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ABSTRACT 

 
Hand-pumped tube-wells offer affordable access to shallow groundwater and provide the main 

groundwater extraction technology for villages in many developing countries across Africa, Asia 

and the Pacific (Ferguson et al., 2011). However, sanitary conditions of these water sources are 

mainly low. The objective of this report is to use Principal Component Analysis (PCA) to discern 

the importance between several hydrogeological, hydrochemical, physical and sanitary variables 

in faecal bacterial pollution in a coastal area of Kenya. Two campaigns were held, March and 

June 2016, in which field parameters were measured in situ in every sample point as well as E. 

coli quantification based upon the most probable number (MPN) principle of quantification. The 

laboratory test results were analysed using SPSS – IMB software and excel sheets, presented in 

tables. The result of E. coli quantification ranges from 0 MPN/100ml to >100 MPN/100ml. 

Thirty-six of the eighty-seven waterpoints analysed showed no E. coli contamination in both 

campaigns. The rest of the waterpoints present intermediate, high or very-high risk contamination, 

hardly varying from one campaign to another. Two different subsets of PCAs were conducted, 

considering, firstly (1) all type of groundwater points (wells/boreholes) and, secondly (2) open 

wells and open wells with handpumps. Regarding all type of wells, E. coli, type of well, aquifer 

and question 8: “Are there any additional latrines within 30m. of the well?” were highly 

correlated. Out of these four variables, the most important one was the one between E. coli and 

type of well (well vs borehole), with a correlation of -0.840 vs 0.897, respectively. These results 

support that direct microbial contamination routes predominate, mainly supported by type of well, 

as in most low-income urban communities (Graham et al., 2013). Aquifer and distance from 

latrines are also important factors inducing faecal contamination, but less correlated than type of 

well. In the case of open wells and open wells with handpumps, our results varied, now being 

highly significant those variables related to hydrogeological conditions: water column, depth to 

groundwater level and eH rather than sanitary factors.   
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1. INTRODUCTION 
 

Microbial contamination of surface and groundwater’s by faecal bacteria originating from failing, 

inadequately designed septic systems and infiltration of water containing human or livestock 

faeces into nearby aquifers is a major nonpoint source (NPS) pollution problem (US-EPA, 2002). 

It remains one of the major health concerns in the world. On a global scale, it is estimated that 

3.7% of the global disease burden is derived from poor water, sanitation and hygiene (Prüss-Üstün 

et al., 2006). These type of pathogens, also known as enteric pathogens, are disease-causing 

organisms transmitted via drinking water (Ashbolt, 2004) which may cause diarrhoea and other 

diseases (Hunter et al., 2002).  The World Health Organisation (WHO) estimates that about 1.1 

billion people globally drink unsafe water (Kindhauser, 2003) and most diarrhoeal disease in the 

world (88%) is attributable to unsafe water, sanitation and hygiene (WHO, 2003). 

 

There are about 20 genera in the family of Enterobacteriaceae, which include E. coli and coliform 

bacteria. Total coliforms, thermotolerant coliforms (also called faecal coliforms) and Escherichia 

coli (more commonly referred to as E. coli) are the main indicator groups. One of the strengths of 

E. coli as a biological indicator is the availability of sensitive, specific, inexpensive, easy-to-use 

methods for its detection directly from water samples (Edberg et al, 2000). These species are 

gram-negative and rod-shaped. Particularly, Escherichia coli is found in all mammal faeces at 

concentrations of 10·10-9, but it doesn’t multiply appreciably in the environment (Edberg et al., 

2000). In the 1980s, it was chosen as the biological indicator of water treatment safety (Edberg et 

al., 2000).  

 

  

Figure 1-1.- Classification of coliforms. The smaller the subset,  

the more accurate the microorganism(s) of choice. Total coliform 

indicates environmental contamination. Faecal coliform + E. coli 

indicate faecal contamination. Source: Own elaboration. 

 

 

Groundwater, or subsurface water, is a term used to denote all the waters found beneath the 

surface of the ground (Bear, 1979). Its quality not only depends on natural factors such as aquifer 

lithology, groundwater velocity, quality of recharge waters and interaction with other types of 

water or aquifers, but also on human activities, which can alter these fragile systems, either by 
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polluting them or by modifying the hydrological cycle, to such an extent that the use of 

groundwater becomes restricted (Helena et al, 2000). 

 

Hand-pumped tube-wells offer affordable access to shallow groundwater and provide the main 

groundwater extraction technology for villages in many developing countries across Africa, Asia 

and the Pacific (Ferguson et al., 2011). These type of wells, as well as shallow groundwater wells, 

make them more accessible than private or government operated deep boreholes. However, they 

are more susceptible to faecal contamination, which is often due to leaching pit latrines (Schmoll 

et al., 2006). The microbial quality of groundwater pumped from tube-wells is usually better than 

in unprotected surface water, but in many cases, well discharge may contain significant levels of 

faecal indicator bacteria (FIB) such as faecal coliforms and Escherichia coli (Islam et al., 2001; 

Hoque et al., 2006; Leber et al., 2011; van Geen et al., 2011). Nevertheless, in areas employing 

hand-pumped tube-wells, part of the contamination might also be due to microbial attachment to 

surfaces inside the pump or the well casing (Ferguson et al., 2011). To protect drinking water 

wells against microbial contamination, safe setback distances are required between wastewater 

disposal fields and water supply wells (Blaschke et al, 2016). 

 

Most studies have taken place at sites where the principal source of faecal contamination in 

groundwater was human sewage (Field et al., 2007). However, it is known that type of microbe 

and its physical state, type and characteristics of the subsurface soil, temperature, wastewater 

quality and hydrological conditions, influence the transport, survival and fate of microbes in the 

subsurface environment (Gerba, 1987; Sobsey and Shields, 1987).  

 

Of primary concern are concentrated point sources, such as failed septic systems, leaking sewer 

lines and cesspools. Animal feedlots, dairy farms and other intensive animal-husbandry 

operations may be significant sources in some settings but are far less common. Transport to 

groundwater is primarily a function of the hydrogeological setting and climatic conditions 

(Macler et al., 2000). Depending on the size and location of the groundwater systems, faecal 

contamination can be caused by different factors. For the larger, urban groundwater systems, 

faecal coliform bacteria contamination may be related to biofilm growth or cross-connection 

events. For the smaller, rural groundwater systems, contamination is more often at the wellhead, 

indicating well- or source water contamination (Macler et al., 2000), inadequate maintenance of 

hand pumps, improper sanitation and unhygienic conditions around the structures (Sukumaran et 

al., 2015). 

 

Multivariate statistics is mainly used in studies concerning the effects of all the variables analysed 

on the responses of interest, and commonly used in the field of hydrogeology to analyse and 

identify the mechanisms of groundwater-surface water and hydrochemistry interaction on 

different locations, among others (Vega et al., 1998; Helena et al., 2000; Menció et al., 2008, 

Yidana et al., 2008). Principal Components Analysis (PCA) is one of the methods that can be 

used to further understand the interactions between the above-mentioned factors influencing 

faecal bacteria pollution. The objective of this research is to use PCA to discern the importance 

between several hydrogeological, hydrochemical, physical and sanitary variables in faecal 

bacterial pollution in a coastal area of Kenya.   
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2. STUDY AREA 

 

The study will focus on the Kwale County area of South East Kenya, 15 km SE from Mombasa 

and delimited SW by Tanzania.  

 

Despite its equatorial location, Kenya experiences wide variations in climate due to its wide 

variety of landforms. A relatively wet, narrow tropical belt lies along the Indian Ocean Coast, 

with large areas of semi-arid lands behind the coastline. Thereafter, the land rises steeply to the 

temperate highland plateau through which the Rift Valley runs. All the mountain ranges in the 

area have high rainfall, although dry areas are found in the valleys and basins. Western Kenya, 

east of the Rift valley, is also wet (Hezron et al., 2006).  

 

 

 

 

 

 

 

 

 

 

Figure 2-1.- Geographical situation. Source: Obtained and adapted from Google Earth (5th May 2017). 

