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Self-supply is also not feasible in challenging hydrological conditions such as locations without 

shallow water tables or with low precipitation to support rainwater harvesting which limits its 

applicability globally.  Additionally, a self-supply water point may not meet the common definitions of 

improved water sources because they are constructed cheaply since self-supply, by definition, is 

affordable to users.   

1.3 Self-Supply from Pitcher Pumps in Madagascar 

Throughout Madagascar since the 1960s, individual families have invested in a Pitcher Pumps 

installed on driven wells (MacCarthy et al. 2013; MacCarthy 2014).  Figure 1.2 shows what a typical 

Pitcher Pump looks like.  Many of the coastal areas of Madagascar have shallow, unconfined aquifers in 

sandy soils which makes the construction of shallow manually-driven wells feasible.  From the author’s 

experiences working in Madagascar and from reading the literature about Pitcher Pumps in Madagascar 

(MacCarthy 2014; MacCarthy et al. 2013; Wahlstrom-Ramler 2014; Akers 2014; Akers et al. 2015), it 

appears that Pitcher Pumps are constructed in the same general manner in different parts of 

Madagascar with only some variations in design of pump head, material used for valves, and design of 

well points and screens.   
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Figure 1.2 Diagram of Malagasy-style Pitcher Pump.  Not to scale.  (Diagram created by the author.) 

Pitcher Pumps in Madagascar are fabricated locally in small metal workshops from scrap 

materials with basic metal and welding techniques.  The pump head (Figure 1.3) is assembled by 

hammering, cutting, and welding scrap pieces of sheet metal and pipes together.  The two check valves 

are made from leather (in Tamatave) or rubber (in other parts of the country) and commonly has lead 

weights installed that are scavenged from old automobile batteries, although the author observed iron 

weights or other scrap metal being used (also reported by Akers 2014).  Furthermore, in another case a 

manufacturer in the Sava region of Madagascar reported to have a method of using PVC for check 

valves; however, the author was not able to examine that pump to learn the specifics of using PVC.   
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Figure 1.3 Pitcher Pump assembly from a Morondava workshop (excluding both check valves). (Photo 
from the author.) 

The rising main/well casing2 is fabricated by making a pipe with a point at the end and holes at 

the bottom.  In Tamatave, a brass or stainless steel screen is soldered onto the pipe to make a well 

screen to prevent infiltration of sand into the well (Figure 1.4) (the solder is a source of lead 

contamination as discussed in Section 2.5 Past Research on Pitcher Pumps in Madagascar).  In 

Morondava (Menabe region) the author observed drillers using plastic mesh secured with tie wire or 

synthetic cloth secured with tie wire and long, thin pieces of rubber cut from a tire inner tube instead of 

a soldered brass screen.  The author also developed a leadless well point design useable in Tamatave for 

this research project but it is not detailed in this paper since it was not within the objectives of the 

research project.   

                                                           
2 The rising main and well casing are the same in Malagasy Pitcher Pumps in this study.   
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CHAPTER 2 LITERATURE REVIEW 

2.1 Principles of Groundwater Contamination and Measuring Microbial Risk 

Fecal matter is the cause of most of the dangerous microbial contamination of drinking water; 

feces contains large quantities of pathogens, such as viruses, bacteria, protozoa, and helminths, that can 

infect humans (ARGOSS 2001).  Helminths and protozoa are too big to flow easily through the 

subsurface and thus do not tend to be a concern in well contamination unless there has been direct 

contamination of the well via a localized pathway (ARGOSS 2001).  Human feces are a danger to human 

health because they have the most pathogens that are adapted to living in the human body, however, 

there are still pathogenic organisms that can originate from animal feces.   

Contamination of well water by microorganisms can happen via two pathways (Figure 2.1).  The 

microorganisms can either be transported from a contamination source via flow in the groundwater in 

the aquifer, called an aquifer pathway, or microorganisms can flow directly into the well water through 

opening in the well construction and completely bypass the aquifer, called a local pathway.   

