

  4.1±0.9 
 (1.4-11.3) 

0.4±0.1 
(0.1-1.0) 

17.9±2.0 
(8.8-27.5) 

3.2±0.5 
(1.0-6.1) 

11.5±1.1 
(7.3-19.2) 

2 (Middle) 
0.52-0.95 mbgl 

8.2±0.2 
(7.5-8.9) 

3.67±1.1 
(0.8-10.8) 

0.2±0.0 
(0.1-0.5) 

24.5±3.9 
(5.8-43.0) 

206.6±40.9 
(63.3-439) 

3.57±0.5 
(1.44-6.4) 

0.3-0.1 
(0.1-0.6) 

12.1±2.8 
(3.7-28.4) 

3.2±1.1 
(0.9-9.7) 

12.2±0.6 
(9.1-14.6) 

3 (Bottom) 
>1.63 mbgl 

6.9±0.4 
(4.6-8.5) 

1.3±0.3 
(0.3-3.2) 

0.1±0.0 
(0.1-0.2) 

14.0±4.7 
(4.0-41.7) 

194.9±28.0 
(113-303) 

3.1±0.6 
(0.8-6.5) 

0.2±0.0 
(0.1-0.5) 

4.8±0.5 
(1.8-7.4) 

2.0±0.2 
(1.2-2.6) 

12.1±0.9 
(7.3-14.6) 

 

Table 2 Soil chemical characteristics for the different layers (average±1SE, n= 11 per layer). 
Numbers in parenthesis represent the range.  
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teristics show that Bwaise III is an area with 
an anthropogenically influenced shallow (< 
1 mbgl) vadose zone. This zone varies be-
tween 0.3 to 0.5 mbgl and exhibits medium 
to high hydraulic conductivity (~ 10-5-10-3 
m/s) according to the hydraulic conductivity 
degree classification by Head (1982). Also, 
the topography of the area is such that 
flooding is a common occurrence following 
short rains. With this kind of physical set-
ting, the aquifer in the area is very vulnerable 
to contamination. 
During the rains, increased water tables and 
subsequent flooding resulted in water quality 
deterioration (faecal and organic contami-
nants - in the form of TKN/NO-

3) for the 
unprotected sources (wells) (Fig. 7-9, Paper 
II and Table 3 of Paper II). This may be 
attributed to the indiscriminate waste dis-
posal and the mostly man-made unsaturated 
zone, which has potential for macropore 
flow occurrence as evidenced from the soil 
lithology (Fig. 7-9, Paper II). This implies 
that the contact time between the infiltrating 
water and soil media is inadequate to allow 
for attenuation processes to occur during the 
rains. Mato (2002) and Palamuleni (2002) 
have reported similar findings on groundwa-
ter pollution in the informal settlements in 
Dar es Salaam and Blantyre respectively 
where 1) solid waste burying practices sig-
nificantly contribute to pollution of the 
unconfined aquifers and 2) the geology 
(sandy soil nature, presence of fissures) and 
large amount of precipitation intensify travel 
of pollution plumes to the aquifers. 
In the dry periods,  with no or low rains (<5 
mm), there was a general reduction in the 
contaminant levels, especially faecal con-
tamination for both the unprotected sources 
(wells) and protected spring (Fig. 7-10, Paper 
II). This may be a result of absence of the 
pollutant transport effect of run-off, rela-
tively low infiltration rates and the water 
table falling to the bottom impervious layer. 
The low flows in this bottom layer most 
likely lead to an increase in the contact time 
between the water and soil media hence 
allowing for pollutant attenuation processes  
(such as sorption, filtration, die off, etc) to 
occur. 

The shallow groundwater quality portrayed 
contamination of this resource with season 
(Tables 2 and 3, Paper II). However, the 
contamination level varied between sites 
which primarily appeared to be a result of 
the different land use activities within the 
vicinity of these sources, and the water table 
depth which was related to the topographical 
location of the wells. Sites with adjacent 
landuse activities including solid waste 
dumping, animal rearing, excreta disposal 
(pit latrines), greywater/stormwater dis-
charge (drains) (e.g., MW2 and 3) had high 
TTCs, phosphorus, chlorides and organic 
contamination (TKN/NO-

3) (Fig. 7, Paper 
II). Sites with a relatively high water table 
such as MW9 and 15 (Fig. 8 & Fig. 9, Paper 
II) had poor water quality due to their loca-
tion, lower down in the valley (Fig. 6, Paper 
II) in areas that were vulnerable to flooding 
from surface runoff. 
According to ARGOSS (2002), a close rela-
tionship between the nitrate and chloride 
concentrations on a region scale indicates a 
dominant source for both species. For the 
wells and spring discharge, there was no 
direct correlation between the nitrates and 
chlorides suggesting that all the above men-
tioned anthropogenic activities were impact-
ing on the shallow groundwater quality in 
the study area. The effect, as noted, was 
widespread contamination of the shallow 
groundwater which is best explained by the 
presence of multiple sources of contami-
nants (Howard et al., 2003). These contami-
nant sources are non-point sources (scat-
tered within the settlement, Fig. 10).  
The increase in nitrates in the shallow 
groundwater after rain (Tables 2 and 3, Pa-
per II) suggests that the organic nitrogen 
received into the system through leaching 
(from pit latrines, greywater drains, solid-
waste dumps, animal waste dumps), is min-
eralised by the relatively well aerated rain-
water (Table 4, Paper II). High nitrate 
concentrations (> 50 mg/l) are known to 
cause methaemoglobinaemia (or blue-baby syn-
drome) mainly in bottle-fed infants, while 
levels upto 300 mg/l are associated with 
gastric cancer on ingestion (WHO, 2006). 
The spring water used by the residents in the 
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area had high median nitrate concentrations 
(> 100 mg/l) irrespective of season and 
maximum concentrations of upto 693 mg/l 
(Table 2, Paper II) suggesting that this 
source has the potential to cause the afore-
mentioned health problems. 
Soil chemistry appeared to have little impact 
on contaminant attenuation from the shal-
low groundwater. For example, during the 
dry periods there was a slight increase in 
phosphorus and TKN concentrations (these 
are discussed in section 4.4), while the TTCs 
levels remained relatively high. The presence 
of high TTCs could be explained by the 
possible occurrence of macropores as noted 
earlier implying longer travel distances as 
well as presence of organic matter, the 
mostly alkaline soil pH (pH > 5, Table 2) 
and anaerobic soils, which factors are known 
to increase their survival rates (Jamieson et 
al., 2002). 
The absence of a marked increase in the 
spring discharge after the rains (section on 
groundwater table depth and protected spring dis-
charge, section 4.3.2) suggests that there is 
hardly any mix in the short-term between 
the “old” and “new” water from rainfall 
infiltration in this system. This means that 
the spring discharge primarily follows from 
regional base flow that sustains the relatively 
high yield throughout the dry season (How-
ard et al., 2000) and that the potential pollut-
ant sources for this water source lies within a 
wider catchment that extends beyond the 
boundaries of Bwaise III Parish. However, 
the increase in TTCs in the spring water 
following rain (Fig. 10, Paper II) may be 
linked to poor maintenance of the protec-
tion structure, with the loss of the cut-off 
drain and damage of the protection wall 
around the spring “roof” (Fig. 12). The 
damaged protection structure results in 
direct ingress of contaminated surface water 
(as a result of inadequate excreta disposal 
systems in the area, section 4.1.2 and 4.2) 
through the sides of the damaged protection 
wall and “roof” of the spring into the dis-
charge. Contaminated surface waters have 
been reported to be a major threat to the 
microbial quality of protected shallow 
groundwater sources in most peri-urban 