 

Kenya’s economy is largely rural-based and heavily dependent on its natural resource base, a 

resource base with intricate interlinkages. Water plays a key role in the economy as are source for 

urban and rural consumption, energy generation, agricultural development, industrial growth, 

livestock and tourism development (Climate Variability and Water Resources Degradation in 

Kenya - Improving Water Resources Development and Management - World Bank Publications 

(2006)). Particularly, in Kwale County, poverty rate is high (7th most deprived out of 47 Counties 

in Kenya) and there is intensive use of groundwater for urban water supply, sugar cane irrigation 

and mining (Upgro.org, 2017). In 2013, Kwale had a population around 730,000 with more than 

120,000 households and 82% of people living in rural areas (Commission on Revenue Allocation 

2013 cited in Foster & Hope 2016; CWSB 2013). Due to increased demand, the Kwale Water and 

Sanitation Project has been undertaking drilling of boreholes and installation of community 

owned and operated hand pumps.  
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The physiography of the region is divided into three units: The Coast Plain at an elevation 

generally below the 30m contour and rarely exceeding 3.2 to 4.8km in width; the Foot Plateau 

which has an elevation ranging from 60 to 137m, and the Coast Range (Shimba Hills) with 

elevation ranging generally from 366 to 396m (Caswell, 1953). These units are separated by steep 

ascents (Caswell, 1953) as follows (minimum separation): Coast Plain to Foot Plateau, 30m., and 

Foot Plateau to Coast Range, 229m. 

 

According to average temperatures, where our study area relies (Kwale), they go from 26.5 ºC 

across the coastal area, whereas inland, in Shimba Hills, it varies from 25 ºC to 26.6 ºC (County 

Government of Kwale, 2013).  

 

Geologically, the main rocks in the area range from the Palaeozoic era (Carboniferous) to the 

Cenozoic era (Plio-Pleistocene) in age (Olago et al., 2017). Overall, the ones covering the 

Carboniferous to the Triassic are known as the Duruma Sandstone Series. These series of 

sandstones show the evolution from shallow water to deltaic depositional environments (Olago et 

al., 2017). If we analyse them from a geological point of view, we can find, in order of decreasing 

geological age, the following formations: (1) Maji ya Chumvi Beds (Lower Triassic), 

characterised by gritty shales with muddy sandstones, shales containing marine fish beds and 

calcareous siltstones containing micaceous shales. (2) Mariakani Sandstone (Lower Triassic), 

formed by fine-grained sandstones and shales. (3) Mazeras Sandstone and Shimba Grit (Upper 

Triassic) composed by cross-bedded, quartzo-felspathic sandstones with interbedded shales 

(Caswell, 1953).  

 

The materials found in the Cenozoic Rocks can be divided in the following systems: (1) The 

Margarini Sands (Upper Pliocene), quartzose, but with fragments of Jurassic shales, silicified 

fossil Wood… (2) Coral Reef (Lower to Middle Pleistocene) formed by reef material that has 

been eroded by wave action. (3) North Mombasa Crag (Middle Plesistocene) formed by coarse 

calcareous sands interbedded with quartz sands, coral sands and clays. (4) Kilindini Sands (Upper 

Pleistocene), regarded as lagoonal deposits that accumulated behind the fringing reef (Caswell, 

1953). (5) Younger Deposits, composed by some red sands and alluvial beds (Caswell, 1953). 

 

 

 

 

 

 

 



5 

 
Figure 2-2.- Geology in the zone and waterpoints situation. Source: Own elaboration using ArcGis.  
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The hydrogeology of the area, still being studied, is mainly defined by: (1) a deep aquifer, located 

east of Shimba Hills, in which most water recharge is produced laterally and most of it comes 

from the upper mountains, and (2) a shallow aquifer, in which recharge is mainly superficial and 

directly produced by precipitation. The connections between both aquifers is still uncertain. 

 

The largest rivers found in the study area are: Mkurumudzi, Ramisi and Lukungwi. Towns 

situated near the coast line can’t take this water for domestic uses as high concentrations of 

sediments are deposited on the final section of the rivers. Population use water that is pumped 

from shallow wells (< 20 m.). Approximately, an average of 4m3 of water per day is drawn from 

each well (Mwangi, 1981). 

 

3. METHODOLOGY 

 

Bacterial contamination in groundwater and several points with different characteristics, situated 

in different geological/hydrogeological units, were sampled. Two field surveys in the study area 

were conducted during March and June 2016. The first campaign, during dry season, was held 

from March 1st until the 16th. The second campaign, during humid season, was held from June 6th 

until the 25th. 

 

Eighty-seven sampling points, as shown in figure 2-2, were selected as part of a multiyear 

groundwater project: Groundwater Risk Management for Growth and Development (Gro for 

GooD work). The analysis was carried out in all those points that were accessible and are drinking 

water sources.  

 
 

3.1 Sample collection  

 

Field parameters were measured in situ in every sample point (Figure 2-2). Two water samples 

were picked up to analyse major anions and cation and total organic carbon (TOC).  

 

Water was sampled differently depending on the waterpoint characteristics; (1) Open wells with 

saturated zones less than 1m. deep: a bucket tied with a rope was used in order to get the sample. 

(2) Open wells with a water column over 1m. and below 23m. deep: an electric pump was used. 

(3 Boreholes/wells with a handpump: a plastic tube was connected to the output point and the 

internal mechanism was flooded before sampling to avoid air contact. (4) Completely closed deep 

boreholes connected to a tank: a pipe was connected to the flow cell and to the tank entry.  

 

pH, temperature, electrical conductivity and dissolved oxygen (DO) were measured in the field 

with a multiparametric probe from YSI Professional Plus with a flow cell in order to avoid air 

contact. A flow cell was not used for the points in group 3 mentioned above. Alkalinity and 

ammonia were measured in the field. Major ions, trace elements, water isotopes (deuterium and 

O18) and total organic carbon (TOC) were analysed in laboratory. 

 

E. coli concentrations were determined using compartmental bag test (CBT) kits in accordance 

with the procedures recommended by the manufacturer (Aquagenx, 2015) and based upon the 
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most probable number (MPN) principle of quantification. MPN testing involves multiple 

presence/absence tests on different volumes of the same sample. 

 

The plastic bag has five compartments of different volumes, akin to five test tubes: (1) 10 ml, (2) 

30 ml, (3) 56 ml, (4) 3 ml, (5) 1 ml (Figure 3.1.1). 

 

 

Figure 3.1-1.- Compartment Bag Test (CBT); Source: Aquagenx, 2015. 

 

100 ml of water sample for each waterpoint was collected. Samples in wells (sampling method 1 

and 2) were taken with a metal bucket previously cleaned with ethanol. Output points of the hand-

pumps were cleaned with ethanol before taking the sample.  Once collected, they were dissolved 

in the growth medium and periodically swirled to mix. Afterwards, the sample was poured into 

the compartment bag. Each sample was then labelled with the location of the water source and 

date of collection, stored and processed within 24h, 30h or 48h of collection, depending on 

temperature recommendations by manufacturer (Aquagenx, 2015).  

 

A questionnaire (appendix 1-13) comprised by 14 questions, considered as sanitary risk factors, 

was carried out based on Wright et al., 2013. Sanitary risk inspections were undertaken of each 

source, based on the observation checklist shown in appendix 1. The first 11 questions were 

answered for all the eighty-seven water points and the last 3 for dug wells only. The questions 

were related to physical and sanitary conditions of all analysed wells and the presence of latrines 

according to different distances (10, 30 or >30m.). Questions related to animal presence around 

the well or any important damage that could influence bacterial contamination were formulated 

too.  

 

3.2 Sample treatment 

 

3.2.1 Multivariate analysis 

 

There’s a wide range of statistic techniques using multivariate analysis: regression analysis, 

discriminatory analysis, principal component analysis… In this report, we have chosen to use the 
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Principal Component Analysis as our main technique to study the relation from our field and 

physicochemical parameters and E. coli quantification using IBM - SPSS software.  

 

The Principal Component Analysis, (PCA), as mentioned before, is a multivariate analysis which 

involves observation and analysis of more than one statistical variable, revealing associations 

between them (known as factors or components). It is mainly used in studies concerning the 

effects of all the variables analysed on the responses of interest.  

 

PCA in this study has allowed us to establish: 

 

- Existing variations between the different samples. 

- Groups or relationships between more than one element/variable. 