 

Figure 2.1 Diagram of local and aquifer pathways on a Malagasy Pitcher Pump. 
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filtration and attenuation of microorganisms in the subsurface is provided by Wahlstrom-Rambler 

(2014).   

2.1.3 Measuring Health Risks from Drinking Water 

A wide range of microorganisms in drinking water can cause illness in humans.  They include 

viruses, bacteria, protozoa, and helminths.  It is not practically possible to test for all the different 

pathogens in water that can cause illness so in practice the number of certain indicator organisms per 

unit volume are measured instead.  Indicator organisms are types of organisms that are associated with 

fecal contamination of water (and therefore need to be found in feces) and do not naturally occur or 

multiply in the environment (World Health Organization 2011).  The most widely used fecal indicator 

bacteria is Escherichia coli (E. coli) (World Health Organization 2011). Thermotolerant coliform can also 

be used as an indicator and are mostly comprised of E.coli.  However, thermotolerant coliforms are  not 

as good of an indicator of fecal contamination as E.coli (World Health Organization 2011).  Total coliform 

can also be used to assess the general sanitary condition of water and includes E.coli.  However, it also  

is not considered a good indicator of fecal contamination because they can multiply in water (World 

Health Organization 2011).  Water absent of fecal bacteria should not be considered absolutely zero risk 

because some pathogens in water are not associated with fecal indicators (e.g. guinea worms) (Action 

Contre la Faim 2005) and there is a possibility that indicator bacteria may be present but not detected.   

2.2 Typical Recommendations for Well Head Protection 

Well head protection for a well such as a Pitcher Pump is constructed to block water on the 

surface of the ground from going directly into a well and contaminating it.  It is ubiquitously 

recommended in textbooks on well construction in developing countries and consists of installing 

sanitary seals below the ground surface and a concrete well apron on the ground surface.  Well head 

protection is considered to be an important part of the construction of wells for the protection of water 
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quality, however, the current recommendations available to development practitioners are made for 

community wells and are inappropriate for self-supply wells.   

Before discussing specific recommendations it is important to understand the differences in well 

designs.  Well design in developing countries comes in two basic forms: 1) boreholes/tubewells or 2) 

hand-dug wells.  Both types of wells are relevant to this study.  Hand-dug wells are dug manually with 

shovels and as such can only practically access the first aquifer (for an example of their construction see 

Watt and Wood 1976).  They are wide in diameter (frequently approximately 1.5 meters in diameter) 

because a worker needs to fit inside them to dig.  In many cases hand-dug wells use buckets as lifting 

devices, although, they are frequently fitted with pumps (Watt and Wood 1976; Action Contre la Faim 

2005).  Hand-dug wells are frequently lined with concrete or other masonry materials but the author has 

also observed self-supply hand dug-wells lined with scrap 55-gallon drums.  They can also be completely 

unlined if the well is being dug in an area with clay soils that does not collapse.   

Boreholes/tubewells are smaller in diameter (frequently 100-150 millimeters in diameter for 

community supplies) and are frequently machined drilled but can be manually drilled also (MacDonald 

et al. 2005).  They are frequently lined with PVC, steel, or stainless steel pipe.  Since they are drilled, 

they can go very deep into the water table and can access water below the first aquifer.   

The manually driven wells examined in this study are similar to hand-dug wells in that they can 

only practically access 2 to 3 meters into the water table and are therefore subject to many of the same 

aquifer pathways for contamination (See Section 1.3 Self-Supply from Pitcher Pumps in Madagascar for 

more details on manual drilling).  Manually driven wells should be classified as tube wells because of 

their thin diameter.  Since manually driven wells are tube wells their surface works could be designed 

similarly or identically to a machined drilled borehole.  Because of these similarities between the 

manually drilled wells in this study and other types of wells, things can be learned from studying the 

construction and contamination of both hand-dug wells and boreholes.   
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Well head protection recommendations are slightly different for boreholes and hand-dug wells.  

