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1.1. Context  

The Democratic Republic of Congo (DRC) is blessed with a huge water 
resource potential. Situated in the tropical area, it receives important rainfall 
and it drains one of the largest rivers of the world: the Congo River. Together 
with all its tributaries, creeks, lakes and marshlands, the Congo River 
constitutes one of the largest freshwater reservoirs in the world. In addition, 
the country is also blessed with many important groundwater systems. 
However, in spite of the natural availability of these important water 
resources, the country suffers from many critical water problems. Following 
UNEP (2011), only 26% of the population have access to clean drinking 
water and 10% to appropriate sanitation. Based on current trends, the 
projection to raise water access rate to 70% by 2015 in achieving the 
Millennium Development Goal (MDG) target for water has not been attained. 
This seriously challenges the DRC to reach the Sustainable Development 
Goals (SDG) that have been accepted by the General Assembly of the 
United Nations in September 2015, in particularly with respect to SDG 6. 

Access to drinking water and sanitation facilities is obviously a major issue in 
urban environments, like in the Kinshasa region, the capital city of the DRC. 
In this region, water supply is provided, a.o., by the national drinking water 
company (REGIDESO). Currently, this company privileges the exploitation of 
groundwater for drinking water supply, particularly in the peripheral 
communes of the Kinshasa region. Hence, several boreholes, wells, and 
springs are operated by the REGIDESO. In addition to the REGIDESO, 
other governmental (e.g. the Belgium Development Agency, BTC) and non-
governmental organizations (e.g. religious communities, OXFAM, …) 
implement water development programs in the Kinshasa region, and exploit 
groundwater for the development of drinking water facilities. A detailed 
knowledge of the state of the Kinshasa region groundwater body is an 
important prerequisite for the water resources development programs. 

The groundwater body in the region of Kinshasa is located in the 
unconsolidated and mostly unconfined sedimentary aquifer, making the 
groundwater body vulnerable to pollution pressures from the land surface. 
The groundwater is rather acidic, and poorly mineralized, which is typical for 
water situated in sandstone and siliceous sand aquifers formations 
(Ndembo, 2009). The rapidly growing population, more than 10 millions 
inhabitants (Davies, 2015), has a strong impact on the urban development. 
In many cases, this development is unplanned, resulting in inappropriate 
supply and sanitation infrastructures. Together with the development of 
industrial and peri-urban agricultural activities, the urban development 
continuously modifies the physical, chemical and biological characteristics of 
the environment at the surface, presenting various potential stressors on the 
vulnerable groundwater system. 
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Unsurprisingly, groundwater pollution singularities were already observed in 
many places of the Kinshasa region (Ndembo, 2009; Vala et al., 2011). For 
instance, excessive amounts of nitrate have been observed locally in the 
groundwater body, exceeding the World Health Organization (WHO) 
permissible limit of nitrate concentration (50 mg ����/L) for drinking water. 
This parameter is often a good indicator of pollution from agricultural or 
urban origin (Mattern, 2009; Sall, 2010; Stewart et al., 2011; Xue, 2011) and 
can indicate the impact of human activies on groundwater quality. However, 
a systematic and detailed groundwater monitoring program is currently not 
operational in the region. Given the expected important space-time 
dynamics of groundwater pollution and the current fragmented monitoring, it 
is not possible to provide a detailed integrated image of the water quality of 
this groundwater body. In addition, the fragmented land use of the area 
where peri-urban agriculture is mixed with domestic activities and service 
lands (e.g. cemetries, uncontrolled dumping sites) make it difficult to 
determine the exact source of possible groundwater degradation. Identifying 
and quantifying the contribution of the different pollution sources to 
groundwater, particularly discriminating the role of peri-urban agriculture 
(leaching from agricultural crops) versus domestic activity (lack of 
sanitation), is an important first step for developing sound and sustaining 
groundwater management development strategies, and for planning the 
optimal locations for drilling new water wells. 

This study proposes to focus on the nitrate pollution problem since nitrate is 
a good indicator of groundwater pollution pressures. In addition, the isotopic 
signatures of nitrogen and oxygen in nitrate help to understand the origin of 
the pollution (domestic, sewage, agriculture, …). Thus, clearly understanding 
and quantifying the nitrate pollution pressures on the groundwater body of 
the Kinshasa region (magnitude, spatial variability, origin) will be helpful to 
support the implementation of an integrated water resource management 
strategy. Such strategy should protect the groundwater body from further 
quality deterioration and  prevent populations from water born diseases. 

1.2. Current challenges 

Assessing the quality of groundwater is a prerequisite for designing 
sustainable management and planning strategies of this resource in the 
Kinshasa region. For assessing the groundwater quality, the following 
aspects can be considered: (i) the assessment of groundwater vulnerability; 
(ii) the assessment of the current pollution pressure, particularly in relation to 
the important urban development; and (iii) the identification of the pollution 
sources. 

Groundwater vulnerability maps constitute useful tools for water 
development planning, decision-making, and monitoring assessment. 
Assessment of groundwater vulnerability is based on the fundamental 
concept that some areas are more vulnerable to pollution than others and 
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that this vulnerability is affected by a wide site of geographical attributes. 
Hence, mapping and validating the groundwater vulnerability encompass an 
overlay between different available attributes like land use, field 
measurement (such as nitrate concentrations) and modeling results (Huan et 
al., 2012; Panagopoulos et al., 2006). This is often facilitated by a GIS 
environment allowing the management of a large set of spatially distributed 
properties and the vulnerability mapping at a regional scale. 

