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Abstract 

In rural Africa, scientific evidence is often lacking to guide the scaling-up of groundwater as the safest source of potable 
water. An investigation was conducted in the Upper Limphasa Catchment in northern Malawi to determine the safety of 
groundwater sources and to explore factors influencing water quality. Water samples from 17 boreholes, 6 hand-dug wells 
and 90 households were analysed for selected parameters. Portable incubators, multi-parameter probe and colorimetric 
standard methods were used for field measurements, and standard methods were used for laboratory water analysis. Results 
were compared to specified guidelines of the World Health Organization and Malawi Bureau of Standards to establish the 
potability of water. Statistical results using non-parametric t-tests indicated that the wells were more contaminated with 
E. coli bacteria than boreholes (p=6.2x10-6), suggesting non-consideration of local hydrogeologic factors in groundwater
development. Water from boreholes that tested negative for pathogens at source tested positive at some households (total 
coliform: p=0.0042 and E. coli p=7.8x10-7) suggesting the effect of handling practices. Water from wells that was not treated
with chlorine showed higher levels of E. coli than treated water from the same sources, confirming the effectiveness of
chlorine in reducing pathogenic bacteria in households’ stored drinking-water, reinforcing the scientific basis for scaling up
chlorine as effective disinfectant. However, this study demonstrated that chlorine failed to effectively eliminate all patho-
gens in drinking water. As a case study in tropical rural environments in Africa, these findings on the suitability of using
chlorine as disinfectant and on factors explaining groundwater contamination, though provisional, provide a scientific basis
for assessing cost-effectiveness and sustainability of scaling-up the use of chlorine as a curative remedy and of systemati-
cally investigating local hydrogeologic factors in order to implement measures to protect groundwater quality in poverty-
prone rural communities.

Keywords: Chlorine treatment, drinking water; groundwater sources’ vulnerability, pathogenic bacteria, 
social vulnerability, tropical rural communities

Introduction

Access to safe and sufficient water and sanitation is a basic 
human need and is essential to human wellbeing (UN, 2006). 
One of the United Nations Millennium Development Goals 
(MDG) specifically addresses the problem of lack of access to 
safe drinking water.  This MDG aims to halve the proportion 
of people without sustainable access to safe drinking water by 
2015 (Cronin et al., 2006). Sub-Saharan Africa has the highest 
proportion of poor people in the world, 44% of the population 
in 2002 (World Bank, 2006). The region has the world’s fastest 
growing population with a 2.2% annual growth rate leading 
to increased pressure on water resources (Bordalo and Savva-
Bordalo, 2007). About 22 African countries, including Malawi, 
fail to provide safe drinking water to half of their population 
(Pritchard et al., 2007).
 Malawi’s total population is 13 million, 11 million of 
which live in rural areas, and has an annual growth rate of 
2.8%. The demand for natural resources, including water to 
sustain livelihoods, is therefore high (Malawi Government, 
2008b; World Bank, 2005). Although water is generally 
abundant in Malawi, 60% of the population lacks safe drink-
ing water and improved sanitation (Pritchard et al., 2007). 

Consequently, water-related diseases continue to be one of the 
major health problems in the country. 
 To contribute to achieving the UN MDGs, Malawi’s spe-
cific water policy objectives were developed to ensure that at 
least 80% of the population have access to potable water, and to 
reduce non-functional water-points from 31% to 25%, by 2011 
(Malawi Government, 2008a).  In Malawi, as in many develop-
ing countries, one of the major strategies to achieve these goals 
has been to install protected water sources, such as boreholes 
and protected shallow wells, to provide water of better qual-
ity (Wright et al., 2004). Most people in developing countries 
depend on untreated groundwater supplies as safe sources 
for their drinking water. The increasing demand to provide 
water through such sources has resulted in concerns that some 
groundwater sources might not be as safe as expected, thereby 
endangering people’s lives. The major groundwater sources are: 
• boreholes (tube wells) that are usually rig-drilled >20-m

deep and potentially tap deeper aquifers; and
• shallow wells (hand-dug wells) that are usually dug <20-m

deep and often tap unconfined aquifers (MacDonald and
Davies, 2000).

In rural areas, shallow wells are the traditional means of 
accessing groundwater from shallow aquifers. A shallow well 
is considered protected when fitted with a proper lid on top 
(Malawi Government, 2005). Funds and services to provide 
groundwater wells in rural Malawi are provided by the Malawi 
Government agencies such as the water board division, water 
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department and district assemblies, as well as non-govern-
mental organisations (NGOs) that include UNICEF, Africare, 
ActionAid and religious groups (Malawi Government, 2008a).  
 There are a few potential problems that are typically associ-
ated with boreholes and protected shallow wells in Malawi. 
Firstly, their location downhill from village latrines makes 
them vulnerable to microbial contamination.  Secondly, their 
locations with respect to the points-of-use (households) often 
require difficult transport from the source and then subsequent 
storage of water within the households. The microbial quality 
of water in storage facilities in households can be lower than 
that at the water source, suggesting that contamination is wide-
spread during collection, transport, storage and drawing from 
containers before drinking (Wright et al., 2004). Thus contami-
nation may reduce potential health benefits of water. Microbial 
contamination of groundwater supplies may also result from 
poor wellhead conditions, such as poor sanitary seals which 
can be risk factors for water quality rather than proximity of 
latrines (Cronin et al., 2006). A third potential problem is the 
lack of regular water-quality testing.  
 Groundwater sources are tested for microbial, physical 
and chemical quality during construction by drillers, which 
is a contractual requirement commonly practiced in Malawi. 
This is undertaken to establish if the water is fit for human 
consumption. The Central Laboratory of Malawi performs the 
analyses as soon as the water source has been developed and 
before people start using the source (Malawi Government, 
2008a). However, this is not sustained on a regular basis. This 
is a common pattern in developing countries where more 
regular water sampling and analysis are considered too costly 
(MacDonald et al., 2005).  Further, groundwater is often tested 
only when pollution from industrial effluents or commercial 
farming activities is suspected. Therefore, it is not surprising 
that in areas such as rural Malawi, where there are no or few 
industries or commercial farming operations, studies regarding 
microbial contamination of groundwater are seldom performed.  
Studies that focus on abundance and spatial variation of patho-
gens in groundwater sources, on contamination of water during 
transport to and storage in homes, are rare. However, such 
knowledge is vital for devising effective strategies to improve 
the quality of drinking water for rural populations, especially 
those who have low purchasing power for effectively treating 
drinking water at home.
 The present study was undertaken to investigate indica-
tors of pathogenic bacteria associated with boreholes and 
protected shallow wells in the Upper Limphasa Catchment, 
a rural area of northern Malawi. The area in question has 
never been previously studied in terms of its hydrogeology. 
This is despite the occurrence of a 2008 diarrhoea-related 
outbreak in the catchment, the worst in 10 years (Ndimbwa 
and Mpohah, 2008).  Previous studies have concentrated in 
a similar environment in southern Malawi, where a database 
on water quality from protected shallow wells was obtained 
(Pritchard et al., 2007; Mkandawire, 2008). Until now, 
no similar studies have been conducted at all in northern 
Malawi. 
 River catchments and their geographical locations are 
usually unique and no single research site will provide a 
perfect analogue to guide water managers in understanding 
the hydrogeology of a different site. However, a study on 
pathogens in groundwater sources does provide a point of 
reference on the presence of pathogens in groundwater, ena-
bling the suggestion of practical preventive measures around 
water points within a catchment. The purpose of this paper 

is to explore the nature of microbial contamination of drink-
ing water in a rural catchment in Malawi and to use those 
findings to demystify general groundwater contamination 
and suggest a feasible guideline that would be suitable for 
poverty-prone rural communities within a tropical African 
environment, when developing groundwater sources for 
drinking. 
 Research activities on groundwater contamination in 
most developing countries, including Malawi, continue to 
focus on finding effective remedies to purify drinking water 
(Pritchard et al., 2007; 2009; 2010). Studies to assess aquifer 
vulnerability as a planning tool are numerous, with a few 
that focus on the village scale within a catchment (Robins, 
2010).  However, there has been limited work on demystify-
ing groundwater contamination from the local hydrogeologic 
and social-spatial perspective that would enable practition-
ers to:
• devise effective preventive measures to protect groundwa-

ter from detected contamination; and 
• revise the approach to scale-up groundwater sources that 

are pathogenically infested. 