- Possible threats involving E. coli quantification and geological, physical and 

anthropological variables.  

 

ArcGis software was used in order to elaborate the thematic maps.  

  

4. RESULTS 

4.1 E. coli quantification 

 

Bacterial quantification showed different results according to the waterpoints analysed. March’s 

2016 campaign results are summarized in the following table (4.1-2).  

 

The most probable number (MPN) was calculated with the MPN Table recommended by the 

manufacturer and enclosed in appendix 1 (Aquagenx, 2015). This table represents the World 

Health Organization “Guidelines for Drinking Water Quality” 4th Edition.  

 

Risk categories of drinking water based on E. coli levels ranges as:  

 

Table 4.1-1.- E. coli risk categories of drinking water. 

0/100 ml Safe 

1-10/100ml Intermediate risk 

11-100/100 ml High risk 

>100/100 ml Very High risk/Unsafe 

 

The general consensus is drinking water should contain no E. coli, but in some countries E. coli 

numbers of up to 10/100 ml may be tolerated as being of intermediate risk (Aquagenx, 2015). 

 

Table 4.1-2.- E. coli quantification results from CBT in March 2016. 

Code 
Aquagenx (bags) 

MPN/100 ml 
Code 

Aquagenx (bags) 

MPN/100 ml 
Code 

Aquagenx (bags) 

MPN/100 ml 

Footprints School 0,0 A/14/10 0,0 Z2-112 48,3 

Z4-11 48,3 Z3-87 1,5 Z1-140 0,0 

Z4-09 >100 Z3-98 >100 Z2-104 2,6 
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Z4-01 >100 Z3-90 >100 Z1-110 >100 

A/05/12 0,0 A/05/11 >100 DB/FI/HP 0,0 

Z4-18 >100 HOTSPRING 0,0 Z3-96 >100 

A/06/12 1,2 RAMISI US >100 E/29/01 13,6 

Z4-78B >100 RAMISI DWS 48,3 A/09/11 0,0 

Z4-08 48,3 TIWI 8.2 0,0 MIVUMONI 0,0 

Z4-06 >100 TIWI 1 0,0 C/15/10 0,0 

D/100/16 13,6 3KD06-MUK >100 C/109/21 0,0 

Z4-05 >100 SHIMBA 2SCH 0,0 C/12/12 0,0 

Z4-MS >100 MUK DAM >100 C/06/12 0,0 

D/82/14 0,0 MUK DWS >100 C/19/10 0,0 

Z4-85 >100 KINGOMBERO 0,0 D/129/19 0,0 

Z4-24 >100 Z1-122 13,6 DB/MH/CO 0,0 

Z3-25 >100 Z1-125 >100 JABALINI >100 

D/63/13 0,0 Z1-124 >100 UK-WL 0,0 

D/68/13 0,0 D/16/10 1,2 UK-HP 0,0 

Z3-30 48,3 Z1-121B >100 HP-Z4N 0,0 

Z3-29 13,6 Z1-116 13,6 LUKORE-SH 48,3 

DB/BM/HP 0,0 C/05/09 0,0 Z1-118 >100 

BKH-310 13,6 A/01/11 0,0 VIN-WL 0,0 

BKH-402 0,0 Z2-103 >100 Base BH 1 0,0 

NK-03 0,0 B/MU/01 1,1 Base BH 3 0,0 

Z1-70 >100 DB/MS/LST 0,0 Base BH 7 0,0 

Z1-33 >100 Z1-135 >100 DB/KI/ST 0,0 

 

 

From the eighty-seven waterpoints studied, 6 could not be sampled due to: (1) hard access, (2) 

technical problems, (3) no water available to analyse or because (4) they were not included in the 

study area, adding up to eighty-one waterpoints analysed in March’s campaign. From the results 

obtained we can observe that there are 36 waterpoints with low-risk values, meaning no E. coli 

colonies were detected, 5 waterpoints with intermediate-risk values, 12 with high-risk values and 

28 with very high-risk values/unsafe.  

 

In June’s 2016 campaign, the results of bacterial quantification are shown in the following table 

(5.1-3).  

Table 4.1-3.- E. coli quantification results from CBT in June 2016. 

Code 
Aquagenx (bags) 

MPN/100 ml 
Code 

Aquagenx (bags) 

MPN/100 ml 
Code 

Aquagenx (bags) 

MPN/100 ml 

Footprints 

School 
0,0 A/05/11 >100 Z1-110 >100 

Z4-11 48,3 HOTSPRING 0,0 DB/FI/HP 0,0 

Z4-01 >100 C108HWL >100 Z3-96 48,3 

A/05/12 0,0 3KD01 48,3 E/29/01 9,6 
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Z4-18 48,3 TIWI 8.2 0,0 A/09/11 0,0 

A/06/12 0,0 TIWI 1 0,0 MIVUMONI 0,0 

Z4-78B >100 MUACHEMA  >100 C/15/10 0,0 

Z4-08 >100 S1-3KD06 >100 C/109/21 0,0 

Z4-06 >100 GD31 0,0 C/12/12 0,0 

D/100/16 48,3 MUK DAM >100 C/06/12 0,0 

Z4-05 >100 MUK DWS >100 C/19/10 0,0 

Z4-MS 48,3 KINGOMBERO 0,0 D/129/19 0,0 

D/82/14 0,0 Z1-122 13,6 DB/MH/CO 0,0 

Z4-85 48,3 Z1-125 >100 Z1-141 >100 

Z4-24 >100 Z1-124 >100 UK-WL 0,0 

D/63/13 0,0 D/16/10 0,0 D/103/16 0,0 

D/68/13 0,0 Z1-121B >100 LUKORE- SH 0,0 

Z3-30 >100 Z1-116 13,6 Z1-118 >100 

Z3-29 >100 C/07/09 0,0 VIN-WL 0,0 

DB/BM/HP 0,0 A/01/11 0,0 Base_BH_3 0,0 

BH310 0,0 Z2-103 >100 Base_BH_7 0,0 

Z1-70 >100 D/203/27 13,6 DB/KI/ST 0,0 

Z1-33 48,3 DB/MS/LST 0,0 

 

A/14/10 0,0 Z1-135 >100 

Z3-87 >100 Z2-112 48,3 

Z3-98 >100 Z1-140 1,5 

Z3-90 13,6 Z2-104 4,7 

 

 

In June’s campaign from the eighty-seven waterpoints studied, 11 could not be sampled due to: 

(1) hard access, (2) technical problems, (3) no water available to analyse or because (4) they were 

not included in the study area. From the results obtained we can observe that there are 36 

waterpoints with low-risk values, meaning no E. coli colonies were detected, 2 waterpoints with 

intermediate-risk values, 13 with high-risk values and 25 with very high-risk values/unsafe.  

 

4.2 List of the variables considered for multivariate analysis 

 

The field parameters (Appendix 15-16), physicochemical parameters (Appendix 15-16) and 

sanitary risk factors (questionnaire, appendix 1) considered for all the analyses are listed below:  

 

Group 1: Geology: Values were given from 1 to 6 according to the geology present in the study 

area and classified as: (1) Pliocene sands, (2) Pliocene sands – Pleistocene sands, (3) Pleistocene 

sands, (4) Pleistocene sands – Pleistocene corals, (5) Pleistocene corals and (6) Sandstones. Date: 

Both campaigns were considered during all the statistical analyses. 

Group 2: Aquifer: Values were given considering the type of aquifer present in the study area, 

being (0) shallow aquifer and (1) deep aquifer. Type of well (Appendix 17): Values were given 
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from 1 to 4, being: (1) open wells, (2) open wells with handpumps (HPs), (3) handpumps and (4) 

deep boreholes. 

Group 3: Field parameters: Conductivity, pH, total organic carbon (TOC), alkalinity, dissolved 

oxygen (DO) and activity of electrons (eH); values were introduced according to the data in 

appendix 1. 

Group 4: Hydrochemistry: NH4, Cl-, SO4
2-, NO3, Na+, Si2+ (Appendix 15-16); Some of the 

variables (SO4
2-, Na+, Cl-, Alkalinity, eH and Si2+), had to be converted to Log10 so the scores 

would not be highly skewed and unaffected by units. Moreover, using logarithms, all variables 

had, approximately similar variation coefficients.  