settlements (e.g., in Lichinga, Northern 
Mozambique, Cronin et al., 2006; in Kam-
pala, Howard et al., 2003; in Dhaka, Bangla-
desh, ARGOSS, 2002; in Douala, Camer-
oon, Takem et al., 2009; in Epworth, 
Zimbabwe, Zingoni et al., 2005) due to poor 
wellhead construction and maintenance. 
This implies that proper maintenance of 
groundwater protection structures plays a 
significant role in reducing localised micro-
bial contamination of this resource as dem-
onstrated for example by Howard et al. 
(2000), Taylor et al. (2004) and KUSP  
(2006). 

4.4 Phosphorus transport (Paper III) 

4.4.1 Field phosphorus attenuation meas-
urements 
Results of the water quality measurements 
for wells MW1 to MW4 each with three 
wells installed downgradient along a pre-
sumed flow line are presented in Figure 14 
(1-upgradient, 2-middle, 3- downgradient). 
Using EC and chlorides as conservative 
tracers, the increase in mean values in the 
groundwater at each of these well sites con-
firms that the water was generally flowing 
from the upgradient well 1 to the down--
gradient well 3. This groundwater was flow-
ing mostly through the middle soil layer with 
characteristics presented in Table 3, Paper 
III. The groundwater had similar average 
temperature and pH values for both seasons 
at the various sites (Fig. 14). There was lim-
ited temperature variation between seasons 
(mean value range 23.2±0.2 to 25.0±0.2°C) 
suggesting that the difference (1.8°C) does 
not have a major effect on in-situ phospho-
rus adsorption in the area (Liu et al., 2002). 
There were generally higher concentrations 
of phosphorus (P), TKN and EC in the wet 
season compared to the dry season at the 
well sites (Fig. 14). This may have been a 
result of fast infiltration of the contaminated 
rainwater in the porous vadose zone with 
short retention times for P sorption and 
TKN mineralization to occur (Paper II), 
fluctuating water levels (section 4.3.2) 
and/or initial flush of available P following 
re-wetting of desiccated soils during rains  
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Fig . 14 Variation of selected physical and chemical parameters (mean values ± 1 SE bars) be-
tween three wells at MW 1 (a), MW 2 (b), MW 3 (c) and MW 4 (d) during the wet and dry sea-
son. Sample size, n for each parameter is 9 for the wet season and 14 for the dry season. 
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resulting in higher levels in the wet season 
(Baldwin and Mitchell, 2000). The P concen-
trations in the shallow groundwater were on 
average > 0.01-0.02 mg/l and > 0.04 mg/l 
(Fig. 14), which levels are, noted to step up 
eutrophication in receiving waters (Correll, 
1998) and to classify a system as P saturated 
(Auer et al., 1986) respectively. Hence with-
out incorporation into the soil, the high P 
released in the groundwater is potentially 
associated with adverse ecological impact if 
leached into adjacent streams, wetlands that 
interface the study area and downgradient 
surface water bodies as all of these ecosys-
tems are hydrologically linked. 
Lateral attenuation of P varied spatially. At 
MW1 there was hardly any P reduction 
irrespective of season over a distance of 2.4 
m (Fig. 14a). At MW2 and MW3, P attenua-
tion was relatively higher in the dry com-
pared to the wet season (58% and 40% 
respectively for MW2; 38% and 34% respec-
tively for MW3) (Fig. 14b & c). However for 
MW4, P increased with distance (Fig. 14d). 
At all sites irrespective of season, there was 
an increase in TKN with distance. The non-
attenuation of P at MW1 with relatively high 
concentrations (> 1 mg/l) and at MW2 (2-
4.5 mg/l) despite some attenuation, was 
primarily a result of animal rearing (cows 
and goats) activities and greywater disposal 
over these sites (Paper III). Howard et al. 
(2003) observed that the origin of the sig-
nificant proportion of faecal matter in the 
area might be animal rather than human. 
This implies that animal rearing activities 
may be partly responsible for not only the 
high P but also the relatively high TKN 
concentrations observed in the shallow 
groundwater at these sites. Inundation at 
MW1 during the wet season may have con-
tributed to increased P concentrations at this 
site given the Fe, OC and Ca content of the 
soil (Table 3, Paper III). It is likely that dur-
ing floods, the increased availability of P at 
this site followed from 1) Fe reduction due 
to the low DO levels resulting in the release 
of sorbed P into the groundwater, 2) neu-
tralization of soil pH thereby increasing the 
solubility of Ca-P in the alkaline soils and 3) 
release of organic anions which inhibit P 

sorption by blocking sorption sites on min-
eral surfaces (Zhang et al., 2003). 
The relatively higher P attenuation in the dry 
season at MW2 and MW3 may be a result of 
reduced flows allowing for more contact 
time between the soil particles and water, 
and quite high Fe and Ca content of the soils 
(Table 3, Paper III). At MW4 the only po-
tentially polluting anthropogenic activity 
within a radius of 5 m was intermittent 
kitchen wastewater disposal. Hence the 
observed increment in P with distance at this 
site may be due to leaching of P from the 
subsurface material possibly due to the low 
Fe, Ca and Mg soil content as well as the 
porous media (contains higher sand content) 
(Table 3, Paper III). Sands unlike the smaller 
size soil fractions (silt and clay) do not have 
a large specific surface area for sorbing 
phosphorus (McGechan and Lewis, 2002).  
The increase of TKN concentrations with 
distance, mostly during the wet season at all 
the well sites (Fig. 3-6, Paper III), further 
points to leaching as an important solute 
transport process. The lower TKN concen-
trations in the dry period (Fig. 14), noted to 
coincide with increased nitrate concentra-
tions (Paper II) may be attributed to miner-
alization of organic nitrogen (indicated by 
the high TKN concentrations in the wet 
season, Fig. 14) to nitrates following infiltra-
tion of relatively well aerated rainwater. With 
an average pH of the water (7-8) and tem-
perature (23.2-25 °C) (Fig. 14), there is ap-
proximately only a 5% loss of the ammonia 
component of TKN (estimated according to 
Clement and Merlin, 1995) to the atmos-
phere through volatilisation. Ammonia vola-
tilisation is higher at pH values ≥ 10 (Zimmo 
et al., 2003). Hence the process of volatilisa-
tion plays a minor role in the reduction of 
TKN concentrations in the shallow ground-
water underlying the study area. 