Traditional mapping of pollution is based on the upscaling of local point data 
using classical interpolation techniques (Voronoi tessellation, inverse 
distance weighting, and kriging). The choice of one of these techniques has 
an impact on the final assessment. However, large uncertainties arise with 
these mapping procedures, in particular when the prediction point is located 
far from the monitoring stations, and hence, as is the case of the Kinshasa 
groundwater body, when the space-time resolution of the groundwater 
monitoring network is low. To improve the prediction of groundwater 
pollution mapping and minimize the uncertainties, model-based advanced 
interpolation techniques have been developed such as the Bayesian 
Maximum Entropy (BME) and the Bayesian Data Fusion (BDF). These 
techniques allow the combination of different sources of information about 
groundwater pollution in a formal data fusion and prediction framework 
(Fasbender et al., 2008a; Mattern et al., 2012; Peeters et al., 2010). 
However, such techniques have not been deployed yet for the Kinshasa 
water body. 

Knowledge of the sources of groundwater nitrate pollution is also important 
for better management of water quality. Nitrate pollution can originate 
potentially from atmospheric deposition, river infiltration, or from various 
anthropogenic sources such as fertilizers, animal manures, industrial 
effluents, domestic waste water and septic tanks, as well as organic matter. 
The dual stable isotope ( ���  and ��� ) in nitrate has proved to be a powerful 
tool to identify nitrate sources in contaminated water (El Gaouzi et al., 2013; 
Fukada et al., 2003; Mattern et al., 2011; Nestler et al., 2011; Silva et al., 
2002; Yei et al., 2007). However, to improve the identification of nitrate 
source contribution, when multiple nitrate sources are present, different 
strategies have been developed, such as: (1) combination of isotopes 
nitrogen and oxygen in nitrate with physicochemical properties and co-
migrating discriminators, like the isotopes of boron and strontium (Tirez et 
al., 2010; Widory et al., 2004, 2005, 2013); (2) use of precise and accurate 
isotope analytical techniques (Xue et al., 2009); (3) use of Bayesian stable 
isotope mixing models (e.g. SIAR, MixSIAR) for analysis (Parnell et al., 
2013; Xue et al., 2012); and (4) monitoring of recharging water (Verreydt et 
al., 2010) and assessing of solute transport in the vadose zone (Boyle et al., 
2012; Mattern and Vanclooster, 2010). 

Assessing nitrate pollution of groundwater is, therefore, a complex 
environmental problem. The integration of multiple approaches based on 
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physicochemical, isotopic and modeling analysis can be a useful tool for 
identifying and quantifying potential sources of nitrate pollution in 
groundwater. It can also help understanding major processes which affect 
the observed water pollution. Yet, such integrated techniques have not been 
deployed for the Kinshasa groundwater body. 

1.3. Research hypotheses  

In order to face the current challenges of assessing the groundwater quality 
of the Kinshasa region water body, the present research project was 
designed based on the following hypothesis: 

- The groundwater body in the region of Kinshasa is vulnerable to 
anthropogenic pressure given that the aquifer system is 
unconfined in the overwhelming part of the region and hosted in 
sedimentary geological formations. 

- The lack of sanitation and poorly planned urban and peri-urban 
development exert a pollution pressure on the Kinshasa 
groundwater body.  

- The nitrate concentration in groundwater of the Kinshasa 
groundwater body is a good indicator of groundwater quality 
degradation. 

- Given the hydrographic network (the Congo River in the north 
part of the region, and tributary streams draining a large part of 
the region) and the geomorphology of the region, the interaction 
between surface water and groundwater could result in 
groundwater contamination from polluted urban streams and/or in 
dilution of pollution from the Congo River and/or other major 
streams during flood periods. 

- A detailed spatiotemporal analysis of the physicochemical 
characteristics of the groundwater, linked with isotopic 
fingerprinting could allow assessing groundwater degradation. 

1.4. Objectives 

The overall objective of this study is to design, to implement and to test an 
integrated approach combining physicochemical, isotopic and modeling 
analyses to assess the nitrate pollution pressure on the groundwater body of 
the Kinshasa region. 

The specific objectives are: 

(i) To compile and consolidate the groundwater nitrate pollution 
database for a preliminary and local scale assessment of the  
groundwater nitrate pollution problem of the Kinshasa 
groundwater body. 
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(ii) To map, at the regional scale, the groundwater vulnerability to 
nitrate pollution. 

(iii) To identify and quantify the potential sources of nitrate 
contributing to the groundwater contamination, using as well a 
geochemical (isotopic tracers, physicochemical tracers) and a 
statistical modeling approach. 

(iv) To implement a Bayesian Data Fusion technique for assessing 
nitrate pollution pressure of groundwater at the regional scale, 
using multiple data and information sources. 

1.5. Outline of the thesis 

This thesis is divided into 7 chapters, except the introduction and the 
conclusion (Fig. 1.1). After the description of the study area in chapter 2, 
chapters 3 and 4 show how the combined use of physicochemical, isotopic 
and modeling analyses can be helpful for the identification and estimation of 
different nitrate pollution sources. Chapters 5, 6, 7 and 8 deal with mapping 
and modeling nitrate pollution at the regional scale. 

Chapter 2 presents the main characteristics of the Kinshasa region which is 
the study area. Chapter 3 sets the theoretical background on the use of 
multiple isotope tracers of nitrogen and oxygen ( � −��  and � − ������ ), 
boron ( 
�� ) and strontium (� ��� � ���� ) to determine the sources of nitrate 
pollution in groundwater. Chapter 4 presents an application of using 
physicochemical properties linked with multiple isotope tracers for nitrate 
pollution pressure assessment in the study area. 

Chapter 5 deals with mapping groundwater vulnerability using a calibrated 
parametric model. In chapter 6 a multivariate statistical model is applied to 
discriminate environmental factors affecting groundwater nitrate pollution. 
Chapter 7 presents an application of a Bayesian Data Fusion (BDF) for 
mapping groundwater nitrate pollution at the scale of the Kinshasa city 
growing areas, and in chapter 8 groundwater nitrate is forecasted by 
assessing the vadose zone nitrate transport. 
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Figure 1.1: Outline of the thesis. 