Group 5: Number of latrines: calculated using ArcGis (Figure 5.1-1). Distance from latrines: The 

closest latrine was considered in every waterpoint analysed, even if they had several latrines 

nearby. Therefore, our PCA would show if this variable in particular is important at all.  Distance 

was calculated using ArcGis and introduced in metres (m). 

Group 6: Sanitary risk factors (questionnaire, appendix 1-13): Different values were given, being 

(0) no, and (1) yes. Thirteen questions were inserted in total (Appendix 1-13). 

Group 7: Water column: calculated by: 𝑤𝑒𝑙𝑙 𝑑𝑒𝑝𝑡ℎ − 𝑝𝑖𝑒𝑧𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑙𝑒𝑣𝑒𝑙 (two variables 

measured in the study area) and (2) depth to groundwater level. Both variables were introduced 

in meters.  

 

4.3 Multivariate analysis - Principal Component Analysis 

 

Integrating field parameters (Appendix 15-16), physicochemical parameters (Appendix 15-16), 

sanitary risk factors (questionnaire, Appendix 1-13) and E. coli quantification (tables 4.1-2; 4.1-

3), we proceeded to the statistical analysis. 

 

To start with, five different PCAs were carried out to evaluate all the information available and 

considering all type of wells/boreholes present in our study. Afterwards, five more PCAs were 

conducted, only considering open wells and open wells with handpumps (HPs), in order to 

compare if our results differed somehow.  

 

The eighty-seven waterpoints studied in March and June 2016 were inserted as instances (n = 

144) and all variables (p = 34) were inserted in columns. Some of the waterpoints studied were 

not included due to lack of data. In the PCA analysis, we considered as significant values those 

above 0.5 in absolute value (i.e., either higher than 0.5 or else smaller than -0.5). Those variables 

with scores closer to ±1 indicate the strongest degree of linear correlations between them, while 

values close to 0 or within the interval [-0.5, 0.5], indicate weak correlations.  

 

Two common rotation techniques could be chosen: orthogonal rotation or oblique rotation. 

Researchers have several methods to choose from both rotation options, for example, orthogonal 

varimax/quartimax or oblique olbimin/promax. Orthogonal Varimax rotation first developed by 

Thompson (2004) is the most common rotational technique used in factor analysis and the one 

used in all our analyses.  
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Prior to the extraction of the factors, the Kaiser-Meyer-Olkin (KMO) test and the Bartlett 

sphericity test were conducted to assess the suitability of the existing data for factor analysis. 

KMO returns values between 0 and 1, and values >0.50 are considered suitable for factor analysis 

(Hair et al, 1995; Tabachnick et al, 2007; Williams et al, 2010). The Bartlett sphericity test checks 

if the observed correlation matrix R=(rij)(p x p) diverges significantly from the identity matrix. It 

should be significant (p<0.05) for factor analysis to be suitable (Hair et al, 1995; Tabachnick et 

al, 2007; Williams et al, 2010).   

 

4.3.1 All type of groundwater points (wells/boreholes) 

4.3.1.1 PCA 1A 

 

A first PCA was conducted in order to observe which physicochemical variables were highly 

correlated and exclude those which would make our following PCAs redundant or masked. In this 

case, our PCA was suitable according to KMO and Bartlett’s test as shown in table 4.3.1.1-1. 

 

Table 4.3.1.1-1.- KMO and Bartlett’s Test. 

,657

Aprox. Chi-Square 1004,862

Df 91

p-value ,000

KMO and Bartlett's Test

Kaiser-Meyer-Olkin Measure of 

Sampling Adequacy.

Bartlett's Test 

of Sphericity

 
 

Fourteen physicochemical variables were analysed in total and reduced to five components which 

explained 72.34% of the total variance. 

 

The variables considered in this first analysis for table 4.3.1.1-2 were the ones included in group 

1, group 2 (except type of well as we are only considering in this PCA physicochemical and field 

parameters), group 3 and group 4. 

 

Table 4.3.1.1-2.-  PCA of the physicochemical variables. 

1 2 3 4 5

Geology ,524 ,620 ,211 ,145 ,278

Date -,037 ,048 -,033 ,825 ,012

Aquifer ,046 ,919 ,083 -,002 -,108

Conductivity ,712 -,227 ,296 -,067 ,356

Alkalinity ,449 -,079 ,495 ,166 ,445

eH -,190 -,345 -,694 -,068 ,065

TOC -,022 ,056 -,231 -,475 ,495

DO -,074 -,252 -,478 ,658 ,231

NO3 -,009 -,154 -,035 ,088 ,792

NH4 -,141 -,232 ,590 -,215 -,050

SO4 ,867 ,181 -,001 ,009 -,149

Cl ,941 -,120 -,019 -,004 ,069

Na ,953 ,058 ,003 -,071 -,044

Si -,228 ,680 -,142 -,154 -,202

Rotated component matrix

VARIABLES
Component
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In component one (table 4.3.1.1-2), five variables were significantly correlated: (1) Geology, (2) 

conductivity, (3) SO4
2-, (4) Cl- and (5) Na+, explaining 28.23% of the total variance and being the 

most important component. In component two, (1) geology, (2) aquifer and (3) silica were 

correlated, explaining 16.52% of the total variance. In component 3, (1) eH and (2) NH4
+ present 

an inverse correlation and explain 11.15% of the total variance. In component 4, (1) DO 

(dissolved oxygen) and (2) date are correlated, explaining 8.62% of the total variance. Finally, in 

component five, NO3
- shows no correlation with any other variable, explaining by itself 7.82% of 

the total variance.  

 

The analysis is as follows: the first component indicates the major ions in the system and how 

they are related to the geological setup. The second one is an indication of the aquifer type, again 

associated to geology. The third component is indicative of the redox state. The fourth component 

responds to the presence of oxygen as a function of the sampling campaign. The last significant 

component is nitrate concentration, partially correlated with TOC and alkalinity, again 

representative of the redox state. 

 

4.3.1.2 PCA 1B 

 

A second analysis was conducted in order to observe which sanitary risk factors (group 6) were 

highly correlated and exclude those which would make our following PCAs redundant or masked. 

As instances, all waterpoints (n = 144) analysed in March and June 2016 were inserted in table 

5.3.1.2-1, and, defined as variables (p = 12), we introduced the ones in group 2 (except aquifer), 

group 5 and group 6. KMO index for this PCA was 0.51 and Bartlett’s sphericity test p-value 

0.0001 < 0.05, meaning suitability of the respondent data for factor analysis.  

 

Twelve variables were analysed in total and reduced to five components which explained 63.63% 

of the total variance. 

 

Table 4.3.1.2-1.-  PCA of the sanitary risk factors + number of latrines + distance from latrines and type of well. 

1 2 3 4 5

Question 1 -,163 ,545 -,358 ,319 ,319

Question 2 ,042 -,055 ,098 ,035 ,918

Question 3 ,479 ,373 -,116 ,190 ,210

Question 6 ,712 ,055 -,038 -,208 ,258

Question 7 ,125 -,056 -,033 -,802 -,099

Question 8 ,434 -,333 -,143 ,458 -,109

Question 9 ,136 ,837 ,069 -,041 -,178

Question 10 -,256 ,527 ,375 -,034 ,042

Question 11 ,455 ,084 ,167 ,422 -,097

Number of latrines -,371 -,084 -,668 ,120 -,166

Distance from latrines -,243 ,025 ,836 ,167 -,022

Type of well -,796 ,229 -,013 ,004 ,214

Rotated component matrix

VARIABLES
Component

 
 

In component one of table 4.3.1.2-1, two variables were significantly correlated: (1) Question 6 

and (2) type of well, explaining 18% of the total variance and being the most important 
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component. In component two, (1) question 1, (2) question 9 and (3) question 10 were correlated, 

explaining 14.45% of the total variance. In component 3, (1) number of latrines and (2) distance 

from latrines present an inverse correlation and explain 12.16% of the total variance. In 

component 4, (1) question 7, and in component 5, (1) question 2, show no correlation with any 

other variable but explain, respectively, 10% and 9.2% of the total variance.  