This work was therefore conducted to: 
• determine the levels of pathogenic bacteria in groundwater 

sources and households to indicate the degree of potential 
pathogenic contamination in drinking water; 

• assess the changes in water quality between water 
sources and households that draw drinking water from 
the same sources, to detect changes that typically occur  
post-collection; 

• evaluate the effectiveness of home treatment of drinking 
water based on the turbidity and chlorine levels in house-
hold-stored drinking water; and 

• identify factors that contribute to contamination in ground-
water sources, for possible intervention.

Site description 

Location and administrative units

Malawi is a land-locked country located in Sub-Saharan 
Africa, lying in the southern end of one limb of the Great East 
African Rift Valley (Fig. 1). The country is about 901 km long 
and its width varies from 80 to 161 km. The country has a wide 
range of relief with elevations ranging from 37 m above sea 
level (m asl) on the southern border to over 2 400 m asl in the 
highlands (Malawi Government, 2008a).  The relief strongly 
influences climate, drainage pattern, groundwater flow and 
population distribution (Sophocleous and Buchanan, 2003).

Administratively, Malawi is divided into 3 regions: North, 
Centre and South, which are further subdivided into 6, 9 and 
13 districts, respectively. The districts, in turn, are admin-
istratively subdivided into traditional authorities presided 
over by local chiefs. Traditional authorities are further sub-
divided into villages which form the smallest administrative 
units, each presided over by a ‘village head’. The study site 
is located in the Northern Region, which is home to about 
13% of the total population (National Statistic Office, 2008).  
The study focused on 8 villages in the Nkhata Bay District 
within the Traditional Authorities Timbiri and Nyaluwanga. 
The villages were: Upper Kango, Chisindilizi, Chaola, 
Kamphomombo, Chipaika, Chivuti, Kayuni and Mjutu, all 
located within the Upper Limphasa River catchment, the 
study area (Fig. 2).
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Hydrogeology and climate

Malawi falls within the Basement Provinces, the Precambrian 
crystalline basement rock areas; groundwater only occurs at 
shallow depths in large parts of these regions. The country has 
almost 80% of its area underlain by such provinces (Malawi 
Government, 2008a). The study area encompasses escarp-
ments associated with the Malawi Rift Valley System within 
the Basement Complex aquifer where the principal aquifers 
are contained within the fractured Basement Complex. The 
aquifers are poor and discontinuous because the weathering 
products are often stripped away by erosion, but there is con-
siderable faulting in association with the development of East 
Africa’s Great Rift Valley. At the southern extent of the study 
area there are some rocks of sedimentary origin, and uncon-
solidated quaternary alluvium such as clays, silts, sands and 
gravels derived from weathering of the escarpment area. The 
coarser-grained alluvium also serves as a local aquifer.  
No documented studies currently exist that delineate local 
groundwater flows or quantify aquifer parameters.  If the 
groundwater flow follows the regional topography, then the 
flow direction is generally north to south.  It is presumed that 
recharge occurs via direct infiltration of rainfall in the higher 
areas and discharge occurs to the valleys and Lake Malawi 
(Fig. 2). Malawi receives a total annual rainfall of over 1 600 
mm, mostly occurring from November to May. This rainfall 
pattern is assumed to have implications for pathogen travel to 
groundwater. The highest and lowest monthly averages are  
380 mm and 5 mm in March and September, respectively  
(Fig. 3; Malawi Government, 2008a). 

Water resources

When compared with other countries in the Southern Africa 
Development Community (SADC), Malawi has plentiful fresh-
water resources, which comprise 5 lakes and many perennial 
rivers. The 5 lakes cover a total of about 29 796 km2 (Malawi 
Government, 2008a). Despite its abundance, the quality of 
surface water is often poor, typically carrying pathogens 
(UNICEF, 2005).  Groundwater is less prone to contamination 
than surface water leading to the increasing demand for its 
exploitation, especially in rural areas (MacDonald et al., 2005). 
The Malawi Government and several NGOs have provided 

 

Figure 1
 Location of study site: Nkhata-Bay District, Malawi 

Figure 2
 Sampling site locations and geology of the study catchment

Figure 3
Average monthly precipitation in Malawi 
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many boreholes and protected shallow wells.  In 2008, the 
estimated coverage of water supplies in rural Malawi was 71%, 
relatively higher than in neighbouring Tanzania (46%), Zambia 
(41%) and Mozambique (26%) (Baumann and Danert, 2008). 
However, about 31% of improved water points in rural Malawi 
were not functioning, reducing the effective coverage to 55% 
(Baumann and Danert, 2008). The quality of groundwater 
in rural areas is not regularly monitored hence a knowledge 
gap exists about groundwater quality. The quality determined 
during borehole/well construction and development cannot be 
guaranteed over time. 

Methods 

Water sampling and analysis

Water samples were taken from all 17 production boreholes 
(BHs), 6 protected shallow wells (PSWs) and 90 sampled 
households in the 8-village study area (Fig. 2).  For each water 
source, 1 cluster of households that was closest to and 1 cluster 
that was farthest from the source were also selected for water 
sampling. Within each selected cluster, 2 households were  
randomly sampled. In total, 92 households were targeted, i.e.,  
4 households per water source in the study area. Two house-
holds were not included due to their inaccessibility. 

Before sampling, water from BHs and PSWs was repeat-
edly pumped and measured for temperature, specific conduc-
tance and pH using an Oakton® multi-parameter probe. Water 
samples were collected only when all the readings stabilised. 
Conductivity measurements were converted to total dissolved 
solids (TDS in mg/ℓ) values by multiplying the EC value (in 
mS/cm) by a factor of 6.4 (Weaver et al., 2007).  Household 
water was sampled using the same utensils that the residents 
used to access their stored water. The pH, specific conductance 
and temperature were measured in the household water using 
an Oakton® multi-parameter probe.  

All water was tested for contamination by total coliforms 
and E. coli bacteria.  Bacteria analyses were performed with 
3M Petrifilm® ChromoCult Coliform Agar together with a 
membrane-filtration unit and portable incubators.  Analysis 
with the Petrifilm was done in one of two ways.  In the case 
of the samples that were suspected to be highly contaminated, 
1mℓ of sample water was applied directly to the agar film. 
When a lower level of contamination was suspected, 100 mℓ of 
sample water was passed through a 0.47-mm filter paper using a 
sterile membrane-filtration unit. After filtration, the filter paper 
was placed within the agar film which had been pre-wet with 
1 mℓ of sterile water.  Subsequently, the Petrifilm plates were 
incubated at 35oC for 24 h and the colonies were counted, with 
blue colonies indicating E. coli bacteria and red colonies indi-
cating total coliforms.  Bacterial concentrations were recorded 
as colony-forming units per 100 mℓ of water (CFU/100 mℓ).  
The number of counted colonies for the 1-mℓ samples was 
multiplied by 100 to maintain consistency of units for concen-
trations.  All bacterial analyses were performed in duplicate; 
the reported bacterial concentrations represent the average of 
the 2 analyses. In sampled households which reported that they 
treated their drinking water, the sampled water was tested for 
chlorine and turbidity levels, using colorimetric methods with a 
chlorine photometer and turbidity meter, respectively. 

Water was also analysed for various elements, including 
the following major ions: HCO3

-, CO3
2-, NO3

-, PO4
3-, Cl-, F-, 

SO4
2-, Ca2+, Mg2+, K+ and Na+ and some trace metals includ-

ing Al, As, Cd, Pb, Se and Zn. Water samples were collected 

according to standard procedures (Weaver et al., 2007; APHA, 
1995).  Ion analyses were performed by Bemlab (Pty) Ltd 
- Assay Laboratory in Stellenbosch, South Africa.  Major 
and trace analyte concentrations were determined using an 
ICP-OES auto-analyser program as a standard method for the 
examination of water. A titration analysis method was utilised 
to analyse HCO3

- and CO3
2- in triplicate and the mean of the 

results used (APHA, 1995). Bacteria and ion concentrations 
were compared to specified guidelines, 2008 World Health 
Organization (WHO) and 2005 Malawi Bureau of Standards 
(MBS), to provide:
• insight concerning the general status of the quality of 

groundwater in the study area; and 
• a preliminary statement on how such water compares to the 

defined water quality objectives of the country. 