 





 

9 

 

Chapter 2:  

Description of the study area 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2. Description of the study area 

 

10 

 

2.1. Geographic location 

This study is focused on the groundwater body in the region of Kinshasa, the 
capital city of the DRC. This region is located in the southwest part of the 
DRC and lies between 15.128° and 16.534° of longitude east; and 3.928° 
and 5.024° of latitudes south (Fig. 2.1). The region covers an area of 9,965 
km2 that represents 0.42% of the country area. The Kinshasa region is 
bound east and northeast by the provinces of Kwango, Kwilu and Mai-
Ndombe, south, and southwest by the province of Kongo Central, and north 
and west by the Congo River which is also the natural boundary with the 
Republic of Congo (Brazzaville). 

Administratively, the region of Kinshasa is made of 24 communes divisible 
into three socio-urban zones (Lateef et al., 2010): (i) the “Ville” or “Centre 
Ville” including the communes of Gombe, Barumbu, Kinshasa, and Lingwala; 
(ii) the “Cité” or the popular area covering the communes of Bandalungwa, 
Kintambo, Ngaliema, Selembao, Bumbu, Ngiri-Ngiri, Kasa-Vubu, Kalamu, 
Makala, Lemba, Ngaba, Limete, Matete and Masina; and (iii) the “Cités 
périphériques” or “Communes urbano-rurales” extending over the 
communes of Mont Ngafula, Ndjili, Kimbanseke, Nsele, and Maluku. 

2.2. Climate 

The climate of the study area can be described as an Aw4 climate of the 
classification of Köppen (Guetter and Kutzbach, 1990; Köppen and Geiger, 
1930). It is a tropical Sudanian climate, characterized by two principal 
seasons: a dry season extends from mid-May to mid-September, and a short 
dry season of 2 to 3 weeks often interrupts the rainy season in February 
(Devroey, 1951; Robert, 1946). The description of the climate of the study 
area, in the above paragraphs, is based on data collected from 5 weather 
stations (Fig. 2.1), with a long data series (> 30 year) of rainfall, temperature, 
relative humidity, atmospheric pressure, radiation and wind speed recorded 
from Binza and Ndjili weather stations. 

The annual average rainfall in the region (1980 – 2010) is 1,501.8 mm with a 
minimum of 1,216.7 mm and a maximum of 1,965.6 mm. High rains occur in 
November as well as in March and April with warm temperatures (26.5°C); 
and dry months occur in June, July, and August with slightly cooler 
temperatures of 22.8°C (Fig. 2.2). The annual average of reference 
evapotranspiration (ET0) is 1,104.3 mm. High evapotranspiration occurs in 
March, and low evapotranspiration occurs in June and July. 
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Figure 2.1: Location of the Kinshasa region, the re gion of the capital city of the DR Congo. 
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Figure 2.2: Monthly average rainfalls registered on  five weather stations in the study 
area. 

 

Figure 2.3: Variation of annual rainfalls from 1980  to 2010 at Ndjili and Binza weather 
stations in the study area. 

Considering rainfall data recorded from 1980 to 2010 in two stations (Ndjili 
and Binza) relative variations can be observed (Fig. 2.3). Examining a long 
time series of rainfall data (1961 – 2010) recorded at Ndjili station (Fig. 2.4), 
the annual rainfall time series show a significant positive trend in agreement 
with the t-test analysis for 95% confidence levels. The slope of the yearly 
gives an estimated increase of about 64.36 mm in the period 1961 – 2010. It 
has been projected that global change in the Kinshasa region will be 
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characterized by a relative increase in the annual rainfall amounts, and the 
intensity (Hänsler et al., 2013; Imwangana et al., 2015). The study area 
experiences a high relative humidity with an annual average of 79.5%. The 
maximum relative humidity occurs during the wet season (83%), and the 
minimum occurs in the dry season with the lower value recorded in August 
and September (73%). 

 

Figure 2.4: Annual rainfall recorded at Ndjili stat ion (1961 to 2010) and the fitted linear 
trend. 

2.3. Geomorphology and hydrography 

The geomorphological aspect is characterized by four zones (Fig. 2.5): (1) 
the southwest hills zone, (2) the north plain zone, (3) the flood basin 
(marshland) all around the Congo River, and (4) the east Kwango Plateau 
zone (Plateau of Bateke). 
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Figure 2.5: Geomorphology and hydrography of the st udy area. 
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The Kwango Plateau stands very distinctly in the east large areas as a table-
land at 600 to 800 m above sea level (a.s.l). The plateau is interrupted at 
intervals by some large valleys trough-shaped and of south-north flow 
direction. To the west, the plateau is abruptly interrupted by the deep valley 
of the Nsele stream. The hills zone shows a progressive increase of relief 
from 350 to 675 m (a.s.l) encompassing the Mounts of Ngaliema, Ngafula, 
and Amba, and constitutes the common limit with the province of Bas-Congo 
in the southwest. The plain zone encompasses the gently undulating plain 
(plain of Lemba) in the west of Ndjili stream and the east plain. It ranges 
between 300 to 320 m (a.s.l) and covers an area of around 100 km2. The 
plain is the most densely populated area in the Kinshasa region. The flood 
basin encompasses the marshland all around the Malebo Pool. This Pool 
has a circular, although slightly asymmetrical form where the Congo River 
broadens into an internal lake having a diameter of approximately 25 km 
(Lateef et al., 2010). 

The study area is characterized by three major basins (Fig. 2.5): Ndjili basin 
in the west, Maindombe basin in the east, and Nsele basin between the two. 
The main streams which are draining this region (Ndjili, Nsele, Maïndombe, 
Lufimi, etc.) flow from the south towards the north in the Congo River, and in 
particular all around the Malebo Pool for most of the secondary streams 
draining the urban area.  