 

The analysis is as follows: the first component shows an inverse correlation between question 6 

“Do animals have access to within 10m. of the well? (Is there a fence?)” and type of well, 

indicative of any possible animal feedlots, dairy farms and other intensive animal-husbandry 

operations that may be significant sources in some of the settings studied. The second one shows 

a correlation between question 1 “Does the cement floor extend more than 1.5m. from the well?”, 

question 9 “Are there any open water sources within 20m. of the borehole?” and question 10 “Are 

there any uncapped wells within 30m. of the borehole”, indicative of well construction or any 

possible contamination source nearby. The third component is indicative of presence and distance 

from latrines measured in the study area. The last two components are question 7 “Are there any 

latrines within 10m. of the well?”, which partially correlates with question 8 “Are there any 

additional latrines within 30m. of the well?”, indicative of any possible contamination from 

nearby pit latrines, and question 2 “Is there any ponding of water on the cement floor?” which 

shows no clear correlation with any other variable.   

 

4.3.1.3 PCA 1A + E. coli and PCA 1B + E. coli 

 

Once our principal PCAs were conducted, in order to be able to detect the most important and/or 

redundant variables that could interfere in our final analysis, two more analyses were carried out 

adding our E. coli data for each of our waterpoints.  

 

A. PCA 1A + E. coli  

 

KMO index for this PCA was 0.506 and Bartlett’s sphericity test p-value 0.000 < 0.05, meaning 

suitability of the respondent data for factor analysis.  

 

Seven variables were chosen for table 4.3.1.3-1, previously selected from table 5.3.1.1-2, and 

reduced to three components, explaining 62.45% of the total variance.   

 

Table 4.3.1.3-1.- Selected physicochemical variables from table 4.3.1.1-2 + E. coli results  

1 2 3

Date -,081 ,880 ,189

Aquifer -,759 -,152 ,307

eH ,202 ,068 -,794

DO ,147 ,784 -,355

TOC ,408 -,253 ,161

Na ,105 -,010 ,695

E. coli ,818 ,046 ,007

Rotated component matrix

VARIABLES
Component
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In component one of table 4.3.1.3-1, two variables were significantly and inversely correlated: 

(1) Aquifer and (2) E. coli, explaining 27.38% of the total variance and being the most important 

component. In component two, (1) date and (2) DO were correlated, as well as in table 4.3.1.1-2, 

explaining 19.80% of the total variance. In component 3, (1) eH and (2) Na+ present an inverse 

correlation and explain 15.33% of the total variance.  

 

The analysis is as follows: the first component indicates the relationship between E. coli presence 

in deep or shallow aquifer, showing an inverse correlation and meaning presence of higher E. coli 

concentrations in the shallow aquifer. The second one responds to the presence of oxygen as a 

function of the sampling campaign, the same as in table 4.3.1.1-2. Dissolved oxygen level declines 

when temperature rises. In this case, the average temperature in March was 30℃, with low levels 

of DO, 2.6 mg/L. In June, average temperature was 29℃, with higher levels of DO, 4.4 mg/L 

probably due to a bigger impact of water recharge. The third component is indicative of redox 

state.  

 

B. PCA 1B + E. coli  

 

KMO index for this PCA was 0.602 and Bartlett’s sphericity test p-value 0.000 < 0.05, meaning 

suitability of the respondent data for factor analysis. 

 

Seven variables, out of the twelve analysed in table 4.3.1.2-1, were introduced in table 4.3.1.3-2 

as well as E. coli results, and reduced to three components, explaining 60% of the total variance. 

 

Table 4.3.1.3-2.- Selected sanitary risk factors from table 4.3.1.2-1 + E. coli results  

1 2 3

Question 1 ,554 -,247 ,493

Question 2 ,073 ,052 ,530

Question 7 ,090 -,147 -,770

Question 8 -,557 -,292 ,348

Question 10 ,206 ,714 ,105

Type of well ,836 ,176 ,081

Distance from latrines -,024 ,829 ,053

E. coli -,856 -,017 -,037

Rotated component matrix

VARIABLES
Component

 
 

 

In component one of table 4.3.1.3-2, four variables were correlated: (1) Question 1 and (2) type 

of well, inversely correlated to (3) question 8 and (4) E. coli, explaining 28.13% of the total 

variance and being the most important component. In component two, (1) question 10 and (2) 

distance from latrines were correlated, explaining 16.10% of the total variance. In component 3, 

(1) question 2 and (2) question 7 present an inverse correlation and explain 15.33% of the total 

variance.  

 

The analysis is as follows: the first component shows an inverse correlation between question 1 

“Does the cement floor extend more than 1.5m. from the well?” and question 8 “Are there any 
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additional latrines within 30m. of the well?”, suggesting there will be more faecal bacterial 

pollution if there are nearby latrines within 30m. and the well is not well built. Moreover, type of 

well shows an inverse correlation to E. coli, meaning direct microbial contamination routes 

predominate, mainly supported by type of well. Question 1 “Does the cement floor extend more 

than 1.5m. from the well?” and E. coli are also correlated, clearly depending on type of well, as 

practically all handpumps are cemented. The second factor shows a correlation between question 

10 “Are there any uncapped wells within 30m. of the borehole” and distance from latrines. In the 

last component, question 2 “Is there any ponding of water on the cement floor?” and question 7 

“Are there any latrines within 10m. of the well?” show an inverse correlation, suggesting that uses 

of both pit latrines and groundwater resources in low-income countries, may potentially leach 

contaminants from pit-latrine excreta into groundwater (Graham et al., 2013), being highly 

significant as latrines get closer to the groundwater points. 

 

4.3.1.4 PCA 3A 

 

As a result of our previous PCAs, we could successfully exclude those variables that were not as 

important and proceed to our final analysis. All waterpoints (n = 144) were included as instances, 

and, defined as variables, we introduced the ones selected from our previous analyses (p = 10) 

(table 4.3.1.3-1 and table 4.3.1.3-2). KMO index for this PCA was 0.627 and Bartlett’s sphericity 

test p-value 0.000 < 0.05, meaning suitability of the respondent data for factor analysis.  

 

Ten variables were analysed in total and reduced to four components which explained 70% of the 

total variance. 

Table 4.3.1.4-1.- Final PCA with all selected variables + E. coli results 

1 2 3 4

Type of well ,897 ,179 -,173 -,100

Aquifer ,779 -,042 -,163 -,377

DO -,221 -,178 ,759 -,054

Na ,085 ,762 -,110 -,282

eH -,131 -,249 ,621 ,422

Question 1 ,051 ,805 -,013 ,304

Question 2 -,016 ,026 -,028 ,856

Question 8 -,587 ,119 ,294 -,172

Number of latrines ,044 ,416 ,609 -,093

E. coli -,840 -,175 -,143 -,089

Rotated component matrix

Component
VARIABLES

 
 

In component one of table 4.3.1.4-1, four variables were correlated: (1) Type of well and (2) 

aquifer, inversely correlated to (3) question 8 and (4) E. coli, explaining 30% of the total variance 

and being the most important component. In component two, (1) Na+ and (2) question 1 were 

correlated, explaining 14.80% of the total variance. In component 3, (1) DO, (2) eH and (3) 

number of latrines present correlation and explain 13% of the total variance. Finally, in 

component 4, (1) question 1 shows no correlation with any other variable but explains 11.48% of 

the total variance.  
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As mentioned above, in component one the main three variables were significantly correlated to 

E. coli. Type of well and aquifer, inversely correlated to question 8 “Are there any additional 

latrines within 30m. of the well?” and E. coli. Type of well and aquifer show a significant 

correlation as all deep boreholes have handpumps and/or pumps. Question 8 “Are there any 

additional latrines within 30m. of the well?” and E. coli, clearly depending also on type of well, 

suggests there will be more faecal bacterial pollution if there are nearby latrines within 30m. and 

the well presents no coverage. The second component, is sodium concentration, correlated with 

question 1 “Does the cement floor extend more than 1.5m. from the well”. This correlation is 

mainly due to high concentrations of sodium in all those cemented waterpoints situated near the 

coast line (Figure 4.3.1.4-1), making the correlation significant in the PCA. The third component 

indicates a relationship between dissolved oxygen and redox potential, meaning eH partially 

depends on dissolved oxygen. Finally, in the last component, no correlation between question 2 

“Is there any ponding of water on the cement floor?” and any other variable. 