4.4.2 Phosphorus sorption and soil properties  
The Langmuir and Temkin isotherm models 
resulted in a better fit for adsorption of P 
compared to the Freundlich equation (Table 
5, Paper III). Cmax, obtained from the Lang-
muir equation, which is the most commonly 
used P sorption capacity parameter, was 
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chosen as the reference index to ascertain 
the soil’s sorption capacity. The average Cmax 
values were 0.499±0.091, 0.604±0.168 and 
0.356±0.070 mgP/g of dry soil for the top 
(0.3-1 m thick), middle (0.15-0.9 m thick) 
and bottom (0.33-1.1 m thick) layers respec-
tively (Table 5, Paper III). The middle layer 
had the highest average Cmax most likely due 
to the relatively high exchangeable iron 
content (Table 2) offering more sorption 
sites. With all the soils considered, Cmax was 
most strongly correlated with the available 
phosphorus content (r=0.455, p=0.017). 
There was no significant direct correlation 
between Cmax and Fe, Ca, Soil moisture, pH, 
sand, silt and clay percentages implying that 
neither variable may be solely responsible 
for the P sorption capacity of the soils.  
The best multivariate statistical model for 
prediction of P sorption capacity, Cmax of the 
soils had available P, Ca, soil pH and OC as 
significant predictors. In this model, Ca and 
available P had more impact in the predic-
tion equation than OC and soil pH (Table 6, 
Paper III). Moisture content and the fine soil 
fractions (silt and clay) virtually had no im-
pact on the prediction of Cmax. Despite the 
relatively high Fe concentrations in the sub-
surface soils in the study area, its exclusion 
as well as the fine soil fractions from the 
statistical model, suggests that the iron con-
tent of the soils generally does not appear to 
greatly influence P attenuation. In addition, 
the presence of macropores in the subsur-
face (Paper II) does inhibit P sorption in the 
area hence contributing to the high P con-
centrations observed in the shallow ground-
water. 

4.4.3 Phosphorus fractions 
Phosphorus fractionation studies for the 
different soil layers had the main P fraction 
as residual P accounting for on average 
24.90%-37.33% with loosely bound P 
(NH4Cl-P) as the least dominant fraction 
accounting for 0.03-0.21% of total phospho-
rus (Fig. 9, Paper III). The residual-P con-
sisted of mainly the organic fraction 
(NaOH-org P and HCl-org P) and increased 
with depth while NH4Cl-P decreased (Fig. 9, 
Paper III). In the top and middle layers after 

residual P, inorganic HCl-P (Ca bound P) 
and NaOH-P (Fe and Al bound P), respec-
tively were the second dominating fraction. 
Ca, Fe and organic carbon content of the 
soil appear therefore to impact the P dynam-
ics in the area with Ca playing a more impor-
tant role. The latter follows not only from 
the multivariate statistical model (section 
4.4.2) but also the fact that given the mostly 
alkaline nature of the soils in the area (Table 
2), Ca and Mg are considered to be the best 
indicators of P adsorption capacity for these 
soil types (Ige et al., 2005). However, as 
noted in Table 2, Mg occurs in low concen-
trations in all the soil layers implying that it 
has minimal impact on P dynamics in the 
subsurface in the area. 
The dominance of the mostly organic resid-
ual P fraction in all the soil layers and in-
crease with depth is in line with anthropo-
genic waste disposal into the subsurface 
(Paper I). The low NH4Cl-P content indi-
cates that the soils in the study area have a 
high binding capacity for phosphorus 
(Kisand, 2005). This implies that the soils 
potentially still have capacity to retain addi-
tional phosphorus loads (section 4.5). Higher 
NH4Cl-P amounts in the top compared to 
the middle and bottom soil layers is also in 
line with the dissolved ortho-P concentra-
tions in a 1:1 soil to water extract for the 
different layers; 3.575, 1.263 and 0.725 
mgP/l for the top, middle and bottom layers 
respectively suggesting that the top layer has 
the highest P desorption potential compared 
to the other layers (Torrent and Delgado, 
2001). That this is the case also further indi-
cates that flows are critical for P sorption to 
occur on the soils in the area with the top 
layers noted to be relatively more pervious 
compared to the impermeable bottom layers 
(Soil drainage characteristics, section 4.3.2). 

4.5 Modelling of flow and solute (phos-
phorus) transport in variably saturated 
soil (Papers IV) 

4.5.1 Water table response vs rainfall infiltra-
tion 
The simulation results for the modelled 
Bwaise III cross section (Fig. 8) had the 
shallow groundwater responding quickly to 
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short intense rains with a rise to the ground 
surface following rain infiltration rates > 
7x10-3 mm/s with corresponding rainfall 
totals of > 90 mm (Fig.15a). Conversely field 
measurements revealed that the water table 
responds quickly to 48 h rainfall totals ≥ 10 
mm with a water table rise to the ground 
surface after > 70 mm rain (Fig. 15b) sug-
gesting a much more porous subsurface than 
represented in the model.  
The model results depicted limited recharge 
of the groundwater for prescribed low rain-
fall infiltration rates ≤ 0.81 x 10-3 mm/s 
resulting in rainfall amounts of ≤ 140 mm 
within 48 h (Fig.15a). This is likely given the 
possible loss of water from the shallow 
aquifer to a deeper fractured bedrock aquifer 
underlying the area (Taylor and Howard, 
1998). On the other hand, field measure-
ments depict little groundwater recharge 
with 48 h rainfall totals of ≤ 6 mm implying 
much lower infiltration rates given the po-
rous nature of the subsurface than used in 
the model. 

Unlike model results, field observations 
indicated that higher rainfall totals do not 
necessarily result in higher water table 
depths (e.g., week 2, 7, 10, 13, 18, 26, 31 and 
36, Fig. 15b). This discrepancy may be at-
tributed to situations where the rainfall rate 
is greater than the soil’s ability to allow the 
water to infiltrate leading to accumulation on 
the surface or runoff (Williams et al., 1998). 
This implies that there is a need to ascertain 
the soil’s infiltrability under different rainfall 
rates so as to ascertain the timing of surface 
runoff for given conditions in the concep-
tual model. 
Both the simulated water table response and 
field measurements with 48 h rains appear to 
support the observations from recent and 
previous studies in tropical Africa that re-
charge is more dependent on the number of 
heavy rainfall (≥ 10 mm/day) events than 
the total annual volume rainfall (Taylor and 
Howard, 1996; Owor et al., 2009). In the 
model, a rainfall event of ≥ 10 mm/day is 
considered to correspond to an infiltration 
rate of ≥ 0.1 x 10-3 mm/s. 