Measurement of potential causal factors for 
groundwater contamination

The study used a specific-diagnostic-information technique 
to assess potential sources of E. coli contamination, including 
indirect and direct pathway factors. Each water source was 
evaluated in terms of its distance from potential sources of 
bacterial contamination such as latrines, animal corrals and 
streams/rivers.  The physical condition of each water source 
was also assessed to determine potential risk of contamination 
from poor construction, condition or siting.  Each source was 
assigned a risk-factor score calculated based on answers to a 
series of 10 yes-or-no questions that dealt with the proximity 
of the water source to potential sources of contamination, the 
existence and condition of a proper fence and cement apron and 
the condition of the hand pump (Howard et al., 2003).  Each 
positive answer indicated increased threat of contamination.  
The risk-factor score was the number of ‘yes’ answers associ-
ated with the 10 questions. 
 The DRASTIC (Depth, Recharge, Aquifer, Soil, 
Topographic slope, Impact of vadose zone, Conductivity 
of aquifer, as shown in Table 7: Variable column) approach 
by Aller et al., (1987) is a widely-used approach for assess-
ing aquifer vulnerability to contamination. The DRASTIC 
approach was used in this study to consider factors that a 
specific-diagnostic-information approach could not address. In 
addition, DRASTIC offers a rough management tool in lieu of 
more detailed hydrogeologic investigation. DRASTIC focuses 
on hydrogeologic factors that increase the potential for con-
taminants to reach a given borehole or shallow well, including 
depths of water sources, the recharge rate, aquifer geology and 
hydraulic conductivity, soil type, surface slope, and vadose 
zone properties. Depths of water sources were estimated from 
records that water-point committees kept when the water 
sources were drilled or installed. The net recharge of the area 
was approximated based on Malawi Government Reports 
(Malawi Government, 1986).  Area geology and vadose zone 
characterisation was estimated based on a geologic map by 
Kim and Hamm (1999).  Soil characteristics were approximated 
based on soil maps of the study area (Malawi Government, 
1986). Aquifer hydraulic conductivity was estimated based on 
information from a study by Yu et al. (1992). 

Statistical analyses 

To test the effectiveness of household water treatment (i.e., the 
addition of Waterguard®), bacteria concentrations of treated 
water from 10 of the households were compared to those of 
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untreated water from the other 80 households.  Firstly, this 
analysis was performed so as to not introduce bias based on 
differences between water sources.  Comparisons were only 
performed when there were both households treating water and 
households not treating water that was collected from the same 
source. For each water source, households with treatment and 
those without treatment were averaged. This allowed paired 
t-tests for bacterial concentrations of treated versus untreated 
water with each pair associated with a different water source. 
Water from only six of the water sources was used both by 
households that treated their water and households that did not 
treat their water.  
 The degree of bacterial contamination was used to 
evaluate differences between water sources, to assess the 
water-quality impact of water transport and home stor-
age and to evaluate the effectiveness of home water treat-
ment.  To test for differences between populations, Student’s 
t-tests (Snedecor and Cochran, 1980) were used according 
to the convention of Freedman et al. (1998), where p≤0.05 
was considered statistically significant, providing moderate 
evidence against the null hypothesis, and p≤0.01 was con-
sidered highly significant, providing strong evidence against 
the null hypothesis. By extension, p-values between 0.05 and 
0.1 were assumed to provide weak evidence against the null 
hypothesis. Most comparisons were performed using non-
parametric methods (Wonnacott and Wonnacott, 1985) free of 
all assumptions regarding the distributions of the parameter 

values. Nonparametric methods, based on the relative ranks of 
the data rather than their absolute values, are preferred when 
the data exhibit non-normal distributions and there are large 
differences in variances among populations. With nonpara-
metric analyses, p-values are approximate but satisfactory 
(Wonnacott and Wonnacott, 1985). 
 Correlation analysis was used to determine possible 
relationships between site characteristics and contamina-
tion levels, similar to the approach used by Conboy and Goss 
(2000). Such correlation analysis was thought to be potentially 
useful for identifying whether the placement of latrines and 
depths of the boreholes could explain some of the bacterial-
concentration variability.  If so, the relationships might help to 
establish proper guidelines to reduce a well’s vulnerability to 
contamination. For these analyses, ranked data were also used. 
Correlations with p ≤ 0.05 were considered to be statistically 
significant.

Results

Physical-chemical analyses of water from boreholes 
and protected shallow wells

None of the BHs or PSWs had concentrations of any major 
ion that were of concern when compared with specified 
guidelines of WHO and MBS (Table 1). TDS concentrations 
were generally acceptable, being < 1 000 mg/ℓ in 21 of the 23 

Table 1
Physicochemical analysis of groundwater sources and comparison with 

Malawi drinking water guidelines
Parameter Minimum 

(mg/ℓ)
Maximum 

(mg/ℓ)
Average 
(mg/ℓ)

Malawi 
standard1 

(mg/ℓ)

Violation 
fraction2

Physical parameters
Temperature ( ̊C) 22.6 25.7 24.0 NA3 NA
TDS (mg/ℓ) 501.12 1 077.76     715 1 000 0.09
pH 5.84 7.09 6.32 6.5 to 8.5 0.83
Major ions
Bicarbonate (mg/ℓ) 8.50 148 50.4 NA NA
Chloride (mg/ℓ) 3.52 12.3 8.69 600 0
Fluoride (mg/ℓ) 0.40 1.33 0.75 2.0 0
Nitrate (mg/ℓ) 0 0.90 0.17 100 0
Phosphate (mg/ℓ) 0.16 1.16 0.38 NA NA
Sulphate (mg/ℓ) 0 0.91 0.16 400 0
Aluminium (mg/ℓ) 0.019 3.52 0.312 0.20 0.26
Copper (mg/ℓ) 0.008 0.144 0.0401 2.0 0
Calcium (mg/ℓ) 6.94 43.9 13.3 200 0
Iron (mg/ℓ) 0.15 1.98 0.47 1.0 0.08
Magnesium (mg/ℓ) 1.23 4.32 2.21 150 0
Manganese (mg/ℓ) 0 0.29 0.028 2.0 0
Potassium (mg/ℓ) 0.84 6.16 3.65 NA NA
Sodium (mg/ℓ) 1.39 11.2 5.12 200 0
Zinc (mg/ℓ) 0.011 0.224 0.0449 15 0
Trace metals
Arsenic (mg/ℓ) 0 0 0 50 0
Cadmium (mg/ℓ) 0 1 0.3 10 0
Lead (mg/ℓ) 0 24 7.8 50 0
Selenium (mg/ℓ) 0 25 2.6 10 0

1Malawi Bureau of Standards, MBS (MBS 2005)
2Fraction of water samples outside limits set by MBS
3Not applicable
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sources.  Water from 18 of the 23 sources had a pH less than 
6.5. Pritchard et al. (2010) report that typical pH values of water 
sources in developing countries including Malawi fall between 
5.5 and 8.0. The pH values in this study ranged between 5.84 
and 7.09 with an average of 6.32 reflecting the siliceous nature 
of the underlying rocks.