2.4. Soils and vegetation 

The soils of Kinshasa region are basically chemical poor soils, as most of 
the tropical soils, and sandy. These soils depend on the nature of the 
parental material and on the geomorphological structure (Fig. 2.6). Their 
sandy texture and low reactivity of the kaolinitic clay fraction result in low soil 
water retention capacity and low chemical fertility and hence limited 
agricultural potential (Kasongo et al., 2009; Mulaji et al., 2016). 

The soils of the Kwango plateau in the east are formed by Areno-ferralsols 
and Podzols which are developed on silicified or polymorphic sands. In the 
hills zone, the soils in some places consist of a mixture of Areno-ferralsols 
and Kaolinitic or Ferralitic soil types. These soils are developed on recent 
mineral soil and are characterized by a low clay content (less than 20%), on 
at least 100 cm of depth. The marshland all around the Malebo Pool is 
formed by organic soils. The plain zone consists of sandy soils (5 to 10 m of 
thickness), which are developed on recent alluvium which contain sandy-
clay deposits (PNUD/UNOPS, 1998). 
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Figure 2.6: Soil types of the study area. Source: ( Van Engelen et al., 2006). 

The Sudanian climate has fostered the growth of typical bush-savannah 
(grassy xerophil species) , and has permitted, depending on the soil humidity 
conditions, the growing of tree species like Annona, Hymenocardia, 
Psorospermum, Gaertnera, Sarcocephalus, Crossopteryx, Brideli and 
Bauhinia (Robyns, 1950 and Delevoy, 1951 cited by Lateef et al. 2010). 
Gallery-scanty forests do exist along streams and aquatic vegetation on the 
flood basin around the Malebo Pool. The Kwango Plateau is characterized 
by very poor vegetation (most exclusively grassy guinea savannah) due to 
sandy soil type and the high aquifer depth. However, during recent years, 
the natural vegetation is gradually being converted into urban and agriculture 
lands and gallery forests are most affected by degradation from wood 
harvesting. Land use/cover distribution for the study area, classified into 7 
classes (residential and peri-urban land, service land, forest, savannah, 
agriculture land, marshland, water/river and bare soil), is represented in Fig. 
2.7. This map was interpreted from the 30-m spatial resolution of Landsat 
images of 2013 which was combined with high spatial resolution images for 
the urban area. 
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Figure 2.7: Land use/cover distribution in 2013 for  the study area. 

2.5. Geological setting 

The geology of the region of Kinshasa has been studied by various authors 
(Alvarez et al., 1995; Cahen, 1954; Corin and Huge, 1948; Kadima et al., 
2011; Ladmirant, 1963; Lepersonne, 1945; Sekirsky and Ladmirant, 1963, 
1963; Snel, 1957; Tack et al., 2001; Van Caillie, 1976). The general 
geological setting is shown in Fig. 2.8. The region of Kinshasa is located on 
the east fringe of the Pan-African west Congo belt. The stratigraphy extends 
from the Late-Paleoproterozoic (Tack et al., 2008) to the Holocene with 
numerous unconformities of various magnitudes (Lateef et al., 2010). All 
deposits are continental of fluvial, fluviodeltaic, fluviolacustrine, lacustrine, 
and eolian genesis. 

The basement rocks in the region form the Paleoproterozoic basement. The 
various upper rocks forming the basement are broadly classified into the 
Inkisi Subgroup, also referred as the Redbeds (Alvarez et al., 1995; Kadima 
et al., 2011; Tack et al., 2008). These are the upper graded schists 
predominantly characterized by coarse quartzite to conglomeratic arkoses 
and extend through all the study area, outcropping in some valleys and in 
north all around the Congo River. The Inkisi basement rocks constitute the 
regional substratum. 
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Covering formation layers are linked to the Kalahari system (Lepersonne, 
1945). In the east part, this system forms the Kwango plateau, almost 
without interruption. On the other side, the Kalahari formations have been 
greatly eroded in the west part of the region, but the remaining deposits of 
low thicknesses overlay the Inkisi siliciclastic basement rocks. The 
stratigraphy of covering formations include different units, from top to down 
(Ladmirant, 1963): (i) Holocene units are represented by alluvium (5 to 6 m) 
of the bottom valleys of major streams and the low terraces consisting of 
gravel and silts; (ii) Pleistocene units encompass various types of sandy 
deposits of variable thicknesses (20 to 30 m in the plain, 50 to 150 m in the 
hills and east plateau), and are differentiated by the particle sizes 
composition (granulometry), the color or the presence of clay or gravels 
(Cahen, 1954; De Ploey, 1963); (iii) Neogene units are represented by ochre 
sandy series of about 75 m and which extend throughout the east Kwango 
Plateau; (iv) Paleogene units formed by the polymorphic sandstones series 
of about 75 m in the west part of the Kwango Plateau, and are silicified at 
the basal part; (v) Cretaceous units whose the thickness can reach 100 to 
200 m are formed by tender sandstones, sometimes silicified, and overlay 
the Paleoproterozoic-basement rocks. 

 

Figure 2.8: Geological map of the study area digiti zed from the Leopoldville sheet (S.5/15) 
(Sekirsky and Ladmirant, 1963). 
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Figure 2.9 shows the simplified geological cross section in the direction 

west-east, along A – A’ line, shown in figure 2.8. 

 

Figure 2.9: Simplified hydrogeological cross sectio n along the A – A’ line shown in Fig. 
2.8. 

2.6. Hydrogeology 

The hydrogeology of the study area is mostly that of an unconfined aquifer 
system over most of the study area and consists of Quaternary sands and 
tender Cretaceous sandstones covering the Inkisi siliciclastic subgroup. That 
aquifer system has a thickness varying from a few meters to more than 100 
m, particularly in the east part of the region. The shallow aquifer located in 
the alluvial deposits of the plain zone interacts and communicates with the 
deeper free aquifers and with surface water body (streams, swamps, and 
Congo River) and human activities (Lateef et al., 2010). A study of these 
interactions is, therefore, important for understanding groundwater 
contamination processes and sanitation policies development. 