For boreholes, it is recommended that a sanitary seal of clay or grout5 extending 3 to 6 meters below 

the ground surface to prevent water from flowing directly along the side of the well casing down to the 

well screen should be installed (Davis and Lambert 2002; MacDonald et al. 2005; Action Contre la Faim 

2005) and for hand-dug wells it is recommended that the caissons have a water tight seal for at least 3 

meters to prevent local pathways of contamination (Watt and Wood 1976).   

For well head protection surface works, the same recommendations are found for both hand-

dug wells and boreholes.  A 2-meter diameter reinforced concrete well apron is typically recommended 

for well head protection for community wells.  Common recommendations also include that drainage 

should be directed to a soak pit many meters away from the well.  Additionally, well aprons are 

recommended to have a lip around the side and should be graded so that water flows to the soak pit.  

Typically, fencing is also recommended to keep animals away from the well  (See Davis and Lambert 

2002; MacDonald et al. 2005; Action Contre la Faim 2005; Watt and Wood 1976 for examples). 

     

Figure 2.2 Left: A newly completed well apron for a community water supply with a hand pump being 
installed on a borehole in rural Madagascar.  The apron is designed to drain spilled water away from the 
well pump and to a soak pit in the lower left of the image. Right: Damaged and cracked well apron on a 
hand-dug well.  The well has been opened because the pump is not operating.  (Pictures taken by the 
author.) 

                                                           
5 Generally recommended as a mixture of cement and sand, cement and bentonite, or just cement with water.   



 
 

21 
 

Well head protection is considered to be an important part of the engineering design of a well 

water point in developing countries, in fact, part of the definition of whether a well is considered 

improved or unimproved includes whether or not the well is protected (World Health Organization and 

UNICEF 2017).  An example of how well head protection is considered important for water point design 

are the questions used for sanitary risk scoring of water points.  Sanitary risk scoring for wells is a system 

to grade risks of water contamination with a series of 10 yes or no questions related to things that can 

be visually inspected at and around the surface works of a well (see Action Contre la Faim 2005; 

MacDonald et al. 2005; Davis and Lambert 2002; Cronin et al. 2006 for examples).  While there are 

variations in the exact questions used, generally around half or more of the 10 questions are directly 

related to asking about the condition of the well apron and sanitary seals, the remaining questions are 

either about sanitary conditions beyond the apron (e.g. fencing) or latrine locations. 

Engineering is an applied field and as such the advice of professionals in the field of water supply 

in developing countries was sought out for this research.  Technical inquiries asking for justification for 

minimal sizes, depths, and other design parameters of sanitary aprons or sanitary seals on tube-wells in 

any context were sent to topical mailing lists, a technical inquiry service, and online forums for water 

supply professionals working in developing countries.  Specifically, RedR’s Knowledge Point online forum 

(www.knowledgepoint.org/), the WaterAid technical advisory service, the Accord WASH Alliance 

LinkedIn group (Accord WASH Alliance on LinkedIn 2015), and multiple mailing lists for the Rural Water 

Supply Network Dgroups (www.rural-water-supply.net/) were contacted6.  The main reasons provided 

by professionals in these forums for well apron sizing were to prevent erosion of the ground due to 

spilled water, providing a platform for pump users, anchoring the pump and well casing, and designing a 

surface to channel water away from the pump; these are solely reasons related to common sense design 

                                                           
6 There is no vetting process for people who answer questions on these topical mailing lists and online forums, 
however, these networks are specifically set up for professionals working with water access in developing 
countries. 
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issues of community water points.  No professional that responded to the posts gave any justification 

from grey or scientific literature or engineering design principles to prevent runoff or water intrusion 

from entering the well to justify the size of well aprons as needing to be 2 meters in diameter.   

The common recommendations for community wells are not appropriate for private, self-supply 

wells for a number of reasons.  The most obvious difference is that community wells service more 

people than private, self-supply wells.  According to Sphere Project standards (2011) community wells 

are recommended to service up to 250 people.  MacCarthy (2013; 2014) estimated that Tamatave 

Pitcher Pumps service an average of 19 people per pump; this is a factor of 10 difference than the 

recommended standard for community wells.   

Many of the design issues with community wells dissolve with fewer people using a water point.  