Fig . 15 (a) Model results of the water table depth at 48 h for the different rainfall infiltration rates 
(with corresponding rainfall intensities of 5, 10, 20, 50 and 70 mm per 1 day, 1 h, 45 mins and 20 
mins intensities- plots 1 to 4 respectively). Time (h) indicated when the water table rises to the 
ground level. (b) Field measurements of the water table depth and previous 48 h rain totals with 
time 
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4.5.2 Phosphorus transport simulations 
Without sorption 
Comparison between model results and field 
measurements indicates that infiltration rates 
higher than 7 x 10-3 mm/s drive shallow 
groundwater contamination in the study area 
given the potentially high porous nature of 
the vadose zone. The short intense rains 
associated with high infiltration rates were 
noted to result in high quantities of con-
taminants being carried to the shallow 
groundwater (section 4.3.4). That the model 
parallels the observed link between rain 
intensity and contaminant loading to the 
water highlights the usefulnesses of the 
variably saturated flow and solute transport 
reported here. 
Field measurements, unlike model results, 
depict a remarkable increase of P with con-
centrations > 1 mg/l during periods with no 
previous 48 h rain and very low rain 
amounts (≤ 6 mm) (Fig. 16a) with the water 
table ranging from 0.47 to 0.68 mbgl. That 
high P concentration (> 1 mg/l) occurs in 
the shallow groundwater despite low infiltra-
tion rates as depicted by the field observa-
tions could be 1) that the process of molecu-
lar diffusion predominates P transport, with 
the ratio of diffusion-related transport to 
total transport increasing as infiltration slows 
(Marshall et al., 2000) or 2) attributed to 
input from lateral flows deriving from rain-
fall infiltration in upgradient neighbouring 

peri-urban settlements (Gard and Tortens-
son, 2006) and/or 3) due to leaching (de-
sorption) from the soil media which contains 
decaying organic material (Paper III). From 
the aforementioned, lateral inflows and 
release from the soil media of P may also 
play an important role in subsurface trans-
port of this solute in the study area, necessi-
tating further investigation and inclusion in 
the conceptual model.  
With sorption 
Simulation results incorporating the sorption 
transport mechanism suggest that the phos-
phorus plume is almost immobilized by 
sorption to soil particles near the ground 
surface (≤ 40 cm deep) within 48 h of infil-
tration into a relatively dry soil (Fig. 7, Paper 
IV). These simulations reveal that relatively 
dry soils at Bwaise III have a very high po-
tential to sorb additional phosphorus input, 
which agrees with the P fractionation find-
ings (section 4.4.3), studies by Sah and Mik-
kelsen (1986) and Baldwin and Mitchell 
(2000) for unflooded or partially dry soils. 
This sorption appears to be strongest within 
approximately 4 hours given the sorption 
kinetic findings for this study (Paper III). 
The discrepancy between field observations 
and the simulations reported here, is because 
the plumes had no opportunity to desorb as 
the model continuously imposed the source 
concentration of 0.002 kg/m3, meaning no 
clean water entered the system through the 
ground surface to initiate desorption of the 

Fig . 16 (a) Model results of the depths at which P concentration is 1 mg/l (0.001 kg/m3), water 
table levels and rainfall amounts for selected rainfall infiltration rates at 48 h. (b) Field meas-
urements of P concentrations, water table depths and previous 48 h rain totals with time. 
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near-surface contamination in the model. In 
addition, the contrast between the results of 
simulations with sorption and field observa-
tions has practical implications for the con-
tamination potential-if sorption controls P 
movement in the subsurface, there would be 
very limited transport of this solute to the 
water table. Hence the discrepancy suggests 
that the model does not capture other trans-
port mechanisms that would explain the 
occurrence of high P concentrations in the 
shallow groundwater. These other unmod-
elled transport mechanisms appear to possi-
bly be macropore flow, preferential flow and 
desorption from soil media (section 4.4). 
The aforementioned transport mechanisms 
appear to occur within the topsoil layers for 
reasons related to the fill material (sections 
4.3.2 and 4.3.4). Also, possible occurrence of 
these transport mechanisms is further cor-
roborated with the infiltration curves and 
preliminary tracer test data obtained at the 
model site (Fig.17). The initial perturbations 
in the infiltration curves may be due to the 
presence of macropores and preferential 
flow paths following from solid waste 
dumping as earlier discussed. The peaks in 

the bromide concentration (Fig.17b) appear 
to have derived from areas of greater hy-
draulic conductivity (that is, preferential 
pathways) and lower porosity. Occurrence of 
preferential pathways has been reported in 
unconsolidated weathered crystalline rock 
aquifer in rapidly urbanizing parts of Uganda 
and other areas of Sub-Saharan Africa (Tay-
lor et al., 2010). 

4.6 Preliminary assessment of natural 
remediation of phosphorus during trans-
port in variably saturated soil using field 
measurements and solute transport 
modelling (Paper V) 

4.6.1 Field measurements 
Field measurements results for monitoring 
wells 1 (upgradient) and 3 (downgradient) 
are presented in Figure 3 (Paper V). For 
both wells, total phosphorus (P), EC and 
water levels varied with time. EC is an indi-
rect indicator of pollution levels (Rajib et al., 
2006). The correlation between EC and P 
was positive though insignificant at MW1 
(r=0.181, p=0.210) and, relatively strong and 
negative at MW3 (r=-0.405, p=0.034). This 
variation might be due to the attenuation of 

Fig . 17 (a) Water infiltration with time at the model site (measurements taken with an Eikjel-
kamp standard set of 3 double ring infiltrometers) and (b) Elution of the bromide tracer in the 
pumping well (MW3) following pulse injection at MW2 (the injection well at the model site) 
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P as the contaminated groundwater flowed 
from MW1 to MW3 resulting in a decrease 
of this solute as indicated in some cases (Fig. 
3, Paper V). The attenuation occurs during 
periods of low (< 5 mm/day) or no rain and, 
heavy rains (> 10 mm/day). The absence of 
rain or low rainfall amounts implies low flow 
rates of the shallow groundwater resulting in 
longer contact times with the subsurface 
soils for retention of P to occur (Paper III). 
The reduction in P concentrations following 
heavy rains might be due to dilution. The 
field measurements also show that during 
the aforementioned periods, P increases 
from MW1 to MW3. This increase could be 
due to leaching of P from the soil media and 
or transport via macropore or preferential 
flow paths considering the nature of the soils 
at the site (Kulabako et al., 2010a). Also the 
sporadic waste disposal practices in the area 
impact the natural P attenuation potential of 
the subsurface soils in the area (Kulabako et 
al., 2004; Kulabako et al., 2007). The afore-
mentioned explains the rather limited at-
tenuation observed at the model site with 
the P range at MW1 (0.474-1.995 mg/l) not 
being so different from that at MW3 (0.56-
1.961 mg/l) over the monitoring period. 
The rise of the water table above ground at 
MW 1 (-0.11 mbgl), which is indicative of 
flooding following heavy rains (70.5 mm on 
25/11/2004, Fig. 3 Paper V) had a peak P 
concentration (1.995 mg/l) unlike at MW3 
where the water table did not rise above 
ground. Flooding conditions increase P 
concentrations in the area most likely be-
cause of changes in the system variables e.g., 
pH, redox conditions, concentrations of 
organic carbon, iron, geochemistry of the 
soils as a P source (Rao and Prasad, 1997; 
Carlye et al., 2001; Paper III) reducing the 
potential of natural remediation processes of 
P during transport. 