The estimated depth to groundwater map for the region was calculated by 
subtracting the kriged piezometric raster map to a 30-m resolution digital 
elevation model (DEM). The kriged piezometric map was constructed from 
the interpolation of piezometric data collected from different drilling 
enterprises and constrained to the hydrographic network. The estimated 
depth to groundwater varies from 0 to 420 m, with a regional average of 
about 100 m (Fig. 2.10). Groundwater is shallow (3 – 50 m) in the plain zone 
and deep (> 100 m) in the hills zone and Kwango Plateau.  Indeed, the 
significant depth of groundwater in the Kwango Plateau is one of the limiting 
factors for its exploitation. The piezometric map suggests the irregularity of 
the static level of the groundwater (Fig. 2.11). Flow directions are related to 



Chapter 2. Description of the study area 

 

20 

 

drainage network, topography, rainfall intensity, and type of sediment layers. 
In general, groundwater flows from the south to the north towards the Congo 
River. Around the Malebo Pool, the Congo River elevation deduced from the 
DEM (Fig. 2.5) is about 271 m. This elevation is however controlled by the 
flow regime and can rich during flood period about 300 m.   

 

Figure 2.10: Groundwater depth map of the study are a. 

 

Figure 2.11: Piezometric map of the study area. 
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2.7. Population and environmental hazards 

The Kinshasa region is one of the most populated regions in DRC with a 
high demographic rate estimated at 6.73% between 1960 and 2005 
(Kayembe et al., 2009). The population was estimated at 7,500,000 
inhabitants in 2005 (Kayembe et al., 2009) but, currently, the population is 
approximated to be more than 10,000,000 inhabitants marking this city to be 
the third African megacity (Davies, 2015). However, population growth and 
land use do not develop synchronically and homogenously in the region. The 
spatial development of the city is extending on the southwest and the 
northeast areas along the major roads. The plain zone in the north and hills 
zone in the southwest exhibit the largest population density (19,900 
habitants/km2), while only 2% of the population live in the Kwango Plateau 
zone, which represents 75% of the Kinshasa region area (Fig. 2.12). 

In comparison to the rapid population growth, the development of urban 
facilities (water supply, water treatment facilities, sanitation infrastructures, 
and sewage treatment) is currently rather poor, which generates potential 
hazards to the public health and the environment. Spatially, the REGIDESO 
urban water supply system is disproportionally concentrated in a small 
northwest part of the region and not upgraded to cope with the increasing 
water demand (Fig.2.12). 

Uncontrolled land development link to the unregulated rapid growth of urban 
and peri-urban areas and inadequate strategies on regional and watershed 
development planning represent direct risk not only to drinking water supply 
but also to the long-term sustainability of major infrastructure systems in the 
water sector. The induced watershed degradation, excessive soil erosion 
and river sedimentation cause major operational difficulties for REGIDESO 
water supply production stations using surface water. In addition, the poor 
urban development often results in creeks and rivers being transformed into 
open sewage systems and/or dumps. Hence, domestic and industrial 
effluent very often enters the natural drainage network without any 
appropriate treatment, as illustrated hereafter (Fig. 2.13). Also, urban and 
peri-urban agriculture activities develop in an uncontrolled manner and may 
have potential impacts on the water quality. In general, vegetable cropping is 
developed in the valleys (Lukaya, Ndjili watershed), while other crops are 
developed on the plateau (Kwango Plateau). 
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Figure 2.12: Population density in 2010 and locatio n of REGIDESO stations for water 
production. 

Notwithstanding the abundance of water resources in the region, drinking 
water accessibility is problematic in the region. A major part of the population 
do not access to water supply from the national company (REGIDESO), due 
to the structural production deficiencies, and the poor state of distribution 
networks, particularly in the peripheral communes. Currently, the 
REGIDESO operates production facilities from surface water intakes on the 
Congo River, the Ndjili, Lukaya, and Lukunga streams (Fig. 2.12). In the 
peripheral communes, groundwater is exploited for drinking water supply by 
different NGOs (ASUREP, religious communities, etc.). One of the key 
strategies developed in the areas not currently covered by REGIDESO water 
supply systems consists of establishing small water network by exploiting 
groundwater. In chapter 7, groundwater quality map for the extending areas 
of the Kinshasa city will be predicted as a tool to support the development of 
water resource management and protection strategies.  
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Figure 2.13: Lukaya water intake threatened by agri culture activities, farm effluent 
discharge, and river sedimentation.  

2.8. Water resource management 

DRC is one of the richest countries in terms of water resources. However, 
this country has one of the lowest rates of access to drinking water and 
sanitation in sub-Saharan Africa, respectively 26% and 10% (UNEP, 2011). 
Despite its abundant availability of water resources, very little safe drinking 
water is still available to the population, as the sector remains largely 
unorganized. In addition, limited knowledge on the water resources potential, 
the lack of management tools and policies, and the inequity to access to 
water resources, both in rural and urban area are great constraints for 
sustaining efficient water resources management. 

The absence of an effective water policy in the past went hand in hand with 
a poor environmental policy. For instance, a poorly developed urban land 
use policy presents a direct risk to water degradation, particularly in the high 
populated areas. In recent years, an increasing degradation of surface and 
groundwater in the Kinshasa region has been reported. High nitrate 
concentrations have been observed locally in the Kinshasa groundwater 
body (Ndembo, 2009). Yet, the absence of a systematic monitoring 
framework for water quality did not allow to make a systematic assessment 
of water quality at the regional scale. 