Fewer people means less water will be spilled and that there will be less traffic in general.  Small 

quantities of water being spilled at any one time can eliminate the need for a concrete pad to evacuate 

the water and a soak pit to collect it. Less foot traffic around the well also could eliminate the need for a 

large apron due to there being less mud since there is less water being spilled.   

Community wells are also generally heavily subsidized.  Cost is not as extreme of an issue with 

community wells due to their subsidies so there is not as much pressure for an extremely low cost 

solution.  However, when a private person in a developing country wants to purchase an apron for their 

own well, cost is much more likely to be an issue.  The most effective way to reduce this cost is by 

reducing material costs and making the apron smaller. 

Engineering literature for developing countries addresses well head protection for community 

supplies but no literature was found with recommendations for well head protection of private, self-

supply wells in developing countries.  There is no evidence to show that the recommended well apron 

diameter of 2 meters or any other of the recommended features of a well apron are due to anything but 

engineering judgement and common sense decisions on the part of the designer.  It makes sense given 
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the context that the 2-meter diameter community well apron size would not be questions since there 

are many design reasons to make it large and a lack of extreme financial pressure to make it smaller.  In 

a self-supply context, where cost is a major issue for private households and the number of people being 

served is much smaller, a smaller apron may be more appropriate to protect water quality.   

2.3 Risks from Rain Run-off on Wells in Developing Countries 

Many studies have found a relationship between precipitation and groundwater quality for both 

boreholes and hand-dug wells.  As explained in Section 2.1 Principles of Groundwater Contamination 

and Measuring Microbial Risk contamination can enter a well through either a direct, localized pathway 

or an indirect, aquifer pathway.  Rain can carry micro-organisms and flow into wells or soak into the 

ground and into an aquifer.  This effect on water quality can been seen in a worsening of water quality 

through the rainy season and shortly after raining.   

Wells have been found to have lower water quality during the rainy season than the dry season 

in multiple studies.  This effect of seasonality has been observed in terms of diarrheal disease reported 

at clinics (Cronin et al. 2006) and in terms of elevated levels of indicator bacteria such as thermotolerant 

coliform, E. coli, or enterococcus (Potgieter, Mudau, and Maluleke 2006; Godfrey, Timo, and Smith 

2006; Leber et al. 2011; Knappett et al. 2012; Engström et al. 2015).   

A review of 22 studies of improved water sources in developing countries performed by Kostyla 

et al. (2015) showed that boreholes had statistically significantly (p<0.001) greater fecal contamination 

in the rainy season and found that the relationship was consistent for both E. coli and thermotolerant 

coliforms in both rural and urban settings across different climate zones. They had an insufficient 

number of protected wells (presumably hand-dug wells) in the review to do any seasonal analysis of 

their water quality. They were unable to determine from their review if seasonal differences in water 

quality of improved sources was due to a large spike in contamination from rains at the start of rainy 
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season from the “first flush” of contamination or because of a longer-term trend for higher 

contamination levels through the whole rainy season.   

Potgieter et al. (2006) examined communal and private boreholes in South Africa for a wide 

variety of bacteria.  Their results for private boreholes will just be discussed here because they are the 

most relevant to this study.  Potgieter et al. (2006) provided no depths for the private boreholes and 

they were also mostly unprotected.  It was found that there was a statistically significant difference in 

the contamination between the rainy and dry season for private boreholes, however, the differences in 

means were not large in magnitude and the range of contamination measured was similar.  For 

example, total coliform in the rainy season (mean and standard deviation) was 85.6 ± 215.6 CFU/100 mL 

and in the dry season was 29.1 ± 114.3 CFU/100 mL (p<0.0001).  For fecal coliform in the rainy season 

(mean and standard deviation) was 19.0 ± 84.8 CFU/100 mL and in the dry season was 7.8 ± 48.2 

CFU/100 mL (p=0.0011).  In this study, even though the seasonal differences in contamination are 

statistically significant, the ranges of the data sets for both seasons overlap.  This indicates that there 

are some wells that are more contaminated in the dry season than some wells in the rainy season.  