Bacteriological analyses of water from boreholes and 
protected shallow wells

Of the 23 water sources that were sampled, 17 were BHs and  
6 were PSWs with total coliform concentrations ranging from  
0 to 50 CFU/100 mℓ in BHs and 0 to 2250 CFU/100 mℓ in 
PSWs (Table 2).  Some of the total coliforms could be repre-
sentative of naturally-occurring bacteria that do not necessar-
ily reflect sewage contamination of the groundwater, so they 
were used only as a secondary indicator of contamination.  
Conversely, E. coli bacteria are indicators of contamination by 
human or animal faeces.  In 3 of the BHs, 1 of the 2 duplicate 
samples had an E. coli concentration of 1 CFU/100 mℓ, result-
ing in an average concentration of 0.5 CFU/100 mℓ.  Other 
than these 3 instances, no E. coli were detected in water from 
BHs.  In the study area, counts as low as 1 CFU/100 mℓ may 
be due to user error in the field and are not necessarily an 
indication of contamination of the groundwater resources. 
Conversely, E. coli concentrations in the 6 PSWs ranged from 0 
to 3 700 CFU/100 mℓ and 4 of the wells had concentrations that 

indicated sewage contamination.
 The hypothesis that PSWs were more contaminated than 
BHs was statistically assessed with a Student t-test.  A sum-
mary of all t-test results is presented in Table 3; parametric 
t-tests provided weak evidence of a significant difference in 
bacterial concentrations. However, based on a nonparametric 
t-test, PSWs were significantly more contaminated with E. coli 
bacteria than boreholes (p = 6.2x10-6) (Table 3).

Effects of water handling on quality of water stored 
in the households

For each of the 23 water sources, water was sampled in 4 
households (for 21 of the sources) or 3 households (for 2 of the 
sources) obtaining their water from that source.  Practices for 
storing and treating drinking-water were also studied. Village 
residents typically collected and carried the water from each 
source in 20-ℓ plastic buckets.  Of the 90 sampled households, 
45 stored their water in clay pots, 44 in plastic containers and  
1 in metal pots. Seventy-seven of the households kept covers on 
their containers when they were not in use while 13 households 
left the containers uncovered.  Only 10 of the households chlo-
rinated their drinking water with Waterguard® treatment tablets 
(Table 4).  Turbidity in stored household water ranged from  
0 to 25.83 Formazine Nephelometric Units (FNU), averaging 
2.17 FNU. Only 12% of the households had water with turbid-
ity levels above the Malawi standard of 5 FNU (MBS, 2005).  

Table 2
Groundwater source depth, specific conductance and bacterial concentration  

Site name Source 
type

Depth (m) Total 
Coliform 
(CFU/100 

mℓ)

E. coli 
(CFU/100 

mℓ)

Specific 
conductance 

(mS/cm)

Chivuti-Theu BH1 46 0 0 89.2
Kamphomombo-Mtelera BH 48 0 0 124.8
Chipayika-Boma BH 60 0 0 116.4
Chipayika-Wadenya BH 60 0 0.5 110.0
Chipayika-Kapote BH 45 0 0 120.1
Chivuti-Hotela BH 48 0 0 89.0
Mjutu-Viremba BH 48 0 0 114.4
Kamphomombo-Chibu BH 48 0.5 0.5 115.3
Chaola-Kennedy BH 43 1 0 156.6
Chivuti-Chikwina School BH 42 1 0 71.5
Mjutu-Thethe BH 72 1 0 103.6
Chilindilizi-Thanula School BH 48 2 0 131.6
Mjutu-Agriculture BH 51 3.5 0 126.5
Chaola-CBO BH 40 38 0 101.0
Chisindilizi-Vwiyapo BH 66 50 0 94.2
Kayuni-Mayolela BH 72 6 0.5 88.7
Kayuni-Msumba BH 72 1 0 117.9
Chaola-Musafili PSW2 4.5 0 63 168.4
Chaola-Chiloti PSW 3.5 0 2.5 86.1
Kamphomombo-Thindwa PSW 3.0 1 18 143.8
Chipayika-Wadenya PSW 3.0 16 0.5 78.3
Upper-Kango PSW 5.5 240 3700 93.5
Kayuni-Kanthumba PSW 3.0 2250 1 107.1
Average BH 53.5 6 0.094 110.0
Average PSW 4.0 418 631 112.9

Note: Reported concentrations are the average of duplicate samples
1BH is a borehole; 2PSW is a protected shallow well
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Turbidity levels were not significantly correlated to either total 
coliform or E. coli concentrations. 
 Total colilform bacteria were detected in water from 57 of 
the households. Concentrations ranged from 1 to around 67 000 
CFU/100 mℓ (i.e., 670 CFU in a 1-mℓ sample) and averaged 
around 5 150 CFU/100 mℓ for households with detections.   
E. coli bacteria were detected in 60 of the households with con-
centrations ranging from 1 to 14 500 CFU/100 mℓ and averaged 
around 300 CFU/100 mℓ for households with detections. E. coli 
bacteria were detected in 50 of the 66 households that obtained 
their water from boreholes despite the general lack of E. coli 
detections in water from the boreholes. 
 To test the effects of water collection, transport and stor-
age on the quality of water, the bacteria concentrations at 
each source were compared with those in the households that 
obtained water from that source.  For each water source, the 
concentrations found within the households using that source 
were averaged.  Therefore, there were 46 observations: 23 
represented the sources and 23 represented the average of 
the households associated with each of those sources.  Only 
households that provided no water treatment were used in this 
analysis so that only the effects of post-collection practices 
could be evaluated.  Nonparametric t-tests were applied using 
the relative ranks of the 46 observations to detect significant 
differences between the mean ranks of the water sources versus 
the household averages.  Both total coliform (p=0.0042) and E. 
coli (p=7.8x10-7) concentrations were higher, on average, in the 

households than at the source, indicating that there was bacte-
rial contamination associated with the methods used to collect, 
transport and/or store the water in the home (Table 3). 
 A paired t-test was used to more directly compare bacteria 
concentrations at the BH sources with the average concentra-
tions in the households using those boreholes.  There were 17 
paired observations, one for each of the boreholes.  The paired 
t-tests indicated no significant difference with respect to total 
coliform, but, as with the nonparametric test, E. coli concen-
trations were significantly higher in the households (mean = 
0.088 CFU/100 mℓ) than at BHs (mean = 14.5 CFU/100 mℓ) 
(p=1.1x10-4) (Table 3). In the case of the data from protected 
shallow wells and households using the protected shallow 
wells, there were large and uneven variances thus precluding a 
paired t-test to directly compare bacterial concentrations.  

Effects of point-of-use treatment on quality of water 
stored in the households

The mean bacteria concentrations of the untreated water (7 540 
CFU/100 mℓ for total coliform and 74 CFU/100 mℓ for E. coli) 
were much higher than the mean concentrations of the treated 
water (5.5 CFU/100 mℓ for total coliform and 4.0 CFU/100 mℓ 
for E. coli). However, the associated variances were so large 
that the differences were not significant using this parametric 
analysis. So, a nonparametric approach was applied in which 
all the treated and untreated waters were combined into 1 data 

Table 3
Results of statistical tests comparing E.coli and total coliform values for BH, PSW and household-Stored Water

Comparison Statistical method Mean 1 Mean 2 p-value
BH1 vs. PSW2, total coliform Nonparameteric, 

equal variances
BH rank3

 = 11
PSW rank = 15 0.24

BH vs. PSW, E. coli Nonparameteric, 
equal variances

BH rank
 = 9.2

PSW rank = 20 6.2x10-6

Households with no treatment   vs. their source,  
Total coliforms,   BHs and PSWs combined

Nonparameteric, 
equal variances

Source rank
 = 18

Household rank = 29 0.0042

Households with no treatment vs. their source,   
E. coli,  BHs and PSWs combined

Nonparameteric, 
equal variances

Source rank
 = 15

Household rank = 32 7.8x10-7

Households with no treatment   vs. their source,  
total coliforms,   BHs only

Paired, parametric Source mean = 6.1 
CFU/100 mℓ

Household mean = 13 
CFU/100 mℓ

0.21

Households with no treatment vs. their source,   
E. coli,  BHs only

Paired, parametric Source mean = 
0.088 CFU/100 mℓ

Household mean = 14 
CFU/100 mℓ

1.1x10-4

Households with no water treatment vs. those with 
treatment,  total coliforms  

Paired, parametric Untreated = 7544 
CFU/100 mℓ

Treated = 5.4 
CFU/100 mℓ

0.36

Households with no water treatment vs. those with 
treatment using averages from each of 6 sources,  
E. coli