The responsibilities for water supply and sanitation are still distributed 
among several central ministries and agencies; none of them are in the 
position to coordinate policies and management programs. The multitude of 
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actors and the lack of a coherent and visionary policy jeopardized in the past 
sustainable water resources management and development. For instance, 
there were no specific laws targeting groundwater management and 
sanitation in the past. Only very recently a new Water Code based on the 
paradigm of Integrated Water Resource Management has been ratified (Loi 
n° 15/026 du 31 décembre 2015 relative à l’eau). The implementation of this 
new Water Code is considered to be a vehicle to tackle the different 
challenges in the water domain. It offers possibilities to create appropriate 
institutional frameworks, to ensure the implementation of more coherent and 
more comprehensive water resource management program. 
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3.1. Outline 

This chapter will review the background on the use of stable isotope of 
nitrogen and oxygen (� ���  and � ��� ) in nitrate, boron (� 
�� ) and strontium 
(� ��� � ���� ) as tracers for identifying the factors explaining groundwater 
quality. Emphasis is put on the nitrate and oxygen isotopic composition of 
nitrate in groundwater, and the estimation of proportional contributions of 
multiple nitrate sources to groundwater quality degradation. An application of 
the use of an isotopic multi-tracer approach (� ��� − and � ��� − ����, � 
�� , 
and � ��� � ���� ) will be presented in chapter 4. 

3.2. Introduction 

3.2.1. The nitrogen cycle: basic concepts 

The nitrogen (�) cycle represents one of the most important nutrient cycles 
in the terrestrial ecosystem and it may be strongly affected by human 
activities (Fenech et al., 2012; Galloway, 1998; Gruber and Galloway, 2008; 
Vitousek et al., 1997; Xing and Liu, 2011). Major processes control the � 
cycle, including � −fixation, � −mineralization, ammonia nitrification, nitrate 
denitrification, � −volatilization, � −assimilation, etc. Figure 3.1 illustrates 
the � cycle with respect to the groundwater environment (Rivett et al., 2008). 

The majority of � comes from the atmosphere (~78%), where it exists in the 
form of an inert gas (��) and hence is not available to most organisms. 
Biological � fixation which is performed by specialized soil and aquatic 
microbes (named prokaryotes, both bacteria and archaea), transforms �� 
gas into ammonia (���), which is further rapidly converted to the forms of ���� and ���� needed for plant growth through � assimilation. ���� is used 
less by plants for uptake as it is toxic at high concentrations. Other living 
organisms cannot use inert atmospheric �� directly. They rely on the turn-
over of organic � promoted by micro and macro organism to provide for 
essential �. 

Mineralization is a suite of processes performed by soil microbes that 
convert organic � to inorganic forms of �. The first product of mineralization 
is ammonium (����), but under aerobic conditions, microbes can convert ���� , first to nitrite (����) and then to nitrate (����). Immobilization is the 
reverse of mineralization. Immobilization is triggered by the uptake of soil ���� and ���� by soil organisms and plants, and hence the conversion of 
mineral into organic �. 

Denitrification is another multistep process by which reactive � (organic �, ����, ����, ���, nitrous oxide, etc.) is converted to atmospheric gas (��). 
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For ����, this is a microbial (such as Pseudomonas and Clostridium) 
mediated process that requires an anoxic environment.  

 

Figure 3.1: The terrestrial nitrogen cycle (Rivett et al., 2008). 

3.2.2. Nitrate input in groundwater via human activ ities 

The nitrate ion (����) occurs naturally as compound of the � cycle. 
However, the occurrence of ever-increasing concentrations of ���� in 
groundwater resources has become a major concern in many part of the 
world (Bordeleau et al., 2008; Fenech, 2014; Fenech et al., 2012). The 
World Health Organization (WHO) and the U.S Environmental Protection 
Agency have set a permissible limit of 50 mgL-1 nitrate concentration (as ����) for drinking water because nitrate can pose health risk such as 
methemoglobinemia in infants (blue-baby syndrome) and cancer (Camargo 
and Alonso, 2006). Rising ���� concentration, above normal level, within 
various aquatic ecosystems (rivers, lakes and coastal areas) can cause 
eutrophication, often followed by fish-kills, due to oxygen depletion. 

���� arises from several point and non-point (diffuse) sources. In urban 
environments, ���� contamination in groundwater can potentially results not 
only from anthropogenic activities, including the use of inorganic fertilizers, 
manure from animal and human waste matters, domestic waste water, 
sewage effluent, septic system, river and aquifer interaction and industrial 
effluents, but also from soil microorganisms and atmospheric deposition 
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(Diédhiou et al., 2012; Fukada et al., 2004; Si-Liang Li et al., 2010; Xing et 
al., 2013; Zanfang Jin et al., 2004). All these activities increase the ���� 
loading to groundwater. Groundwater ���� outputs occur through boreholes 
and wells or via discharge to springs, streams, and wetlands. 

Increasing ���� concentration in water resources has led to several pieces of 
legislation to limit ���� concentrations. In the European Union, the Nitrates 
Directive (91/676/EEC) and other legislations, like the Urban Wastewater 
Directive (91/271/EEC), the Water Framework Directive (2000/60/EC) and 
the Groundwater Directive (2006/118/EC) were formulated to protect water 
against ���� contamination. In DRC, only recently (2015) a new Water Code 
was enacted (Loi n°15/026). Yet, the instruments for implementing the Water 
Code are not operational and no studies at national scale have yet been 
performed to support the regulation of ���� occurrence in the surface water 
as well as in groundwater. In any case, the legal instruments will only be 
effective if the origin of the nitrate pollution is well known and correctly 
addressed. Indeed, the determination of the origin of ���� allows the 
development of effective management practices to protect groundwater 
quality and achieve sustainability of water resources. It also supports the 
implementation of remediation plans for sites that are already contaminated 
following for instance the “polluter pays principle” (Fenech et al., 2012; Xue 
et al., 2009). 