Leber et al. (2011) examined boreholes in Bangladesh but only results from shallow wells (<20 

meters) are discussed here.  Statistically significant (p<0.05) differences in E. coli detection in the rainy 

season verses the dry season were found with 61% of wells being positive for E. coli in the rainy season 

and 9% being positive in the dry season.  Despite the differences in E. coli detection the median 

differences were small.  One site studied had median values of 1.8 CFU/100 mL in the rainy season and 

0.5 CFU/100 mL in the dry season while another site had of 0.8 CFU/100 mL in the rainy season and 0.5 

CFU/100 mL in the dry season.  There was also a wide distribution of values overlapping in the rainy and 

dry seasons with some of the largest values for E. coli detection taking place in the dry season.  See 

Section 2.4 Risks from Poor On-Site Sanitation and Well Head Protection for more discussion of this 

study and the pathways found for contamination.   
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Engström et al. (2015) studied both boreholes and hand-dug wells in South Sudan.  It was found 

that there was a statistically significant relationship (p<0.05) between thermotolerant coliform and the 

long-term, cumulative precipitation depth (i.e. the rainfall depth over the preceding 5 days and the 

preceding month), however, no link was found between contamination and short-term precipitation 

(from the previous 24 and 48 hours).  The authors stated that it is possible that this lack of association 

with short-term precipitation was due to the lack of importance of localized pathways due to well head 

protection of the wells and therefore rapid contamination was not possible.  There were also large 

uncertainties in short-term precipitation depth due to the method of estimating the rainfall depth from 

satellite data.  This study shows the importance of different pathways for aquifer contamination and 

how their signal will be different in fluctuations of well water quality.  See Section 2.4 Risks from Poor 

On-Site Sanitation and Well Head Protection for further discussion on the reasons.   

Cronin et al. (2006) studied springs and shallow hand-dug wells in Mozambique.  They found 

that levels of thermotolerant coliform in the well water was associated with rainfall and sanitary risk, 

and the aquifer was not highly contaminated to begin with.  This is reflected also in the fact that 

diarrhea reported at health clinics was associated with rainfall during the rainy season (R2=0.55) but not 

the dry season.  They did not separate their analysis of springs and wells but found over all that the 

average thermotolerant coliform levels in the dry season were 39.1 CFU/100 mL and during the rainy 

season were 121.2 CFU/100 mL.  The median levels during the dry season were 2 CFU/100 mL and 

during the rainy season 13 CFU/100 mL.  These are significant differences in concentrations, however, 

they do not exclusively include well sources.   

Rainfall is associated with increases in contamination of groundwater between the rainy and the 

dry season.  In different studies discussed here, the difference in median or mean values is not always 

important from a contamination point of view and the distribution of contamination levels overlap.  This 
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suggests that while there are seasonal differences in contamination levels they may not always be great 

enough to make a large difference in the risk of water.   

2.4 Risks from Poor On-Site Sanitation and Well Head Protection 

Studies of well head protection in developing countries have found that it is important for 

protecting water quality, except in some cases where aquifer contamination was already very high.  

Studies are mostly vague on the details of construction of the well head protection, details of the 

problems with the well aprons, and sometimes even vague on whether the well is a borehole or hand-

dug well.  For example, the extent of the description of well head protection for many studies is simply 

stating if the apron is cracked but they do not have details on how the apron is cracking, the size or 

shape, if there is a curb on the edge of the apron, or any other descriptions.  Some studies that use 

sanitary risk scores are better at describing the nature of the problems at the well head (since sanitary 

risk score surveys include questions like if the pump head is loose, if the apron is less than 2 meters in 

diameter, etc.) but these are still general in nature (see Section 2.2 Typical Recommendations for Well 

Head Protection for more discussion of sanitary risk scores).  Bain et al. (2014) also found the same issue 

with vagueness on design of well head protection when they did their meta-analysis of studies 

examining fecal contamination of water in low- and middle-income countries.  This lack of details on the 

state and design of well head protection is a limitation of the current literature on the topic.   