4.6.2 Pollution and remediation simulation 
scenario 
Figure 18 shows the simulation results for 
how long it takes to pollute and remediate 
the subsurface (with the P source removed). 
It takes > 3 years for the discharge from the 
modelled cross section to have a concentra-

tion of ≥ 0.005 kg/m3 indicative of the rela-
tively high P retention (sorption) potential of 
the soils. The middle layer exhibits the 
strongest retention of P compared to the top 
and bottom layers given the sorbed P 
amounts there (Fig. 18b). This could be a 
result of the high sorption capacity of the 
soils there and lower velocity of flow com-
pared to the more porous top layer (Paper 
III). The low flow implies that during the 
simulation period, P is hardly transported to 
the bottom layer. Also since linear sorption 
is occurring in the top layer (Table 2, Paper 
V), the retardation factor decreases with 
increase in the moisture content (θ < satu-
rated moisture content, θs) of the soils (Fet-
ter, 2001). Hence since the wet period oc-
curs over many more days than the dry 
period (section 3.6.2) the dissolved P con-
centration increases much more within the 
top layer as a result of the reduced sorption 
rate (Fig. 18a). 
Figure 18b shows that it takes > 7.5 years 
for the remediation of P from the shallow 
groundwater to occur to concentrations of 
<0.005 kg/m3. Here, the top layer is without 
any sorbed P indicative of its relatively high 
P desorption potential (section 4.4.3). The 
middle layer however still contains some 
sorbed P after the relatively long remediation 
period confirming the strong retention ca-
pacity for P of the soils in this layer as earlier 
noted. 

Though the field measurements and simula-
tion results are not comparable, observations 
inferred from the former if considered in the 
solute transport model imply that the time it 
takes to pollute would be shorter while the 
remediation times would be longer than 
modelled here. 

4.6.3 Sensitivity analyses 
The simulation results for how long it takes 
to pollute with the sorption coefficients 
( pk and Lk , section 3.6.3) reduced by two 
orders of magnitude are presented in Figure 
5 (Paper V). The time it takes to pollute with 
this change, is 0.115 years which is >50% 
reduction of the time it initially took prior to 
the change (Fig. 18a). 
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 The change in the polluting time is great and implies that the model 
solution is sensitive to the sorption coefficient values given the data 
settings and boundary conditions used. 
The pore size distribution index ((λ or n) influences the relative perme-
ability of the soils. Since the bottom layer is saturated all the time (Fig. 
8) changing the n value there would not have any impact on the pollut-
ing time (Tindall and Kunkel, 1999). The n for each of the top and 
bottom layers was increased by 20% and reduced by 50% and results of 
this change on the polluting time is presented in Table 3. 

Fig . 18 Simulation results for (a) dissolved and corresponding sorbed phosphorus concentrations at 3.43 years when pollution is realised and (b) dissolved 
and corresponding sorbed phosphorus concentrations at 7.51 years when remediation occurs following pollutant source removal 

Layer Initial 
n 

Adjusted 
n 

Polluting 
time (yr) 

Top  
(Layer 3) 

0.341 n x 1.2 3.4 
n x 0.5 3.4 

Middle  
(Layer 2) 

0.180 n x 1.2 3.6 
n x 0.5 3.5 

 

Table 3 Adjusted pore size distribution 
index (n) of top and middle soil layers 
and corresponding polluting  
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The polluting times on changing the n values 
(Table 3), do not vary much from the previ-
ous time prior to the change (3.43 years, Fig. 
18a). This indicates that the model sensivity 
to this parameter for both the top and mid-
dle soil layers is relatively small. 
The air entry value when reduced to 0.03, 
0.05 and 0.12 m giving the inverse, α (m-1) 
as 33.33, 20 and 8.33 m for the top, middle 
and bottom layers respectively had the pol-
luting time as being about 3.34 years. This 
time does not vary much from the previous 
(3.43 yrs, Fig. 18a) implying that the sensitiv-
ity of the air-entry is relatively insignificant 
for the model setting and its boundary con-
ditions.  

4.7 Possible remedial measures to im-
prove environmental health in Kampala’s 
peri-urban areas (Paper VI) 
Improving environmental health practices in 
the peri-urban settlements requires a basic 
understanding of the challenges the locals 
and responsible institutions face so that 
interventions are linked to assessed needs. In 
this regard, various solutions with regard to 
water supply, sanitation and, stormwa-
ter/greywater management were proposed 
from the local communities in Bwaise III, 
other typical peri-urban settlements in Kam-
pala and interviewed institutions (KCC, 
NWSC and NEMA) (Paper VI). The pro-
posed solutions to overcome the articulated 
challenges for each aforementioned service 
are seen to be a combination of technical, 
socio-economic, policy and institutional 
measures as discussed in the subsequent 
subsections. Some of the proposed solutions 
have implications for groundwater protec-
tion. 

4.7.1 Water supply 
With the major water supply problems ex-
perienced in Kampala’s peri-urban settle-
ments being inadequate quantity and unsafe 
water (section 4.1.1), most locals have sug-
gested an extension of NWSC piped water 
supply followed by cost reduction (e.g., by  
the removal of monthly service fees) (Table 
2 in Paper VI). 