Various methods of pollution source identification have been proposed in the 
last several decades, including optimization methods, inversion methods, 
statistical modeling, Geographic Information System (GIS)-based methods 
and chemical fingerprint, in particular, isotopic fingerprint methods. Isotopic 
approaches have been successfully practiced for identifying ���� sources 
and assessing the processes that affect local � cycle in surface and 
groundwater resources (Aravena and Robertson, 1998; Bu et al., 2011; 
Chang et al., 2002; Kaown et al., 2009; Pastén-Zapata et al., 2014; Seiler, 
2005; Silva et al., 2002; Widory et al., 2004, 2013). Such methods combine 
the use of nitrogen and oxygen isotopes in ���� with physicochemical and 
other isotopes such as boron and strontium isotopes. 

3.2.3. Basic information on stable isotope 

Isotopes of the same chemical element are defined as the atomic nuclei 
(nuclide) of that element containing the same number of protons (atomic 
number) but a different number of the neutrons (mass number). The most 
important distinction for applications of isotopes is between stable and 
radioactive (unstable) isotopes. Radioactive isotopes (radioisotopes or 
radionuclides) have unstable nuclei which spontaneously disintegrate over 
time to form other isotopes. During the disintegration, radioactive isotopes 
emit alpha or beta particles and sometimes also gamma ray. Stable isotopes 
are nuclides that do not appear to decay to another isotope on the geologic 
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time scale but may themselves be produced by the decay of radioactive 
isotopes. 

Isotopic abundance refers to the fraction of a given isotope for a given 
chemical element in its natural state. The isotope (abundance) ratio (�) is 
defined by the expression (3.1) and is measured by mass spectrometric 
techniques. 

�	 = ���������	� 	!��"#	$%�&�'����������	� 	($)!&	$%�&�'�        (3.1) 

Table 3.1 lists the relative abundances of the stable isotopes of nitrogen, 
oxygen, boron and strontium (Clark and Fritz, 1997; Sulzman, 2007). 

Table 3.1: Relative abundances of the stable isotop es of nitrogen, oxygen, boron, and 
strontium  

Element  Isotope  Abundance 
(%) 

Ratio  International standard  

Nitrogen  ���  ���  
99.635 
0.365 

��� / ���  Atmospheric nitrogen (Air) 

Oxygen  ���  ���  ���  

99.759 
0.037 
0.204 

��� / ���  Vienna Standard Mean 
Ocean Water (V-SMOW) 

Boron  
�+  
��  
19.82 
80.18 


�� / 
�+  Boric acid (NBS 951) 

Strontium  ���  ��� 	��� 	���  

0.56 
9.87 
7.04 
82.53 

��� / ���  Absolute ratio, or various 
materials 

Stable isotope ratios are expressed in delta (δ ��� , δ ���  , δ 
�� , and δ ��� ) 
units and reported as a per mil (‰) deviation from ��� / ��� , ��� / ��� , 
�� / 
�+  and ��� / ���  ratios relative to the international standard (see Table 
3.1), according to the following equation: 

δ%�,'(�-‰/ = 0 123456712839:3;: − 1= × 1000      (3.2) 

where � is the ratio of heavy-to-light isotope, �%�,'(� is that ratio in the 
sample, and �%&����@� is that ratio in the standard. 

A positive δ (“delta”) indicates that the sample is enriched in the heavy 
isotope than does the standard. On the other side, a negative δ indicates 
that the sample is depleted in the heavy isotope than the standard. 
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Three different analytical techniques have been developed for determination 
of both nitrogen and oxygen isotope ratios in nitrate, δ ��� − ���� and 
δ ��� − ����. The first approach is the “AB��� technique,” also known as the 
“ion-exchange method” which was proposed by Chang et al., (1999) and 
Silva et al., (2000). The second approach is the “bacterial denitrification 
method,” which has also been successfully applied by many research 
groups (Casciotti et al., 2002; Rock and Ellert, 2007; Sigman et al., 2001; 
Xue et al., 2010). Another new method, called the “cadmium reduction 
method” or “azide method” has been proposed by McIlvin and Altabet 
(2005). 

For boron and its stable isotopes detection and quantification, different 
analytical approaches have been reported (Farhat et al., 2013): inductively 
coupled plasma-mass spectrometry (ICP-MS), thermal ionization mass 
spectrometry (TIMS) and non-mass spectrometry-based techniques. 

For the determination of ��� / ���  isotope values, different analytical 
approach are reported, among which the Thermal Ionization Mass 
Spectrometer (TIMS) with static multi-collection (Thermo electron Triton) and 
the Multi Collector Inductively Coupled Plasma Mass Spectrometer, MC-
ICP-MS (Balcaen et al., 2005; Hosono et al., 2011; Voerkelius et al., 2010). 

Readers interested in the analyses of nitrogen and oxygen isotope ratios in 
nitrate, and boron and strontium isotope ratios are referred to mentioned 
literature for more detail about the analytical techniques. 

3.3. Processes affecting δ
15N- and δ

18O-NO3
- isotopic 

composition 

3.3.1. Isotope fractionation mechanism  

Transformation processes of � compounds during the � cycle in the 
terrestrial ecosystem can modify the nitrogen and oxygen isotopic 
composition values in ���� by isotope fractionation caused by 
physicochemical processes (such as volatilization of ���, and ���� 
exchange and fixation) and biological process (such as fixation, assimilation, 
mineralization, nitrification and denitrification). Such fractionation process 
may mask the effect of the original contaminant source signature (Aravena 
and Robertson, 1998; Kendall and Caldwell, 1998; Pauwels et al., 2000; 
Semaoune et al., 2012). Isotope fractionation is defined as the phenomenon 
which causes changes in the relative abundance of isotopes due to their 
difference in mass (Cole et al., 1990). This can occur as a change in isotopic 
composition by the transition of a compound from one state to another or 
into another compound, or it can manifest itself as a difference in isotopic 
composition between two compounds in chemical equilibrium or in physical 
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equilibrium. The isotope fractionation leads to isotopic differences between 
the reactant (source) and product compounds of a chemical transformation. 
For example, the fractionation processes of nitrogen and oxygen isotopes in ���� from various � sources contribute to different ranges of � and � 
isotopic ratios. In this section, isotope fractionation is briefly presented with 
an emphasis on processes with relevance to studying ���� contamination in 
groundwater. 