A number of different studies have reported that well head protection is important for water 

quality of a well.  Studies have shown that contaminated groundwater can be due to damaged well head 

protection that might have openings in the well casing, cracking in the apron, or stagnant water on the 

apron (Godfrey, Timo, and Smith 2006; Cronin et al. 2006; Potgieter, Mudau, and Maluleke 2006; 

Escamilla et al. 2013).  Studies that did not find that well head protection was effective may have had 

confounding variables affecting the study such as well priming (Knappett et al. 2012), contamination 
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from dense population or flooding (Luby et al. 2008), or a shallow, vulnerable water table (Leber et al. 

2011).  

Bain et al. (2014) performed a meta-analysis of 319 different studies of fecal contamination 

from many different types of water sources in low- and middle-income countries.  They found that 

protected groundwater sources are less contaminated than unprotected groundwater sources but high 

levels of contamination can still be found in protected wells.  Their comparison of protected versus 

unprotected groundwater sources had an odds ratio of 0.26 (95% CI7 0.11-0.60, p=0.002) for detecting 

fecal indicator bacteria >1 per 100 mL and an odds ratio of 0.37 (95% CI 0.09-1.52, p=0.16) for detecting 

fecal indicator bacteria >100 per 100 mL.  This meta-analysis shows that, in general, protecting 

groundwater lowers the probability of contamination but does not provide a lot of details on when well 

head protection is not effective or what design features of well head protection make it effective.   

Water quality in wells can have a lot of variation even if they are protected.  In a literature 

review, Bain et al. (2014) found that protected hand-dug wells were contaminated with fecal bacteria 

much of the time and high levels of contamination could also be seen in boreholes.  Additionally, studies 

that evaluated wells with sanitary risk scores frequently found that wells still had fecal bacteria even 

with low sanitary risk scores.  Figure 2.3 is modified from Bain et al. (2014) and shows important 

information about the ranges of contamination found in boreholes, protected hand-dug wells, and 

unprotected (i.e. open to the environment) hand-dug wells.   In the meta-analysis, unprotected dug 

wells did not have low levels of contamination and protected dug wells could have a range of 

contamination from low to very high.  Boreholes generally do not get as contaminated as unprotected 

dug wells but protected dug wells can be as clean as a borehole.  These graphs demonstratin that 

protection of wells generally does improve water quality but it is not a guarantee of water free of 

indicator bacteria.   

                                                           
7 CI, confidence interval 
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Figure 2.3 A modified figure from Bain et al. (2014) of data for mean, median, and geometric mean 
contamination of boreholes, protected dug wells, and unprotected wells from studies included in the 
review. The size of the data point is proportional to the number of water samples in the study. 
Unprotected dug wells did not have low levels of contamination and protected dug wells could have a 
range of contamination from low to very high.  Boreholes generally do not get as contaminated as 
unprotected dug wells but protected dug wells can be as clean as a borehole.  (See Appendix B for a 
note about permission to use this figure.) 

A number of studies have investigated tubewells in Bangladesh (Escamilla et al. 2013; Knappett 

et al. 2012; Leber et al. 2011; Luby et al. 2008).  While none of the studies explicitly state what type of 

pumps are being used except for making references to them being suction pumps, it is likely that the 

pumps involved are No. 6 pumps that are installed in large numbers in Bangladesh (Baumann 2011).  No. 

6 pumps are suction pumps that are commonly installed on thin tubewells using a manual hand-sludging 

technique and are identical in most aspects important to this study to Malagasy Pitcher Pumps except 

for the manual drilling method used to install them.  This difference in the drilling method means that 

the well screen for the pumps in Bangladesh could potentially be placed deeper into the water table 

than is feasible in Madagascar.  Potentially the learnings from these studies in Bangladesh might be 

applicable to understanding Malagasy Pitcher Pumps.  

Escamilla et al. (2013) studied tubewells in rural Bangladesh.  They found that concrete aprons 

reduced E. coli detection during the early and post monsoon season (p<0.1) but did not decrease 
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not necessarily mean that water will not be contaminated and in fact this review found that protected 

sources were frequently contaminated.  Unfortunately, there is not great detail on the need for 

different design features in well head protection such as size, curbs, or drainage design.  One can also 

conclude from the above studies that in many situations well head protection is helpful for protection 

from rainfall but in situations that there are confounding variables, such as pump priming or large 

amounts of contamination flowing through the aquifer pathway, well head protection may not be as 

protective of water quality.   