NWSC, the only organisation authorised to 
produce and distribute piped water and 
sewerage services in Kampala, is faced with 
challenges of high unaccounted-for-water 
levels (on average, about 40%, NWSC, 2009) 
and intermittent supply. These negatively 
impact her efforts to improve access to safe 
water for consumers in the peri-urban set-
tlements. Additionally, absentee landlords, 
poor land tenure system which does not 
favour utility provision, information gap 
between policy makers, service providers 
and urban poor communities with regard to 
water and sanitation delivery, and limited 
financial resources, further constrain 
NWSC’s service delivery in the urban poor 
settlements (Table 5, Paper VI).  
Proposed solutions to these water supply 
challenges point to the need for:  
• an increase in water production to match 

the increasing water demand 
• sensitization of the urban poor about the 

NWSC pro-poor policy so as to increase 
the number of connections and hence 
accessibility to safe water (section 4.1.1) 

• scaling up of NWSC’s recent innovation 
of prepaid water meters that allow users 
to get water at NWSC’s more affordable 
rate (section 4.1.1) to all the urban poor 
settlements  

• water quality interventions that focus on 
treatment of water at household level 
such as solar disinfection (SODIS) and 
ceramic pot filtration (CSF) (Graf et al., 
2008; Van Halem et al., 2009) to counter 
initial and post collection contamination. 
These have been reported to decrease 
the prevalence of diarrhoea among chil-
dren more than other interventions 
(Fewtrell et al., 2005). They however, call 
for advocacy, training and follow-up by 
either NGOs in the area and the Envi-
ronmental Health personnel 

• promotion of rainwater harvesting with 
awareness creation on the benefits (i.e., 
alternative cheap source of water supply 
and reduction of contaminated flood wa-
ters in these settlements). KCC’s build-
ing standards and approval process 
should allow for rainwater collection sys-
tems. 
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4.7.2 Sanitation 
Whereas it is national policy for households 
to provide their own on-site sanitation facili-
ties, several factors combine to hinder scal-
ing up of sanitation in Kampala’s peri-urban 
settlements. These are low-lying terrain with 
high water table, low income or unemployed 
residents, general lack of interest and de-
mand for sanitation, limited space due to 
inadequate physical planning, inadequate 
enforcement of public health and planning 
regulations as well as lack or low political 
support (Paper VI). These factors explain 
the absence of latrines or dominance of 
traditional pit latrines, which are poorly 
constructed to the extent that they negatively 
impact on public health and the environ-
ment (Papers I & II) and hence are not 
considered “improved” sanitation systems 
(UNICEF/WHO, 2008). Also, institutional 
issues such as lack of coordination, low 
capacity, low priority given to sanitation and 
hygiene resulting in lack of and/or insuffi-
cient resources to fulfill mandated roles 
(Table 5 in Paper VI) have contributed to 
the informal provision and planning of sani-
tation services in the peri-urban settlements. 
Here, sanitation improvement is found to be 
left to some extent in the hands of Interna-
tional NGOs partnering with local NGOs 
and CBOs (Muwuluke, 2006). Most of the 
households in Kampala’s peri-urban settle-
ments are tenants who feel that their land-
lords are responsible for improving the 
excreta disposal facilities that they use and 
hence are not willing to pay anything (Paper 
VI). 
Proposed interventions to the aforemen-
tioned include:  
• appropriate designs of improved sanita-

tion for the peri-urban areas which are 
low cost and add value to the lives of the 
users. Enviro loos, ecosan toilets or im-
proved means of operation and mainte-
nance of conventional pit latrines and 
simplified sewerage have been suggested 
options for such areas (NWSC, 2004; 
Paterson et al., 2007; Niwagaba, 2009). 
However, the proposed eco-toilet sys-
tems require a degree of management 
which is far more demanding than re-

quired by users of the normal pit latrines 
(Morgan, 2007). Hence practical hands-
on training and demonstration (pilot 
projects) are very important so as to en-
hance public acceptance and hence pro-
vide more improved sanitation options 
for these communities. It is urged that 
pilot projects should be designed from 
the beginning with approaches that can 
be sustained in the long term and to use 
social marketing to stimulate demand 
and encourage the spontaneous copying 
of technologies beyond the constraints 
of project resources (WSP, 2005) 

• innovative sanitation funding mecha-
nisms (e.g., public private partnerships) 
to make it possible for the households to 
build latrines with technical guidance 
from the local government authority 
(KCC), CBOs and NGOs 

• giving sanitation and hygiene high prior-
ity by relevant national and local gov-
ernment authorities (e.g., Ministry of 
Health, Local government, Ministry of 
Water and the Environment) 

• engagement of private operators to play 
a key role in faecal sludge collection (sec-
tion 4.1.2) at affordable rates. 

• enforcement of regulations by both the 
urban physical planning and local gov-
ernment authorities to ensure implemen-
tation of improved sanitation systems.  

4.7.3 Solid waste management 
There is a high level of awareness among the 
residents living in Kampala’s peri-urban 
settlements of solid waste management 
problems (Paper VI). The key issues that 
constrain solid waste management in Kam-
pala’s peri-urban settlements include poor 
road access, inadequate collection, low-
income levels and lack of awareness of the 
existing solid waste management laws lead-
ing to unhygienic waste disposal practices 
(Paper VI). Unhygienic waste disposal has 
had impacts on the environment (including 
the subsurface) and public health (Papers I-
IV & VI). KCC as the local government 
authority responsible for solid waste man-
agement is also constrained to monitor and 
enforce waste collection and disposal ser-
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vices undertaken by the private sector due to 
inadequate capacity (equipment, technical 
competence) and inordinate delay in the 
release of the limited funds (Golooba-
Mutebi, 2003; Nyirinkindi, 2007).  
Proposed solutions to the aforementioned 
solidwaste management issues include:  
• collaboration between KCC and other 

stakeholders (NGOs, CBOs and local 
councils) with respect to community 
awareness creation (regarding the solid 
waste management laws) and education 
in order to enhance solid waste separa-
tion at source and safe disposal practices 

• improving KCC’s revenue collection ca-
pacity as well as development partner 
funding. The latter should contribute 
more towards training and technical ca-
pacity building of the local government 
personnel to manage problems and es-
tablish appropriate, sustainable waste 
management systems adapted to local 
circumstances (Arlosoroff, 1991) 

• community-based solid waste manage-
ment efforts which provide opportuni-
ties for income generation (Peters, 1998). 
In this case, waste minimisation options 
for example animal feed, compost and 
charcoal briquette production that target 
the organic fraction should be promoted 
as this will significantly reduce the over-
all volume of the waste generated in the 
city (section 4.1.3). Integration of these 
resource recovery activities into the 
waste management operations in the 
peri-urban settlements necessitates insti-
tutional support and mobilisation for ef-
fective waste disposal (Mongkolnchaia-
runya, 2005). Low-income communities 
should participate in the establishment 
of waste collection fees as they recognise 
the need to pay for these services (Paper 
VI). Exclusion has been noted to result 
in non-payment in the peri-urban settle-
ments (Ssembajjwe and Mukunya, 2005). 

4.7.4 Grey and stormwater management 
The majority of the inhabitants in Kampala’s 
peri-urban settlements (Bwaise survey, Kiy-
imba, 2006) are not satisfied with the drain-
age network systems and their maintenance. 