Paired, parametric Untreated = 74 
CFU/100 mℓ

Treated = 4.0 
CFU/100 mℓ

0.28

Households with no water treatment vs. those with 
treatment using averages from each of 6 sources,  
total coliforms

Nonparametric, equal 
variances

Treated household 
rank = 5.9

Untreated household 
rank = 7.1

0.57

Households with no water treatment vs. those with 
treatment using averages from each of 6 sources.  
E. coli

Nonparametric, equal 
variances

Treated household 
rank = 4.0

Untreated household 
rank = 9.0

0.0049

Households with no water treatment vs. those with 
treatment.  All households. Total coliform

Nonparametric, equal 
variances  

Treated household 
rank = 31

Untreated household 
rank = 45

0.075

Households with no water treatment vs. those with 
treatment.  All households. E. coli

Nonparametric, equal 
variances  

Treated household 
rank = 25

Untreated household 
rank = 46

0.011

1BH is borehole
2PSW is protected shallow well
3Lower rank corresponds to lower values for each parameter
4Bold p-values indicate statistical significance at 0.05 level or better
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set and ranked. Then t-tests were used to detect significant 
differences between the mean ranks of the treated versus the 
untreated water.  The nonparametric tests were performed 
for the 6 pairs of samples used in the parametric analysis and 
indicated that water treatment did significantly lower E. coli 
concentrations (p=0.0049) (Table 3). 
 In the nonparametric approach, there was no pairing 
according to water source.  Without the pairing, there was no 
reason to limit the analysis to just those 6 sources serving both 
households with and without water treatment.  Therefore, the 
same nonparametric analysis was repeated using all of the 
households, 80 with untreated water and 10 with treated water. 
Based on this nonparametric analysis, there was only weak evi-
dence (p=0.075) that water treatment lowered the total coliform 
concentration, but strong evidence (p=0.011) that water treat-
ment with chlorine effectively lowered E. coli concentrations 
(Table 3). 
 Chlorination improved water quality but did not elimi-
nate all of the bacteria. This is probably because low chlo-
rine levels were applied thereby killing too little bacteria. 
However, except in one case, the free and total chlorine 
concentrations were equal to each other within the mar-
gin of error. WHO (2009) reports that chlorine levels can 
be affected by water temperature, turbidity and electrical 
conductivity. However, chlorine concentrations were not 
significantly correlated to bacterial concentrations, turbidity 
or temperature (Table 4). Temperatures of the stored water 
ranged from 22°C to 29°C and averaged 25°C. The WHO 
(2009) recommends that water should be at around 18°C for 
chlorine to effectively work within 30 min of being added 

to drinking water. The colder the water is the more time is 
needed for chlorine to be effective. 

Potential causal factors for microbial contamination 
in groundwater

An analysis of the relationship between the degree of con-
tamination and site characteristics, such as depths of BHs and 
PSWs, distance to potential sources of contamination such 
as latrines and streams/rivers, including slope degrees and 
percentages, is provided in Tables 5 and 6. The results seem 
to suggest that depth possibly explains the difference in the 
degree of microbial contamination. However, when the 2 popu-
lations were examined individually, the degree of microbial 
contamination was not significantly related to either depths of 
BHs or PSWs. The depths for BHs ranged from 42 m to 72 m 
while depths of the PSWs ranged from 3.0 m to 5.5 m.

If the microbial contamination of groundwater emanated 
from latrines and/or animal corrals/kraals, then there might be 
a relationship between BHs and PSWs and the potential sources 
of contamination. Latrines were usually located downhill from 
villages, but uphill of the water sources (Fig. 4).  There was 
no significant general relationship between the distance from 
latrines and/or animal corrals and the degree of contamination. 
However, the water source with the highest measured E. coli 
concentration, the Upper Kango PSW, (3 700 CFU/100 mℓ) was 
also the water source that was nearest to a latrine (10 m) and 
the only water source located in an alluvial local aquifer in the 
study area (Fig. 2). A further detailed assessment addressing 
this hypothesis is therefore required.

Table 4
Colorimetric analysis of chlorine and turbidity levels in drinking water stored in sampled households

Water Source Source 
Type

Number 
of house-

holds 
sampled

Number 
of house-

holds 
using WG/

Cl1

Average 
total 

chlorine 
(mg/ℓ)

Average 
free 

chlorine 
(mg/ℓ)

Average 
turbidity 

(FNU)

Average 
total 

coliform 
(CFU/ 

100 mℓ)

Average 
E. coli 
(CFU/ 

100 mℓ)

Upper-Kango PSW2 4 0 NA3 NA 7.1 7 350 1
Chilindilizi-Thanula School BH4 4 3 0.78 0.80 5.4 8.5 18
Chisindilizi-Vwiyapo BH 4 2 7.8 7.9 1.4 2.3 2.3
Chaola-Musafili PSW 4 0 NA NA 1.7 9 500 50
Chaola-CBO BH 4 0 NA NA 0.32 0.25 3.0
Chaola-Chiloti PSW 4 0 NA NA 3.4 14 900 3 825
Chaola-Kennedy BH 4 0 NA NA 1.2 0 41
Kamphomombo-Chibu BH 4 1 2.7 3.0 0.16 0 22
Kamphomombo-Thindwa PSW 4 1 5 5 3.8 33 925 263
Kamphomombo-Mtelera BH 4 0 NA NA 0.35 58 20
Chipayika-Boma BH 4 1 1.0 1.9 6.6 18 14
Chipayika-Wadenya BH 4 0 NA NA 0.46 34 15
Chipayika-Wadenya PSW 4 0 NA NA 0.51 2 322 100
Chipayika-Kapote BH 4 0 NA NA 0.20 11 14
Chivuti-Theu BH 4 0 NA NA 0.69 17 11
Chivuti-Hotela BH 4 0 NA NA 0 6.3 8.8
Chivuti-Chikwina School BH 4 0 NA NA 0.36 9.0 5.8
Kayuni-Mayolela BH 4 0 NA NA 0.36 6.0 6.5
Kayuni-Msumba BH 4 0 NA NA 0.095 16 9.3
Kayuni-Kanthumba PSW 3 0 NA NA 17 6 850 117
Mjutu-Agriculture BH 4 1 0.59 0.51 1.5 19 4.8
Mjutu-Viremba BH 4 0 NA NA 0.27 18 17
Mjutu-Thethe BH 3 1 2.1 2.1 0.36 9.7 24

1 WG/Cl is Waterguard® with chlorine; 2NA indicates chlorine was not measured; 3 PSW – protected shallow well; 4 BH – borehole
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Comparatively, PSWs were located nearer surface-water 
drainage (rivers/streams) than BHs (Figs. 5 and 6 and Table 6). 
The mixing of surface water and groundwater in such areas 
is unavoidable. The groundwater in PSWs appeared to exist 
under direct influence of the surface water (Fig. 5). In some 
cases PSWs were located in-stream (Fig. 5). The slopes to 
PSWs were steeper than those to BHs (Table 6). The location 
of PSWs in low-lying areas, in-stream/swampy areas or closer 

Table 5
Physical characteristics as risk factors for 

groundwater contamination
Water source Source 

type
Source 

of 
potential 

conta-
minants

Distance 
to 

potential 
conta-

mination 
source 

(m)

Risk 
Score 
(10)