2.5 Past Research on Pitcher Pumps in Madagascar 

 The University of South Florida (Tampa, FL, U.S.A.) has performed extensive research into the 

Pitcher Pump market in Tamatave, Madagascar (MacCarthy 2014; MacCarthy et al. 2013; Wahlstrom-

Ramler 2014; Akers 2014; Akers et al. 2015; MacCarthy et al. 2016).  The Malagasy Pitcher Pump market 

is reported to be the largest example of an unsubsidized well pump market in sub-Saharan Africa 

(MacCarthy et al. 2013).  In fact, MacCarthy et al. (2013) estimated that 60% of Tamatave uses Pitcher 

Pumps as a source of water.   

 MacCarthy (2014) conducted interviews with Pitcher Pump owners in Tamatave.  It was found 

that they were commonly shared among neighbors with 4.6 households on average using each pump, 

even if they did not pay for the pump.  This is important because it shows that each pump has a benefit 

not only for the family that purchased it but also for neighboring families.  MacCarthy (2014) also found 

that most of the pump owners in Tamatave would prefer to have a connection from the municipal 

system but did not because of the connection costs and the cost of water tariffs.   

 A majority of owners (75%, 40 of 53 surveyed households) reported drinking water from their 

pumps.  Not all of these households treated their water before consumption; only 6 out of 40 reported 

using chlorine and 23 out of 40 reported boiling their drinking water (MacCarthy 2014).  This indicates 

that these can be a significant source of drinking water for users.  It also demonstrates that the pumps 
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negative bacilli so any bacteria that are cocci or Gram positive cannot be Total Coliform, which is the 

target group of bacteria of the media with a supplement.   

A wide range of colony presentations were selected for Gram staining including non-

characteristic colonies and presumptive Total Coliform colonies (non-characteristic and presumptive 

colonies were based on the presentation of the colony, i.e. shape, color, size, etc.).  Gram staining 

samples were taken from 82 colonies from 26 plates grown from water samples of 23 different wells 

sampled on the 23rd and 26th of April 2017. From the results, it appeared like the media used in this 

study could grow Gram positive and negative cocci and bacilli, in every combination.  This was even true 

for colonies that presented as characteristic colonies.  It is therefore likely that the entire data set of this 

study includes contamination from a wide spectrum of bacteria including, but not exclusively, Total 

Coliform.  Even with this error, the data presented in this study is still useful and represents a measure 

of gross bacteria concentration grown at 37◦ C in well water.  The limitations that this causes in the study 

are discussed in detail in Section 4.1.2 Limitations of the Study. 

3.8 Rainfall Measurement 

Rainfall data for Tamatave was acquired from a government weather station at the Tamatave 

Airport (airport code: TMM) and was measured with a pluviometer.  The weather station was between 

2.7 and 3.6 kilometers from the closest and farthest pumps.  Data used in this study was collected in 

tenth of a millimeter increments and one hour intervals.     

3.9 Statistical Analysis 

A histogram of the base-10 logarithmic transforms of bacteria concentrations showed that the 

data was non-parametric so only non-parametric statistical tests were used on this data set.   

Spearman’s correlation test was used to find correlations between 24-hour, 48-hour, 72-hour, 

120-hour, and 168-hour antecedent rainfall depth and the base-10 logarithmic transforms of bacteria 

concentrations from data sets of wells separated by different levels of well head protection.  The 
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Spearman correlation coefficient, ρ, quantifies the strength and direction of a correlation with 0 being 

no correlation and either -1 or +1 being the strongest correlation.  This test was selected since it finds 

relationships in more general cases (i.e. monotonic) than other correlation tests (which tend to test 

linear relationships) and it is non-parametric.   