In Bwaise III Parish, the respondents ranked 
stormwater/greywater management their 
biggest problem. This was followed by solid 
waste management, water supply and excreta 
disposal, in that order. Inadequate stormwa-
ter/greywater management has led to per-
petual flooding impacts directly on people’s 
livelihoods in the peri-urban settlements 
notably property damage and halting of 
businesses. It was also recognised that 
stormwater drains spread a lot of diseases in 
the area. Such problems have been reported 
for most of the urban poor communities in 
Africa (Douglas et al., 2008). 
Several factors combine to constrain proper 
greywater and stormwater management in 
Kampala’s peri-urban settlements. These are:  
communities’ perception that indiscriminate 
greywater disposal in the environment is not 
a significant problem which is in line with 
observations by Morel and Forster (2002), 
poor drainage of greywater and stormwater 
runoff and the highly built up neighbour-
hood which contribute to the flooding ex-
perienced in these settlements, lack of re-
sources and limited space for engineered 
infrastructure for improving drainage by the 
local government authority.   
According to Armitage et al. (2009) and 
Carden et al. (2007), there is a high risk in-
volved in disposal of untreated greywater in 
unsewered densely settled peri-urban areas 
given the relatively low water use. Greywater 
disposal in unlined drains in the study area, 
for example, has been noted to contribute to 
the contamination of shallow groundwater 
particularly with phosphates and faecal coli-
forms (Papers II & III). In addition to poor 
drainage, the flooding experienced in these 
settlements is further made worse by poor 
solid waste and excreta disposal practices 
(section 4.1.2-4.1.4 and 4.2). 
Proposed solutions to these issues include:  
• promotion of greywater resuse and sen-

sitisation of the communities on the 
benefits and low cost reuse options. 
Greywater represents the largest poten-
tial source of water savings in a domestic 
residence (Al-Jayyousi, 2003). However, 
greywater reuse has not been widely 
practised in the urban poor areas (sec-
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tion 4.1.4). Among the low-cost reuse 
options is direct application to small gar-
dens (Howard et al., 2002b; Imhof and 
Mühlemann, 2005; WRC, 2005). How-
ever, application of raw greywater for ir-
rigation is associated with environmental 
harm as well as public health risks 
(Gross et al., 2005). Hence more research 
is needed into the low cost greywater re-
use options, which consider land scarcity 
and the high water table, typical phe-
nomena in the peri-urban settlements 

• promotion of non-structural stormwater 
management strategies e.g., community 
trainings on safe solid waste disposal 
practices, proper maintenance of drains 
and creating awareness on alternative 
low cost improved sanitation facilities so 
as to make better the status quo in these 
communities (Faisal et al., 1999; Parkin-
son and Tayler, 2003) 

•  KCC to enlist the support of the local 
councils and engage with the communi-
ties for drainage construction and main-
tenance (section 4.1.4), build on local 
knowledge and resources, work with 
CBOs and NGOs; and use participatory 
methods for planning, implementation, 
monitoring and evaluation, to coordinate 
and optimise the available resources. 

4.7.5 Need for institutional collaboration 
Responses by the officers from the institu-
tions interviewed regarding current efforts, 
challenges and recommendations to service 
improvement to the urban poor (Table 5, 
Paper VI) indicate that these authorities 
continue to work sectorally to a large extent. 
This makes integrated planning at commu-
nity level very difficult. Wegelin-Schuringa 
(2000) observes that the general lack of 
space in the urban poor areas accentuates 
the interdependency and integrated nature of 
all infrastructure services e.g., improved 
water supply necessitates improvement of 
sanitation and drainage, improvement of 
drainage requires improvement of solid 
waste collection; the condition and presence 
of roads, is connected to all these services. 
This suggests that the concerned authorities 
including those not interviewed in this study 
like the Ministry of Urban Planning and 

Development, Ministry of Works and 
Transportation, Ministry of Health (Envi-
ronmental Health Division) need to work 
together. To enhance collaboration, possible 
options identified (Wegelin-Schuringa, 2000; 
Sheuya, 2008) include: establishment of 
coordination mechanisms between sectoral 
departments that work in the same low 
income areas; basing activities on commu-
nity assessment of their priority environ-
mental issues; empowerment of the com-
munities so as to demand for services from 
municipal authorities and national service 
providers; assessing environmental problems 
linked to provision or non-provision of basic 
services and building on community and 
related activities to mitigate problems. 

4.7.6 Willingness to pay for services 
The communities expressed willingness to 
pay for services (e.g., water supply and solid 
waste collection) when interviewed (section 
4.1.1 and 4.1.3). Whitting et al. (1993) reports 
that the urban poor are often willing to pay 
for basic services provided the services are 
worth paying for. This suggests that if there 
is improved reliability of service and cover-
age in these settlements and a well devel-
oped information and communication strat-
egy, then it is likely that those that are 
unwilling can be persuaded to eventually pay 
(AquaConsult, 2002). It is observed that if 
the aforementioned is coupled with estab-
lishment of a special section in the munici-
pality/utility in which staff is trained to work 
with communities or strengthen coordina-
tion with departments that have this staff 
(e.g., the urban pro-poor branch for NWSC-
section 4.1.1, KCC community development 
officers), plus awareness of role and en-
forcement, this would greatly improve basic 
service provision (WSP, 2009). This im-
provement with regard to water supply can 
be seen with the piloted pre-paid water me-
ters in Kampala’s peri-urban settlements by 
NWSC (section 4.1.1). 
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5 CONCLUSIONS AND 
RECOMMENDATIONS 

5.1 Conclusions 
• The urban poor in Kampala, like else-

where in developing countries, are faced 
with inadequate basic services exempli-
fied by poor environmental sanitation. 
This study revealed that the communi-
ties’ coping strategies (e.g., low water 
consumption patterns for domestic hy-
giene, inadequate access to improved 
sanitation, open dumping of solid waste 
and indiscriminate grey water disposal) 
are in most cases detrimental to their 
health and well being. 

• The major anthropogenic pollution 
sources in Bwaise III Parish and their es-
timated annual quantities are: excreta 
disposal facilities (41,500 kgN, 6,690 kgP 
and 8,544 x 1014 cfu TTCs); solid waste 
dumps (4,910 kgN and 890 kgP); and, 
greywater (2296 kgTKN and 132 kgP). 

• There is widespread contamination of 
the shallow groundwater underlying 
Bwaise III as evidenced from the water 
quality characteristics of the monitoring 
wells and protected spring discharge. 
The water quality exhibits seasonal varia-
tion with high contamination levels and 
flood occurrence following short (48 h) 
rains. Major non-point pollutant sources 
impacting the shallow groundwater qual-
ity within the informal settlement and re-
sulting in increased localised microbial 
and organic contamination (TKN) dur-
ing the wet season are solid waste 
dumps, greywater, animal rearing activi-
ties and excreta disposal facilities (pit-
latrines). 

• The hydrogeological setting of Bwaise 
III, with characteristics such as a high 
water table, a shallow, highly permeable 
vadose zone (< 1 mbgl, 10-5 to 10-3 m/s) 
and low terrain with regular flooding 
(which characteristics are typical in other 
informal settlements) contributes to the 
high vulnerability of the shallow aquifer 
underlying the area. 