Chaola-CBO-BH BH1 Toilet 75 5
Chaola-Kennedy-BH BH Toilet 65 8
Chipaika-Boma-BH BH Toilet 30 4
Chipaika-Kapote-BH BH Toilet 95 7
Chipaika-Wadenya-BH BH Toilet 35 8
Chisindilizi-Thanual School-BH BH Toilet 100 4
Chisindilizi-Vwiyapo -BH BH Toilet 57 6
Chivuti-Chikwina School-BH BH Toilet 43 3
Chivuti-Hotela-BH BH Toilet 45 5
Chivuti-Hotela-BH BH Toilet 30 6
Chivuti-Theu-BH BH Toilet 76 8
Chivuti-Theu-BH BH Toilet 65 8
Chivuti-Theu-BH BH Corral 38 7
Kamphomombo-Chibu-BH BH Toilet 180 6
Kamphomombo-Mtelera-BH BH Toilet 95 5
Kamphomombo-Mtelera-BH BH Toilet 89 6
Kayuni-Mayolela-BH BH Corral 30 8
Kayuni-Msumba-BH BH Toilet 120 7
Mujutu-Agriculture-BH BH Toilet 30 9
Mujutu-Thethe-BH BH Toilet 113 6
Mujutu-Viremba-BH BH Toilet 121 1
Chaola-Chiloti-PSW PSW2 Toilet 78 5
Chaola-Musafili -PSW PSW Toilet 210 3
Chipaika-Wadenya-PWS PSW Toilet 110 6
Kamphomombo-Thindwa-PSW PSW Toilet 90 7
Kayuni-Kanthumba-PSW PSW Toilet 151 5
Upper Kango PSW Toilet 10 8
Upper Kango PSW Grave-

yard
120 8

1BH – borehole; 2PSW – protected shallow well

Table 6
Slope and distance from nearby streams 

of sampled water points
Type of water point Slope 

degree
Slope 

percent-
age

Distance 
from 

nearby 
stream 

(m)
1 Upper Kango PSW 18° 35% 5
2 Thanula school BH 4° 8% 50
3 Vwiyapo BH 4° 8% 100
4 Musafili PSW 18° 35% 20
5 Chaola CBO BH 4° 8% 200
6 Chiloti PSW 18° 35% 0
7 Kennedy BH 4° 8% 255
8 Chibu BH 4° 8% 310
9 Thindwa PSW 27° 53% 10
10 Mtelela BH 18° 35% 260
11 Chipaika Boma BH 4° 8% 315
12 Wadenya BH 18° 35% 120
13 Wadenya PSW 27° 53% 3
14 Kapote BH 4° 8% 90
15 Theu BH 18° 35% 218
16 Hotela BH 11° 22% 115
17 Chikwina School BH 4° 8% 160
18 Mayolela BH 4° 8% 145
19 Msumba BH 18° 35% 125
20 Kanthumba PSW 27° 53% 0
21 Agriculture BH 4° 8% 25
22 Viremba BH 4° 8% 280
23 Thethe BH 4° 8% 215

Fig. 4 Protected shallow well (a) and Borehole (b) located downhill latrines/toilets 

Thindwa   PSW            Hotela BH

Figure 4 
Protected shallow 

well (a) and 
borehole (b) 

located downhill 
from latrines/

toilets
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to surface waters is associated with large differences in bacte-
rial concentrations between PSWs and BHs. Possibly, location 
of PSWs explains the presence of pathogenic contamination 
in PSWs. However, differences in the condition of sanitary 
seals and plain casings in BHs and PSWs were not assessed. 
Nevertheless, field measurements and observations made on 
distances between potential sources of contamination and 
water sources, location sites of water sources, potential sources 
of contamination (surface-water interaction), and steepness in 
terms of slope degrees and percentages, provide insights useful 
for reconsidering guidelines on water service delivery in rural 
areas (Tables 5 and 6).

In addition to the difference in slopeposition between BHs 
and PSWs, field observations on the undulating topographic 
structure (Figs. 6 and 7) in the study area helped to visualise 
sources of contaminants to water sources. Such supporting evi-
dence was in agreement with Sugden (2010), who reported that 
the greater the hydraulic gradient towards the water source, 
the higher the risk of water point contamination. These field 
observations provided insights on potential factors contributing 
to groundwater contamination observed in some water sources. 

Each water source was assigned a risk-factor score (0 to 10 
with 10 indicating conditions most prone to contamination) tak-
ing into account its physical condition, degree of protection and 

Kanthumba PSWWadenya PSW 

 

 

Figure 5
Protected shallow wells near streams and in-stream (low-lying wet areas) 

Figure 6
Location of boreholes in elevated areas 

proximity to potential sources of contamination (Howard et al., 
2003).  Risk-factor scores for the 23 water sources ranged from 
1 (for Mjutu-Viremba borehole) to 9 (for Mjutu-Agriculture 
borehole) and averaged 5.8 (Table 5). However, there was 
no significant relationship between the risk-factor score and 
the degree of microbial contamination, suggesting that vital 
controlling factors were missing from the analyses; hence the 
application of the DRASTIC model.

Application of the DRASTIC approach to explain 
bacterial contamination

The DRASTIC approach was applied using a combination 
of field measurements and previously-created geologic and 
pedologic maps (Table 7). The rating associated with the 
depth-to-water of the water source was 9 for the PSWs and 1 
for BHs (Table 7). Theoretically, depth-to-water is important 
because there is a greater chance for contaminant attenuation 
as the depth-to-water increases, due to longer travel times and 
more contact with potential sorbents (Aller et al., 1987; Xu and 
Braune, 2010). 

The most predominant soils in the study area are lithosols 
which are shallow and stony soils formed from granite and 
gneiss rocks (Malawi Government, 2008a). These soils consist 
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of imperfectly weathered rock fragments and are mostly sand 
and gravel with low runoff potential. The DRASTIC system of 
Aller et al. (1987) gives this soil group a ranking of 6. Rahman 
(2008) cautions that, in addition to soil type, soil cover, which 
was not included in the analysis, also influences the surface and 
downward movement of contaminants. 

Based on geological maps (Fig. 2), the major aquifers are 
gneiss (mainly biotite gneiss) in most parts of the study area 
followed by micaceous phyllonite and Timbiri beds, along 
with clays, gravels and grits in the extreme south. Yu et al., 
(1992) reported that typical hydraulic conductivities for these 
units, depending on the degree of weathering, are about  
4.6 x 10-5 to 3.2 x 10-4 m/s for the granite, 1 x 10-4 to 4.6 x 10-4 
m/s for the gneiss and schist and about 1x 10-3 m/s for the allu-
vium. Borrowing from the work of Yu et al. (1992) on hydrau-
lic conductivities in basement and alluvial aquifers, similar to 
those in the study area, hydraulic conductivity was assigned 
a rating of 4 with a weight of 3 on the DRASTIC model by 
Aller et al. (1987); aquifer media (gneiss) was given a rating 
of 5 and a weight of 3; impact of vadose was given a rating 
of 5 with a weight of 4. Net recharge from report (Malawi 
Government, 1986) was given a rating of 4 with a weight of 
3. An assessment based on these estimations demonstrates 
that these factors are no threat to groundwater contamina-
tion. Theoretically, factors with high scores on the DRASTIC 
Model, as shown in Table 6, highlight significant variables 
that would explain contamination in groundwater sources  
in the study area. Practically, such factors rarely work in 

isolation but in combination, based on basic hydrogeologic 
knowledge of groundwater contamination (Roberts et al., 
2001; Kim and Hamm, 1999). 

Discussion

Implication of potential factors for groundwater 
contamination for water service provision

The importance of providing scientific evidence for contamina-
tion of groundwater sources,in order to inform the revision of 
guidelines on rural water service provision, cannot be over-
emphasized. Site characteristics that were assessed included: 
location of latrines upslope from water sources (slope aspect/
slope effect); location of water sources where groundwater and 
surface water interacts in low-lying areas; distance between 
water points and sources of contamination (latrines and surface 
waters); depths of water sources and topography (Tables 5 and 
6; Figs. 4, 5, 6 and 7). Different approaches were employed to 
examine the effects of these site characteristics on groundwater 
source contamination. The analysis has identified possible fac-
tors that contaminate water at specific sites, and particularly in 
protected shallow wells. In line with the application of precau-
tionary and differentiated principles in groundwater protection 
(Xu and Reynders, 1995; Xu and Braune, 1995), these findings 
are adequate to guide the appropriate location of PSWs. 