 

 

Figure 4.3.1.4-1.- Cemented waterpoints (yellow circles situated NE) with high concentrations of sodium. Source: 

Own elaboration using ArcGis. 
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4.3.2 Open wells and Open wells with handpumps 

 

The eighty-seven waterpoints studied in March and June 2016 (n = 144) were reduced to sixty-

eight instances (n = 68), as we are only considering open wells and open wells with HPs. 

 

This specific PCAs were conducted to analyse if the factors affecting the most polluted wells 

(open wells) are the same as the ones obtained for all type of groundwater points explained above. 

Furthermore, in the following analyses, more variables were included. 

 

4.3.2.1 PCA 2A 

 

A first PCA was conducted in order to observe which physicochemical variables were highly 

correlated and exclude those which would make our following PCAs redundant or masked.  

 

The exact same physicochemical variables, as the ones shown in 4.3.1.1-2, were included in this 

analysis too. However, in this case, we also considered two more variables (group 7), as 

mentioned in section 4.2, (1) Water column; and (2) depth to groundwater level. Variables from 

group 1 (section 4.2) were modified, excluding sandstones as they are related to deep boreholes 

and could interfere in our results. Group 2 (section 4.2) variables were excluded from this 

analysis as all open wells are situated in the shallow aquifer, as well as type of well, which was 

not considered either.  

 

KMO index for this PCA was 0.540 and Bartlett’s sphericity test p-value 0.000 < 0.05, meaning 

suitability of the respondent data for factor analysis.  

 

Table 4.3.2.1-1.-  PCA of the physicochemical variables + piezometric level and water column. 

1 2 3 4 5 6 7

Geology (modified) ,559 ,565 ,065 ,392 -,110 ,198 -,045

Date -,031 ,006 ,940 -,027 -,066 -,114 -,078

Conductivity ,594 ,685 -,062 ,033 -,070 -,088 ,088

Alkalinity ,257 ,891 ,060 -,002 -,191 -,077 -,001

DO -,046 ,041 ,805 ,200 ,279 ,247 -,066

eH -,163 ,001 -,170 -,008 ,250 ,834 -,078

TOC ,041 -,043 -,117 -,046 -,077 ,010 ,953

NO3 ,071 ,294 ,158 ,713 ,407 ,052 ,307

NH4 -,198 ,060 -,332 -,048 ,166 -,710 -,114

SO4 ,906 -,041 -,029 ,034 ,004 -,077 -,092

Cl ,930 ,193 ,016 ,044 -,013 ,069 ,103

Na ,950 ,170 -,037 ,017 -,017 ,006 ,074

Si -,047 ,201 -,042 -,874 ,209 ,006 ,199

Depth to groundwater level -,233 ,706 -,018 -,298 ,486 ,037 -,160

Water column ,009 -,126 ,097 -,024 ,895 ,068 -,067

Rotated component matrix

VARIABLES 
Component

 
 

Fifteen physicochemical variables were analysed in total and reduced to seven components which 

explained 86.74% of the total variance. 
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In component one of table 4.3.2.1-1, five variables were significantly correlated: (1) Geology, (2) 

conductivity, (3) SO4
2-, (4) Cl- and (5) Na+, explaining 28.20% of the total variance and being the 

most important component. In component two, (1) geology, (2) conductivity, (3) alkalinity and 

(4) depth to groundwater level were correlated, explaining 14.58 % of the total variance. In 

component 3, (1) date and (2) DO (dissolved oxygen) were correlated, explaining 12.68% of the 

total variance. In component four, (1) NO3 and (2) Si2+, show an inverse correlation and explain 

9.29% of the total variance. In component 5, (1) water column shows no correlation with any 

other variable and explains 8% of the total variance. In component 6, (1) eH and (2) NH4 show 

an inverse correlation and explain 7.20% of the total variance. Finally, in component 7, (1) TOC 

(total organic carbon) shows no correlation with any other variable and explains 6.75% of the 

total variance.   

 

The analysis is as follows: the first component indicates the major ions in the system and how 

they are related to the geological setup. The second one is an indication of the aquifer type, again 

associated to geology. The third component responds to the presence of oxygen as a function of 

the sampling campaign. The fourth component is indicative of the redox state. The fifth 

component relates nitrate with silica, which are flux indicators. The last three components show 

no apparent relationship between water column and any other variable, although it’s partially 

correlated to depth to groundwater level. eH and NH4, representative of the redox state correlate 

in component 6. Finally, in component 7, total organic carbon (TOC) shows no correlation with 

any other variable.  

 

4.3.2.2 PCA 2B 

 

A second analysis was conducted, inserting as instances all open wells and open wells with HPs 

(n = 68) analysed in March and June 2016 and, defined as variables, the questions (p = 12) 

formulated in the sanitary risk factors questionnaire (Appendix 1).  

 

Variables in group 2 (section 4.2) were modified, excluding type of well as we are only 

considering open wells and open wells with handpumps. Question 4 and 5 from group 6 were 

excluded too. However, questions 12 and 13 were included in the analysis, as they are only related 

to open wells and open wells with handpumps, and our results could differ from the ones 

previously obtained.  

 

KMO index for this PCA was 0.564 and Bartlett’s sphericity test p-value 0.000 < 0.05, meaning 

suitability of the respondent data for factor analysis.  

 

Twelve variables were analysed in total and reduced to five components which explained 

68.12%% of the total variance.  
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Table 4.3.2.2-1.-  PCA of the sanitary risk factors (questionnaire) + number of latrines and distance from latrines. 

1 2 3 4 5

Question 1 -,433 ,526 -,282 ,460 ,119

Question 2 ,122 -,023 ,059 ,141 ,833

Question 3 ,107 ,794 ,125 -,009 ,174

Question 6 ,755 ,043 -,108 ,015 -,036

Question 7 ,321 -,288 -,437 -,294 ,165

Question 8 -,143 ,005 ,789 ,016 ,306

Question 10 ,135 ,720 -,166 -,117 -,176

Question 11 ,119 -,070 ,051 ,865 ,116

Question 12 ,483 -,478 ,513 -,122 ,040

Question 13 ,289 -,154 ,747 ,035 -,221

Number of latrines -,727 -,200 -,153 -,150 -,127

Distance from latrines ,440 -,135 ,156 ,454 -,502

Rotated component matrix

VARIABLES
Component

 
 

In component one of table 4.3.2.1-1 two variables were inversely correlated: (1) Question 6 and 

(2) number of latrines, explaining 22.10% of the total variance and being the most important 

component. In component two, (1) question 1, (2) question 3 and (3) question 10 were correlated, 

explaining 14.20% of the total variance. In component 3, (1) question 8, (2) question 12 and (3) 

question 13, were correlated and explain 12.71% of the total variance. In component 4, (1) 

question 11 shows no correlation with any other variable and explains 10% of the total variance. 

Finally, in component 5, (1) question 2 and (2) distance from latrines show an inverse correlation 

and explain 9.21% of the total variance.  

 

The analysis is as follows: the first component shows an inverse correlation between question 6 

“Do animals have access to within 10m. of the well? (Is there a fence?)” and number of latrines, 

indicative of any possible animal feedlots, dairy farms and other intensive animal-husbandry 

operations that may be significant sources in some of the settings studied and/or presence of 

latrines. The second one shows a correlation between question 1 “Does the cement floor extend 

more than 1.5m. from the well?”, question 3 “Are there cracks in the cement floor which could 

permit water to enter the well and question 10 “Are there any uncapped wells within 30m. of the 

borehole”, indicative of well construction or any possible contamination source nearby. The third 

component correlates question 8 ““Are there any additional latrines within 30m. of the well?”, 

question 12 “Is the cover of the well unsanitary?” and question 13 “Is there any scattered waste 

inside the well?” indicative of any possible contamination from nearby pit latrines, sanitary 

conditions at the well case or direct contamination into the open well. In component 4, no other 

variable correlates to question 11 “Is there any scattered waste within 30m. of the well?”. In 

component 5, question 2 “Is there any ponding of water on the cement floor?” and distance from 

latrines are inversely correlated.   