• The rampant use of solid waste as fill 
material for the reclamation of the low-
lying/wetland areas of many peri-urban 
areas in Kampala contributes to increase 
in microbial, phosphorus and total 
kjedahl nitrogen levels in the shallow 
groundwater. The solidwaste fill material 
effects fast subsurface flows (through 
macropores) resulting in reduced at-
tenuation of these pollutants. 

• In the peri-urban areas, the conventional 
approach of zoning for shallow ground                 
water protection cannot easily be applied 
due to the dense settlement.  

• Phosphorus transport mechanisms in the 
study area appeared to be a combination 
of adsorption, precipitation, leaching 
from the soil media and via macropore 
flow, with the latter two, playing a far 
more important role especially during 
the wet season. The initial dissolved or-
tho phosphorus concentration in a 1:1 
soil to water extract as well as the 
NH4Cl-P fraction results for the differ-
ent soil layers indicate that the top layer 
has the highest potential of leaching of P 
from soil to water. 

• The Langmuir maximum sorption values 
(Cmax) for the different soil layers in the 
area were on average 0.499±0.091 
mgP/gDW for the top layer (0.30-1 m 
thick), 0.604±0.168 mgP/gDW for the 
middle layer (0.15-1 m thick) and 
0.356±0.070 mgP/gDW for the bottom 
layer (0.33-1.1 m thick). The high Cmax 
values obtained for the middle layer were 
linked to the high Fe content (mean 
value 206.6±40.9 mg/kg) and moderate 
flows (10-7-10-6 m/s). The sorption coef-
ficients given the modelling and P frac-
tionation studies (low NH4Cl-P fraction, 
<0.4% of total P in all the layers) means 
that the soils in the area have the capac-
ity to adsorb additional P loads.  

• A multivariate statistical model for pre-
diction of Cmax for the soils in the area 
contained available P, Ca, OC and soil 
pH. Of these, Ca and available P were 
more significant (p=0.000) in the predic-
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tion equation. Hence the sorption char-
acteristics of the soils underlying the area 
for phosphorus are more influenced by 
the presence of Ca and available P con-
tent.  

• The developed numerical model in this 
study is not yet completely site-specific 
and therefore cannot be validated in the 
sense suggested by Refsgaard and Hen-
riksen (2004). However, the simulations 
undertaken with the model deepen our 
understanding of how the shallow 
groundwater system responds to rainfall 
infiltration rates and the various proc-
esses that govern solute (phosphorus) 
transport there. In so doing, the model 
demonstrates that there are a number of 
transport phenomena and additional is-
sues that cannot be properly accounted 
for using the standard (single) permeabil-
ity-porosity dispersion-advection equa-
tion particularly for the shallow variably 
saturated subsurface in this and similar 
peri-urban areas in Kampala.  
Also the sensitivity analysis approach 
used of changing one factor at a time to 
see what effect this produces on the pol-
luting times indicates that the sorption 
coefficients contribute more to the out-
put variability than the pore size distribu-
tion and air entry values given the data 
setting and boundary conditions used in 
the model. However, there is need for 
further sensitivity analyses on the output 
especially with an improved conceptual 
model and validated numerical model so 
as to provide information on the most 
influential parameters. These insights are 
useful in guiding new efforts in data col-
lection, making predictions, and also in 
identification of remediation measures 
for the shallow groundwater contamina-
tion in this and similar areas. 

5.2 Recommendations 
• Springs in the peri-urban settlements 

must be well constructed with adequate 
sanitary surface seals; adequate surface 
works including drainage channels and 
fences, and maintained so as to prevent 
localised microbial contamination. To 

protect the groundwater resources there, 
open drains must be lined and wetland 
reclamation (if planned for) undertaken 
using materials that have the capacity to 
retain pollutants. 

• Identification and selection of appropri-
ate solutions for improving environ-
mental sanitation in peri-urban settle-
ments (including shallow groundwater 
protection) should not only be based on 
water quality problems and the causal 
physical characteristics, but also on tech-
nical, institutional, policy and socio-
economic factors with community par-
ticipation. 

• There is need to try out different con-
ceptual approaches to account for the 
possible unmodelled transport phenom-
ena such as macropore flow for simulat-
ing the solute transport problem. Here, a 
comparative analysis between the dual 
porosity and discrete approaches to 
some simplified settings can be under-
taken to see if these can match field ob-
servations. 

6 AREAS FOR FURTHER 
RESEARCH 
Given the poor environmental sanitation in 
Kampala’s peri-urban areas, proposed inter-
ventions point to the need for multidiscipli-
nary action research studies. These studies 
should include monitoring of the impact of 
the applied interventions.  The latter will 
provide an understanding of the wider issues 
of sustainability and in particular the role 
that reliable environmental sanitation provi-
sion will play in improving the livelihoods of 
the urban poor. 
To provide further insight into P transport 
mechanisms in the study area, studies to 
ascertain the temporal and spatial variation 
of the P fractions in the shallow groundwa-
ter should be undertaken. Also, the carrying 
capacity of the soils for P and, degree of P 
saturation for these neutral to alkaline soils 
should be determined as suggested by Ige et 
al. (2005) as a basis for assessing the poten-
tial for the release of phosphorous through 
leaching. 
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Macropore flow is strongly suspected to 
contribute to fast transport of contaminants 
to and through the shallow groundwater 
during the short rains. Also the sorption 
coefficients obtained from the batch ex-
periments indicate strong immobilisation of 
the phosphours plume (section 4.5.2) neces-
sitating further investigation. This means 
that the conceptual model presented here 
needs to be developed further to include 
aspects of contaminant desorption and 
macropore flow for predictive modelling 
that is fully aligned with field observations. 
This requires investigations (including nu-
merical experiments) to be undertaken to 
determine reasonable ranges for the macro-
pore and matrix parameters. Column ex-
periments should be carried out as these 
have the advantage of scaling up the adsorp-
tion and desorption process to field-scale 
applications and yield more reliable results 
than batch tests because of their dynamic 
nature (Wang et al., 2009). 
Calibrating and verifying the model devel-
oped in this study increases its usability as a 
supportive tool in assessing the vulnerability 
of shallow aquifers in peri-urban settlements 
in Kampala and other locations with similar 
hydrogeological conditions. This calls for 
determination of the water budget for the 
area which information would be useful in 
ascertaining the rate at which surface con-
taminants are transported to the shallow 
groundwater during the rain.  Therefore, 
more studies on the rainfall-water table 
response, soil moisture measurements and 
surface runoff amounts using continuous 
measurement equipment over a period of 
time (before, during and some hours after 
the end of the rains) should be undertaken. 
Measurements of pollutants of interest such 
as phosphorus should also be undertaken 
during such times. This information would 
be useful for model calibration, sensitivity 
analyses as well as validation.  
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