The DRASTIC approach (Table 7) provides a well-
established means of assessing the potential of groundwater 

Table 7
Rating values used in DRASTIC model to analyse risk factors for groundwater contamination

Factors/variables Weight Range of 
values

Rating 
values

Data source

1. Depth to water (feet) for PSWs
 Depth to water (feet) for BHs

5            5-15
100+

9
1

Field data from study area 
Field data from study area

2.  Net recharge (inches) 4 2-4 3 Malawi Government (2006)
3.  Aquifer media (gneiss) 3 3-5 5 Study area geologic map and Kim and Hamm (1999)
4.  Soil media  (lithosols) 2 − 6 Study area soil map
5. Topographic slope, PSWs (%)
 Topographic slope, BHs (%)

1
1

4-11
0-4

5
9

Study area slope map

6.  Impact of vadose zone 5 2-6 4 Study area geologic map
7.  Hydraulic conductivity of aquifer 3 4-8 4 Study area geologic map and Yu et al. (1992)

Modified from Aller et al (1987): Weights for the factors range from 1-5 with 1 being least important; Rating values are rated as in DRASTIC with 
1 being least likely to lead to contamination.

Figure 7
Topography of the study area and relative location of water points
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to become contaminated. Applying this approach, parameters 
used and described in this field study should provide a meas-
ure of the risk of contamination, as well as indicators that can 
provide a basis for more robust field measurements of all of 
the DRASTIC parameters.  Downscaling such an approach 
to the catchment level poses its own challenges, particularly 
as DRASTIC was developed for regional-scale application 
and is data intensive (Robins, 2010). Nevertheless, using this 
technique provides a starting point for exploring more robust 
catchment-fitting methodologies for assessing groundwater 
contamination. 

A simple vulnerability assessment scorecard technique 
developed by Robins et al. (2003) and applied in Mangochi, 
Southern Malawi, is more suitable for assessing the effect of 
site characteristics on groundwater contamination. The tech-
nique is based on the DRASTIC principles, but, instead of 
being quantitative and data intensive, it is qualitative, subjec-
tive and site-specific which makes it applicable at catchment, 
sub-catchment and village level (Robins, 2010). However, the 
scorecard also relies on data derived from a comprehensive and 
well-documented drilling programme. 

Theoretically, areas with low slope tend to be more vulner-
able to groundwater contamination as these are areas where 
water can pool for a longer period of time, thereby allowing a 
greater infiltration and hence a greater potential for contamina-
tion migration (Rahman, 2008). The location of water sources 
in low-lying wet areas (Fig. 5) poses a threat of groundwater 
contamination, partly because aquifers in such areas are likely 
to be in close hydraulic connection with surface water. Rahman 
(2008), working on the Great North Indian Plain, observed that 
the PSWs that were more contaminated were located in rela-
tively flat areas. This is similar to our findings. 

Factors responsible for the contamination of drinking-water 
sources cannot be deduced based on specific diagnostic infor-
mation assessments and use of the DRASTIC approach alone. 
Field observations on location of water sources versus latrines 
(Fig.4), low-lying wet areas (Fig.5) and slope aspects (Table 
6) provided significant additional information to guide proper 
location of water sources and sanitation services, in addition 
to knowledge of the local hydrogeologic environment. Robins 
et al. (2007) emphasize that factors observed in the field, such 
as topography and slope, vegetation and land use, are vital in 
assessing potential factors explaining contamination of ground-
water sources at the catchment level. Robins et al. (2007) fur-
ther give the example of how local surface water pools, result-
ing from rainfall, create a concentrated and prolonged zone 
of potential infiltration of contaminants, and of how cracks or 
fractures can offer direct and rapid pathways from groundwater 
to the water table. This justifies the use of both field observa-
tion and measurement techniques to explain possible factors for 
observed contamination.
 
Attempt to assess groundwater contamination in 
basement complex aquifer

Discussion of groundwater quality protection needs to be con-
ducted within the context of set criteria for water quality, with 
an emphasis on the hydrogeological condition of the area where 
such water resides. For example, flow patterns of groundwater 
in the aquifer need to be explored to explain general con-
tamination in the aquifer. In this study, the groundwater flow 
pattern was assumed to follow the topographic structure. Our 
findings provided adequate preliminary evidence to caution 
water service providers on the siting of PSWs. Our assumption 

on groundwater flow patterns was based on basic principles 
of groundwater flow:  that water moves from a higher to lower 
hydraulic head through the most permeable parts of the geo-
logic structure; and that recharge depends on the characteristics 
of the uppermost geologic and soil layers and on slope.

As the study area is a basement complex aquifer (Fig. 2), 
flow processes were assumed to take place via 2 scenarios: 
• fractured hard rock aquifer with preferential flow pattern 

along faults and fractures; and
• primary unconfined aquifer on top with secondary confined 

aquifer at the bottom. 

The groundwater flow pattern in a fractured rock aquifer can 
follow lineaments such as faults. Preferential flow along linea-
ments is common during recharge in this type of aquifer with 
almost no natural protective layer to help attenuate contamina-
tion along the faults. Although no pathogenic bacteria were 
detected in boreholes in this study area, the need to avoid siting 
water sources in such lineament environments exists, in line 
with precautionary and differentiated principles (Fig. 2). 

A primary unconfined aquifer has alluvium material 
which usually filters contaminants originating on the surface 
through its particles and pore spaces. The alluvium materials 
act as a natural protective layer. Uniform recharge occurs in 
the unsaturated zone and contaminants travel freely down to 
the water table. The difference in pathogen concentration lev-
els in water sources in such environments will depend on the 
thickness of the alluvial material, which attenuates, adsorbs 
and filters microbes as they travel through it to the aquifer, 
and on the slope between the water source and source of 
contaminants, among other factors. MacDonald et al. (2005) 
point out that shallow soil layers between aquifers and the 
surface result in high vulnerability of contamination. With 
depths of PSWs in this study ranging from 3.0 to5.5 m, with 
average of 4 m (Table 2), higher concentrations of allogeneic 
bacteria are expected. Upper Kango PSW was the only water 
point sampled that is located in an alluvial aquifer and dis-
played the highest concentration levels of both allogeneic and 
pathogenic bacteria. This is likely due to the effect of slope 
and thin alluvium material, as observed by MacDonald et al., 
(2005). 

General physicochemical and microbial safety of 
groundwater sources 

Findings regarding the concentrations of inorganic solutes 
in this study agree with those of Pritchard et al. (2007; 2009; 
2010), working in Malawi, who concluded that the quality of 
drinking water from groundwater sources, both boreholes 
and shallow wells, in terms of physicochemical status, is 
within acceptable limits as set by both WHO (2008) and 
MBS (2005).  However, the pH of most of the sampled water 
was < 6.5, and therefore outside the MBS (2005) and WHO 
(2008) recommended limits, with a violation fraction of 83% 
(Table 1).  Cantor et al. (2000) and Hoke (2005) discussed the 
potential negative effects of low pH values on drinking water 
when stored in metal containers. The low pH values can lead 
to health concerns associated with corrosion of the metal 
containers. Fortunately, 99% of the sampled households keep 
their drinking water in ceramic (45%) and plastic containers 
(44%).  These findings have wider application to households 
in this study area and other areas with similar geology. There 
is a need to encourage communities in such areas to keeping 
their drinking water in ceramic or plastic containers. 
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Social vulnerability: Contamination of water sources 
and household practices in water handling  

Theoretically, groundwater provides safe drinking water (Xu 
and Braune, 2010), but some groundwater sources clearly do 
not provide potable water. This study has demonstrated how 
communities in northern Malawi are vulnerable to contracting 
waterborne diseases when they depend on certain groundwater 
sources as their sole source of drinking water. Field measure-
ments of high levels of E. coli in PSWs confirmed that these 
sources remain risky. Hence, guidelines and regulations about 
such sources require revision in order for these sources to 
provide communities with potable water. Renewed reflection on 
PSWs as safe sources for potable water in rural areas requires 
commitment of both key governmental and private-sector agen-
cies for rural water and sanitation services. Scaling up PSWs as 
a means of providing potable water to rural communities seems 
risky and counter-productive. With only 40% of Malawi’s 
people having access to safe drinking water (Pritchard et 
al., 2007), the country faces difficulties in achieving the 
drinking-water MDG by 2015.  Data from this study indicate 
that reliance on PSWs will not help Malawi to reach this goal. 
In addition, it is clear that there are deficiencies in hygiene 
practices associated with collection, transport and storage of 
water in households.  Even when water at the source was free 
of bacterial contamination, water tested in the households was 
often contaminated with E.coli. Such household contamination 
indicates the necessity to disinfect drinking water at point-of-
use.  A possible door-to-door health education campaign might 
enable communities to improve hygiene practices.