 

4.3.2.3 PCA 2A + E. coli and PCA 2B + E. coli 

 

Once our principal PCAs were conducted, in order to be able to detect the most important and/or 

redundant variables that could interfere in our final analysis, two more analyses were carried out 

adding our E. coli data for each of our waterpoints.  
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A. PCA 2A + E. coli  

 

KMO index for this PCA was 0.550 and Bartlett’s sphericity test p-value 0.003 < 0.05, meaning 

suitability of the respondent data for factor analysis.  

 

Seven variables were chosen for table 4.3.2.3-1, previously selected from table 4.3.2.1-1, and 

reduced to three components, explaining 60% of the total variance.   

 

Table 4.3.2.3-1- Selected physicochemical variables from table 4.3.2.1-1 + E. coli results  

1 2 3

Geology (modified) -,253 ,812 ,098

DO ,418 ,465 ,233

eH ,561 ,060 ,064

TOC ,061 ,057 -,890

NO3 ,249 ,825 -,160

Depth to groundwater level ,401 ,123 ,521

Water column ,688 ,062 ,245

E. coli -,772 ,053 ,164

Rotated component matrix

VARIABLES
Component

 
 

In component one of table 4.3.2.3-1, three variables were correlated: (1) eH and (2) water column, 

inversely correlated to (3) E. coli, explaining 26.50% of the total variance and being the most 

important component. In component two, (1) geology and (2) NO3 were significantly correlated, 

explaining 18.80% of the total variance. In component 3, (1) TOC and (2) depth to groundwater 

level present an inverse correlation and explain 14.40% of the total variance.  

 

The analysis is as follows: the first component indicates an inverse correlation between E. coli 

presence in the water column, also correlating to eH, meaning presence of higher E. coli 

concentrations as the water column decreases. The second one responds to NO3 and geology, 

mainly due to those wells situated in the coast line which are polluted by NO3 and situated 

Pleistocene corals. In component three, total organic carbon (TOC) and depth to groundwater 

level show an inverse correlation, mainly due to presence of higher TOC concentrations in 

carbonates situated in the coast line, where depth to groundwater level are lower.   

 

A. PCA 2B + E. coli  

 

KMO index for this PCA was 0.575 and Bartlett’s sphericity test p-value 0.000 < 0.05, meaning 

suitability of the respondent data for factor analysis. 

 

Nine variables out of the twelve analysed in table 4.3.2.2-1 were introduced in 4.3.2.3-2, as well 

as E. coli results, and reduced to four components, explaining 70% of the total variance.  
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Table 4.3.2.3-2.- Selected variables from table 4.3.2.2-1 + E. coli results  

1 2 3 4

Question 1 -,740 -,164 ,452 ,000

Question 2 ,083 -,035 -,100 ,814

Question 3 -,170 ,072 ,158 ,710

Question 6 ,228 ,858 ,121 ,148

Question 8 ,428 -,605 ,419 ,164

Question 11 -,020 ,066 ,884 ,027

Question 12 ,877 ,064 -,084 ,047

Question 13 ,751 -,095 ,174 -,087

E. coli ,525 ,378 ,097 -,147

Rotated component matrix

VARIABLES
Component

 
 

In component one of table 4.3.2.3-2 four variables were correlated: (1) Question 1, inversely 

correlated to (2) question 12, (3) question 13 and (4) E. coli, explaining 27.58% of the total 

variance and being the most important component. In component two, (1) question 6 and (2) 

question 8 were correlated, explaining 15.51% of the total variance. In component three, (1) 

question 11 showed no correlation with any other variable, explaining by itself 14.10% of the 

total variance. Finally, in component four, (1) question 2 and (2) question 3 showed correlation, 

explaining 12% of the total variance.  

 

The analysis is as follows: the first component shows an inverse correlation between question 1 

“Does the cement floor extend more than 1.5m. from the well?”, question 12 “Is the cover of the 

well unsanitary?”, question 13 “Is there any scattered waste inside the well?” and E. coli, 

indicative of any possible direct contamination into the open well, sanitary conditions at the well 

case that may contribute to faecal bacteria pollution or presence of a cemented floor that may 

partially be able to stop faecal contamination. In component two, question 6 “Do animals have 

access to within 10 m. of the well?” and question 8 “Are there any additional latrines within 30m. 

of the well? (Is there a fence)?” show an inverse correlation, indicative of any possible animal 

feedlots, dairy farms and other intensive animal-husbandry operations that may be significant 

sources in some of the settings studied and/or presence of latrines nearby. In component 3, 

question 11 “Is there any scattered waste within 30m. of the well?” shows no correlation with any 

other variable. In component four, question 2 “Is there any ponding water on the cement floor?” 

and question 3 “Are there cracks in the cement floor which could permit water to enter the well?” 

mainly indicate sanitary conditions at the well case that may cause bacterial pollution by direct 

water infiltration. 

 

4.3.2.4 PCA 3B 

 

As a result of our previous PCAs, we could successfully exclude those variables that were not as 

important and proceed to our final analysis. All waterpoints (n = 68) were included as instances, 

and, defined as variables, we introduced the ones selected from our previous analyses (p = 9) 
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(table 4.3.2.3-1 and table 4.3.2.3-2 KMO index for this PCA was 0.567 and Bartlett’s sphericity 

test p-value 0.000 < 0.05, meaning suitability of the respondent data for factor analysis.  

 

Nine variables were analysed in total and reduced to four components which explained 70% of 

the total variance. 

 

Table 4.3.2.4-1.- Final PCA with all selected variables + E. coli results 

1 2 3 4

Geology (modified) -,129 ,017 -,024 ,933

eH ,156 ,630 -,060 -,014

Question 1 -,843 -,204 ,125 -,078
Question 8 -,010 -,073 ,872 -,013
Question 12 ,825 -,161 ,155 -,307

Question 13 ,536 -,120 ,552 -,048

Depth to groundwater level -,010 ,701 -,177 ,261

Water column -,100 ,630 ,538 -,084

E. coli ,359 -,615 -,065 ,333

Rotated component matrix

VARIABLES
Component

 
 

In component one of table 4.3.2.4-1, three variables were correlated: (1) Question 1, inversely 

correlated to (2) question 12 and (3) question 13, explaining 23.70% of the total variance and 

being the most important component. In component two, (1) eH, (2) water column and (3) depth 

to groundwater level were inversely correlated to (4) E. coli, explaining 19.12% of the total 

variance. In component 3, (1) question 8, (2) question 13 and (3) water column showed correlation 

and explain 15% of the total variance. Finally, in component 4, (1) geology shows no correlation 

with any other variable but explains 11.36% of the total variance.  

 

The analysis is as follows: In component 1, a strong relationship between question 1 “Does the 

cement floor extend more than 1.5m from the well?”, question 12 “Is the cover of the well 

unsanitary?” and question 13 “Is there any scattered waste inside the well?” from our sanitary 

risk factors questionnaire is shown (appendix 1). All these questions are highly related to sanitary 

conditions in the waterpoints studied and are factors inducing faecal contamination. In component 

2, E. coli showed inverse correlation with depth to groundwater level, water column and eH. In 

general, despite the uniformity in the physical and chemical properties in the water column, a 

prominent stratification of microbial groups is observed (Karlov et al., 2016). The inverse 

correlation between E. coli and the water column suggests presence of more faecal bacteria when 

the water column is lower. In component three, question 8 “Are there any additional latrines 

within 30m. of the well? (Is there a fence)?”, question 13 “Is there any scattered waste inside the 

well?” and water column are indicative of bacterial pollution due to latrines or direct 

contamination inside the open well. Finally, in component four, geological formation where 

groundwater is abstracted shows no relevance in this analysis. 
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5. DISCUSSION  

 

As noted previously, bacterial contamination hardly varied from one campaign to another. From 

the eighty-one waterpoints analysed in March 2016 and seventy-six analysed in June 2016, thirty-

six showed no faecal contamination in both campaigns. The rest of the waterpoints sampled, 

showed intermediate, high or very high-risk contamination. Highest counts of faecal bacteria were 

observed mostly at human settlements. However, although they are more susceptible to faecal 

contamination due to leaching pit latrines (Schmoll et al., 2006), some of the waterpoints 

(A/09/11, VIN-WL, C/15/10, C/109/21, DB/KI/ST) having nearby pit latrines, as shown in figure 

5.1-1, showed no E. coli contamination at all. 