Within and between subjects statistical tests were also performed on the data set.  Between 

subjects, non-parametric statistical tests were performed with the Mann-Whitney U Test and the 

Kruskal-Wallis H Test.  This allowed for different types of well head protection to be compared with 

control wells during the same experimental phase which controlled for seasonality.  Within subject, non-

parametric statistical analysis was performed on the data set with the Friedman Test and Wilcoxon Sign-

Rank Test.  This allowed for different types of well head protection to be compared on the same wells, 

which helps to control for local variations in ground water quality.   
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4.1.3 Limitations of the Study 

The main limitations of this study stem from not using a proprietary interfering flora suppression 

supplement with the media.  As explained in Chapter 3 Methods the lack of supplement means that the 

data presented in this study is only useful as a measure of gross bacteria concentration grown at 37◦ C 

from well water but not of Total Coliform.   

One limitation of this study due to the lack of a suppression supplement is that it is not possible 

to directly compare the results in this study with others studies of well contamination because they 

mostly have measured E.coli, thermotolerant coliform, or Total Coliform. Furthermore, no definitive 

statements of health risk can be made from this study’s data because there is no certainty to exactly 

what type of bacteria was grown in this study.  The bacteria grown here have the potential to grow 

inside a human body since they have been incubated at 37◦ Celsius but it is unknown what percentage of 

the colonies are pathogenic or are associate with pathogenic organisms.  It is likely that bacteria 

associated with fecal contamination, such as E.coli, could be grown by the media.  Thusly, while a 

positive sample with this media may just possibly indicate that the water is harmful for health to 

consume directly, a non-detected sample more strongly suggests safety of the water since no colonies 

of any type have grown.   

Even if the data in this study represented contamination associated with a health risk, one could 

not draw conclusions for the water quality of all the Pitcher Pumps in Tamatave.  Well sites were 

selected with great effort to be at low risk for aquifer pathway contamination and high risk for localize 

pathway contamination relative to other wells in the study area.  Many sites were eliminated for not 

being deep enough, having on-site sanitation too close, or being on locally elevated ground in 

someone’s property.  The wells represented here are at least in the top quartile of low aquifer pathway 

contamination risk since it is estimated that about 200 to 400 wells were examined to select the wells in 

this study.  Additionally, pumps were not measured if they needed priming which is a common issue 
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antecedent rainfall and bacteria concentration and not having this correlation for wells with other well 

head protection types.  It is likely this is due to the apron study group having by-chance differences in 

variables that affect aquifer pathway contamination.  These variables may be distance between the 

water table and bottom of on-site sanitation used in the study area, distance of water table from ground 

surface, bacterial loading from on-site sanitation systems, distance of upstream on-site sanitation, and 

size of catchment area around the well head.  It is likely these all interact to influence water quality for a 

well.  Differences in these variables might allow for a relationship between rainfall and bacteria 

concentrations to be seen in well water for the wells with aprons and mask it in the other study wells.  

 The study involved use of a mixed between-subject, within-subject design.  This design allowed 

for between-subject comparison of the same well site with different levels of well head protection at 

different points in the year and within-subject comparisons of different well sites with different levels of 

well head protection at the same point in the year (and therefore similar rainfall patterns).  No 

statistically significant (p ≤ 0.05) differences were found with between-subject tests of different well site 

groups with either of the two types of well head protection or no well head protection.  Additionally, no 

statistically significant differences were found with within-subject tests for the same well site with either 

of the two different types of well head protection or wells with no well head protection compared over 

the same time intervals.  Accordingly, there does not appear to be any effect of well head protection on 

water quality of Malagasy Pitcher Pumps in Tamatave.  It is likely that this will hold for all Pitcher Pumps 

in Tamatave given that the wells in this experiment were chosen to have the lowest risk of aquifer 

pathway contamination and largest risk of local pathway contamination.   

The second objective was to develop design requirements for appropriate well head protection 

for Malagasy Pitcher Pumps.  At this time, it is not recommended to build well head protection for 

Malagasy Pitcher Pumps in urban Tamatave given the results addressed above for the first objective.  It 

is possible that well head protection might be more effective in an area with lower risk of aquifer 