Scientific versus socio-economic appropriateness of 
chlorinating drinking water 

A review by Nath et al. (2006) on hygiene practices of house-
holds showed that improving the microbial quality of house-
hold-stored water using point-of-use treatment and safe stor-
age practices reduces the incidence of waterborne disease in 
communities and households by up to 50%, even in the absence 
of other programmes. This study indicated that the use of 
Waterguard® chlorination significantly reduced contamination 
by E.coli bacteria in household-stored water, and similar health 
benefits to those observed by Nath et al. (2006) were therefore 
expected, despite the fact that chlorine failed to eliminate all 
bacteria in drinking water. Similar results were observed in 
rural south India where Firth et al. (2010) studied point-of-use 
treatment to decrease contamination and found that use of 
chlorine reduced coliform counts to potable levels but did not 
eliminate all of the bacteria. 

Turbidity, temperature and pH have been identified as 
crucial physical or chemical parameters that affect the effec-
tiveness of chlorine in drinking water (WHO, 2008; 2009). 
Theoretically, chlorine treatment in drinking water does not 
effectively penetrate suspended silt and organic particles where 
bacteria may reside (WHO, 2009). The higher the turbidity 
levels, the higher the risk of gastrointestinal diseases (WHO, 
2008).  Turbid materials can shield pathogens thereby interfer-
ing with effectiveness of both chlorine and ultraviolet sterilisa-
tion of water (WHO, 2008; 2009).  For effective chlorination 
treatment, water should be at turbidities < 30 FNU. The overall 
average water turbidity in sampled households was low, around 
2.7 FNU, at which level it should not impede sterilisation with 
chlorine.  In fact, the highest recorded turbidity was 25.8 FNU.  

In water with a temperature above 18oC, chlorine should 

be in contact with the water for at least 30 min. If the water is 
colder the contact time should be increased (WHO, 2009). The 
average temperature for water stored in sampled households 
was 25oC. Therefore, the temperature should not have had 
negative impacts on chlorination effectiveness. Health workers 
teach residents to wait for 30 minutes after pouring chlorine in 
their drinking water. However, investigation of compliance to 
this instruction was beyond the scope of this study. 

Vanderslice and Briscoe (1993) observed that drinking 
water from contaminated groundwater sources is more risky 
than drinking water that has been contaminated in one’s own 
household, due to the fact that people build up resistance to 
pathogens to which they are commonly exposed at house-
hold level. The need to chlorinate drinking water from PSWs 
cannot be overemphasized; yet the current rate of usage of 
chlorine is discouraging. The use of chlorine in water from 
PSWs confirms that it is at least a partially-effective solution 
but it remains a socio-economically unsuitable answer for the 
majority of rural residents.  In rural south India, Firth et al. 
(2010) found the addition of chlorine to be widely unaccepted 
among the population sampled.  Conversely, participants for 
this study were willing to use chlorine but they could not afford 
to purchase it on a regular basis.  The observed poverty levels 
in northern Malawi in terms of income and earnings suggest 
difficulties in the affordability, sustainability and feasibility of 
scaling up such an intervention for households that derive their 
water from PSWs. Tumwine (2005) observed similar barriers 
among East African communities. In this study, only 11% of 
the sampled households were using chlorine and only 1 house-
hold out of the 23 that drew water from PSWs used chlorine 
effectively. The lack of widespread use of water treatment and 
especially the low use among people using PSWs raises funda-
mental research questions regarding the ability of communities 
to adopt chlorination as a widespread practice.  As a case study, 
these findings have wider implications in poverty-prone rural 
areas where chlorine use is encouraged.

Conclusions 

The study has demonstrated the difficulty in applying popu-
lar methods such as DRASTIC in assessing vulnerability 
to groundwater contamination at village level within a sub-
catchment, and to guide development of rural water supplies. 
However, this study has illustrated how feasible and useful 
such approaches can be to rural water service providers if used 
in combination with field observations and measurements. The 
need exists to further refine the recently-developed scorecard 
methodologies for assessing vulnerability of small-scale areas 
such as villages, especially in terms of the data required and its 
subjectivity. 
 This study has shown that even with a basic knowledge 
of local hydrogeologic environments, using the geology of 
the area and simple field measurements and observations, it is 
possible to provide adequate preliminary evidence on ground-
water contamination in order to guide developers of rural water 
supplies on appropriate siting of water sources, and especially 
protected shallow wells. 
 It has been revealed that people’s preferred traditional prac-
tices (local knowledge) in relation to containers for drinking 
water storage has potential to protect them from potential dan-
gers of their low pH drinking water. There is a need to further 
explore existing local knowledge practices on water utilisation 
and management. 
 The discussion has revealed how human health in rural 
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communities becomes vulnerable to water-related diseases 
through drinking water from protected shallow wells. It has 
been shown that scaling up such water sources remains risky to 
people’s health and counterproductive to achieving the MDG 
on widening access to safe and clean water. A proactive review 
on guidelines for PSWs is unavoidable. 
 The study has shown the effectiveness of chlorine in reduc-
ing pathogenic bacteria in drinking water, as well as possible 
socio-economic factors that affect the effectiveness of such 
intervention. Despite being a scientifically-proven effective 
solution to water purification, its low adoption remains a risk 
factor for water-related disease. Hence, preventing contamina-
tion of water sources seems more appropriate than curative 
intervention at household levels in poverty-prone rural commu-
nities. These findings suggest the need to apply precautionary 
and differentiated principles to protect the quality of ground-
water when providing water services to rural communities. 
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ERRATUM (16 July 2018) 
 
Erratum for Water SA 38 (4) 581–596, originally published in July 2012: 

Table 1, p. 585, should be replaced by Table 1 below (please note the change in units for copper, 
arsenic, lead and selenium): 
 
Table 1 
Physicochemical analysis of groundwater sources and comparison with Malawi drinking water 
guidelines 

Parameter Minimum Maximum Average Malawi standard1 Violation 
fraction2 

Physical parameters      
Temperature (°C) 22.6 25.7 24.0 NA NA 
TDS (mg/ℓ) 501.12 1 077.76 715 1 000 0.09 
pH 5.84 7.09 6.32 6.5 to 8.5 0.83 

Major ions      
Bicarbonate (mg/ℓ) 8.50 148 50.4 NA NA 
Chloride (mg/ℓ) 3.52 12.3 8.69 600 0 
Fluoride (mg/ℓ) 0.40 1.33 0.75 2.0 0 
Nitrate (mg/ℓ) 0 0.90 0.17 100 0 
Phosphate (mg/ℓ) 0.16 1.16 0.38 NA NA 
Sulphate (mg/ℓ) 0 0.91 0.16 400 0 
Aluminium (mg/ℓ) 0.019 3.52 0.312 0.20 0.26 
Copper (µg/ℓ) 0.008 0.144 0.0401 2.0 0 
Calcium (mg/ℓ) 6.94 43.9 13.3 200 0 
Iron (mg/ℓ) 0.15 1.98 0.47 1.0 0.08 
Magnesium (mg/ℓ) 1.23 4.32 2.21 150 0 
Manganese (mg/ℓ) 0 0.29 0.028 2.0 0 
Potassium (mg/ℓ) 0.84 6.16 3.65 NA NA 
Sodium (mg/ℓ) 1.39 11.2 5.12 200 0 
Zinc (mg/ℓ) 0.011 0.224 0.0449 15 0 

Trace Metals      
Arsenic (µg/ℓ) 0 0 0 50 0 
Cadmium (µg/ℓ) 0 1 0.3 10 0 
Lead (µg/ℓ) 0 24 7.8 50 0 
Selenium (µg/ℓ) 0 25 2.6 10 0 

1Malawi Bureau of Standards, MBS (MBS 2005) 
2Fraction of water samples outside limits set by MBS 
NA: Not applicable 

 