 

 

Figure 5.1-1: Waterpoints and pit latrines situation. Not all pit latrines can be observed as they overlap with 

eachother. Source: Own elaboration using ArcGis. 

 

In order to be able to detect other factors inducing faecal bacteria contamination in groundwater, 

Principal Component Analysis was conducted, considering, firstly, (1) all type of wells and, 

secondly, (2) open wells/open wells with HPs. 
 

Regarding all type of wells, after the four PCAs were conducted and all variables were selected, 

we could observe, in our final PCA (table 4.3.1.4-1) the following: In component 1, a strong 

relationship between E. coli, type of well, aquifer and question 8 “Are there any additional 

latrines within 30m. of the well? (Is there a fence)?”. Instead of introducing distance from latrines 

as a variable, number of latrines was introduced, as question 8 from the sanitary risk factors 
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questionnaire (appendix 1-13) already considers if there are any additional latrines within 30 m 

of the well.  

 

E. coli showed a significant and inverse correlation with type of well (-0.840 vs 0.897, 

respectively). This result suggests that direct microbial contamination routes predominate, mainly 

supported by type of well, as in most low-income urban communities. Sanitation coverage is often 

low (Howard et al., 2003) and contamination is more often at the wellhead, indicating well- or 

source water contamination (Macler et al., 2000).  

 

The second inverse correlation we could observe was between E. coli and aquifer (-0.840 vs 

0.779, respectively), suggesting more E. coli colonies are situated, mainly, in the shallow aquifer, 

as shallow groundwater bodies, in particular, may be vulnerable to contamination due to a thinner, 

non-saturated soil cover (i.e. shorter transient time to the aquifer), preferential flow pathways and, 

in many cases, minimal treatment of extracted water before distribution (Gaut, 2005; Kvitsand et 

al., 2015; Myrstad et al., 2015; Miettinen et al., 2001; Pitkänen et al., 2011).  

 

Finally, E. coli and question 8 were related (-0.840 vs -0.587 respectively).  As several studies 

have shown, (Field et al., 2007; Graham et al., 2013; Prüss-Üstün et al., 2006; Schmoll et al., 

2006), bacterial contamination due to leaching pit latrines is a fact and can cause serious concerns 

for the public, as well as for the environment. Due to increasing uses of both pit latrines and 

groundwater resources in low-income countries, contaminants from pit-latrine excreta may 

potentially leach into groundwater (Graham et al., 2013), thereby threatening human health 

through well water contamination. Also, it may also be due to a general lack of physical barriers, 

such as concrete, between stored excreta and soil and/or groundwater (Van Ryneveld et al., 1997). 

No correlations between E. coli and geology were found in any of our analyses, indicating that 

geological formation from where groundwater is abstracted is not a key issue. However, Engström 

et al., 2015, argues the vadose zone can function as both a filter and a passage for bacteria, as well 

as E. coli concentrations increasing with slower flow and higher collector surface heterogeneity.  

 

In the case of open wells and open wells with HPs, the most polluted ones according to initial 

PCAs, a final PCA was carried out (table 4.3.2.4-1). In component 1, a strong relationship 

between question 1, question 12 and question 13 from our sanitary risk factors questionnaire is 

shown (appendix 1-13). All these questions are highly related to sanitary conditions in the 

waterpoints studied (Question 1: Does the cement floor extend more than 1.5m from the well; 

Question 12: Is the cover of the well unsanitary; Question 13: Is there any scattered waste inside 

the well?). Previous studies have shown that contamination from on-site sanitation is a principal 

cause of bacterial contamination (Rahman, 1996; Massone et al., 1998; Melian et al., 1999). As 

Sukumaran et al., (2015) argues, inadequate maintenance of hand pumps, improper sanitation and 

unhygienic conditions around the structures, are factors inducing faecal contamination. These 

sanitary risk factors deal either with poor water maintenance or poor well construction. However, 

as opposite to the above mentioned, these factors are not correlated with E. coli pollution. In 

component 2, E. coli showed inverse correlation with depth to groundwater level, water column 

and eH (-0.615 vs 0.701, 0.630 and 0.630 respectively). Depth to water table or non-saturated 

zone thickness is a well-known parameter affecting groundwater vulnerability towards pollution. 

https://link.springer.com/article/10.1007/s10040-017-1552-x#CR50
https://link.springer.com/article/10.1007/s10040-017-1552-x#CR62
https://link.springer.com/article/10.1007/s10040-017-1552-x#CR60
https://link.springer.com/article/10.1007/s10040-017-1552-x#CR70
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So, thick non-saturated zones increase water transit time from the surface to the aquifer, reducing 

aquifer vulnerability to pollution. eH is another parameter that has been previously correlated 

with bacteria pollution, where low values of eH facilitate the transport of bacteria in groundwater. 

Relating to water column thickness, despite the uniformity in the physical and chemical properties 

in the water column, a prominent stratification of microbial groups is observed (Karlov et al., 

2016). The inverse correlation between E. coli and the water column suggests presence of more 

faecal bacteria when the water column is lower, as E. coli are mainly found in high concentrations 

in surface waters or in bottom sediments (Munn, 2004). Bacteria use dissolved organic matter 

(DOM) as an energy source, also existing a close correlation between bacterial and primary 

production (Azam et al., 1983), meaning all waste or organic matter that may enter the open wells, 

will increase E. coli’s concentrations. According to Rojas et al., 1995, pathogens may exist in 

groundwater for up to 40 or more days, given favourable conditions and reasonable levels of 

nutrients. Moreover, extreme weather events such as droughts, which are progressively rising due 

to climate change, may even significantly increase bacterial presence due to water column 

decrease, as well as subsequent floods that may carry organic matter and pollute open wells. 

However, depth to groundwater will also increase, driving down faecal bacterial pollution. In this 

way, climate change might be an either positive or negative response.  
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6. CONCLUSIONS 

 

There are many different factors influencing microbiological contamination of groundwater 

sources, reflecting several mechanisms by which microbes derived from faeces may enter the 

water. The use of Principal Component Analysis strengthens the conclusions that may be drawn 

from physicochemical parameters and sanitary inspection data. Microbiological pollution levels 

exceeded the WHO drinking water quality recommendations in mostly all the water sources 

analyzed.  

 

As studied in this report, regarding all type of groundwater points, E. coli, type of well, aquifer 

and question 8 “Are there any additional latrines within 30m. of the well? (Is there a fence)?” 

were highly correlated. Out of these four variables, the most important one was the one between 

E. coli and type of well, with a correlation of -0.840 vs 0.897, respectively. These results support 

that direct microbial contamination routes predominate, mainly supported by type of well, as in 

most low-income urban communities. Aquifer and distance from latrines are also important 

factors inducing faecal contamination, but, the main point of contamination depends on type of 

well.  

 

On the other hand, open wells, due to its intrinsic characteristics, low water quality due to direct 

contamination and/or surface runoff from surrounding area, greater diameter, among others, 

present higher faecal bacteria pollution. Once we analyzed open wells and open wells with HPs, 

our results varied, now being important the factors related to depth to groundwater level, water 

column and eH (i.e. hydrogeological factors). Similar studies have suggested that factors such as 

the presence of uncapped wells and poor sanitary completion were as important as subsurface 

leaching of microbiological contaminants (Rojas et al., 1995).  

 

This report highlights what happens in most low-income urban communities where sanitation 

coverage is often low and there are numerous sources of faeces in the environment. Therefore, it 

is important to identify well conditions in order to assess their individual and combined impact 

on groundwater, in order to know where contamination is most likely to occur due to their 

hydrogeological conditions. Awareness and sensitization campaigns should be carried out, as well 

as protection of water points, preventing water ponding around waterpoints and sanitation 

coverage implementation (Kirubel, 2015). Security setbacks between leaching pit latrines and 

water sources should be also considered in order to avoid future faecal pollution due to possible 

subsurface contamination.  

 

In conjunction with what mentioned above, further studies on depth to groundwater level and 

water column should be conducted. Both are inversely affected by climate change, in a negative 

and a positive way. If water column decreases, E. coli concentrations will increase. However, 

depth to groundwater will also increase, driving down faecal bacterial pollution. Depending on 

which of these two main factors is more relevant, climate change might be an either positive or 

negative response.  
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