There are two categories of isotope fractionation effects: equilibrium and 
kinetic. An equilibrium effect will cause one isotope to concentrate in one 
component of a reversible system that is in equilibrium. In most 
circumstances, the heavy isotope concentrates in the component in which 
the element is bound more strongly and thus equilibrium isotope effects 
usually reflect the relative difference in the bond strengths of the isotopes in 
the various components of the system. A kinetic isotopic effect occurs when 
one isotope reacts more rapidly than the other in an irreversible system, or a 
system in which the products are swept away from the reactants before they 
have an opportunity to come to equilibrium. Normally, the lighter isotope will 
react more rapidly than the heavy isotope, which results in depleted 
instantaneous product, while the remaining substrate becomes gradually 
more enriched with the heavy isotope (Cole et al., 1990). Irreversible kinetic 
fractionation effects involving metabolic � transformations are generally 
more important than equilibrium fractionation effects in low temperature 
environments (Kendall et al., 2007). 

The process of isotope fractionation is quantified with the fractionation 
factors -C/, which can be defined as the ratio of two isotope rate constants: 

C = D EFG /D EFH  or C = D IFJ /D IFK        (3.3) 

where D are the rate constants in the transformation process. 

Isotope effects are generally small (i.e., C ≈ 1), so the deviation of the 
fractionation factor is often reported from unity (Sulzman, 2007; Xue et al., 
2009): 

M-‰/ = -C − 1/ × 1000       (3.4) 

where M is the result of the fractionation process, and is referred to an 
enrichment factor. 

During a reaction occurring in a closed system, isotopic enrichment can be 
expressed by the following Rayleigh equation: 

�N-&/ = �N-+/ + MPQ	-�& �+⁄ /       (3.5) 
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where M is the isotopic enrichment factor, �N-+/ and �N-&/ represent the 
isotopic compositions of the substrate at time 0 and S, and �+ and �& are the 
concentrations of the substrate at time 0 and S, respectively. This equation 
can be used to estimate the enrichment factor by plotting measured values 
of �N-&/ against PQ	-�& �+⁄ /. In the cases of nitrogen isotopic enrichment 
associated with ���� denitrification in water, δ ���  values are plotted against ���� concentrations.    

3.3.2. Fixation 

The term � −fixation refers to processes that convert unreactive 
atmospheric �� into other forms of �. Bacterial fixation of atmospheric �� by 
the enzyme nitrogenase commonly produces organic materials with � ���  
values slightly less than 0‰ as a result of small fractionation during 
subsequent processing of the fixed � (Kendall et al., 2007). 

3.3.3. Assimilation 

Assimilation refers to the transformation of inorganic � −bearing compounds 
into an organic form during biosynthesis by living organisms. Generally, 
oxidized forms of � (���� and ����) are initially reduced by nitrite or nitrate 
reductases to ���� and then finally assimilated into organic matter. The 
assimilation process, like other biological reactions, discriminates between 
isotopes and generally prefers the incorporation of the isotope with the lower 
mass (Kendall et al., 2007). A wide range of � fractionations in ���� and ���� assimilation by algae in aquatic areas have been reported, from -30‰ 
to 0‰ in field tests and laboratories simulations (Fogel and Cifuentes, 1993; 
Kendall et al., 2007). While there have been few studies of the effect of � 
fractionations during assimilation processes on the δ ���  isotope values. 

3.3.4. Mineralization 

Mineralization is usually defined as the production of ���� from organic 
matter and is also referred to as remineralization or ammonification. 
Mineralization usually causes only a small fractionation (±1‰) between soil 
organic matter and soil ���� (Chen et al., 2010; Kendall et al., 2007). 

3.3.5. Volatilization 

Volatilization describes the loss of ��� gas to the atmosphere. It is a highly 
fractionating process that causes a large enrichment of the heavier ���  
isotope value in the residual ����. The loss by ��� volatilization involves 
equilibrium (reversible) reactions and kinetic (irreversible) reactions leading 
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to isotopic fractionation. The equilibrium fractionation occurs between ���� 
and ��� in solution, and between aqueous and gaseous ���. The 
hydrolysis of urea (the main � form in animal waste) or  ���� fertilizers 
causes a temporary increase in pH, which favors the ��� gas loss by 
volatilization. The kinetic fractionation caused by the diffusive loss of � −�� depleted ���, results in � −�� enriched ���� (Kendall et al., 2007; Xue 
et al., 2009). The overall process causes a fractionation of ca. 25‰ in 
residual ����. However, the actual fractionation is affected by natural factors, 
such as pH, temperature and humidity. 

3.3.6. Nitrification  

Nitrification is a multistep oxidation process by which ���� is converted to ����, by nitrifying bacteria. Various byproducts or intermediates can also be 
produced during nitrification and released into the environment including 
aqueous compounds (e.g.,����� and ����) as well as gaseous compounds 
(e.g., �� and ���) (Kendall et al., 2007; Nestler et al., 2011). There are 
generally three steps in nitrification (Kool et al., 2007; Xue et al., 2009): (i) ���� is oxidized to ����� catalyzed by ammonia monooxygenase, in which � from �� is incorporated; (ii) ����� is oxidized to ���� catalyzed by 
hydroxylamine oxidoreductase, in which � from ��� is incorporated; and (iii) ���� is oxidized to ���� catalyzed by nitrite oxidoreductase with the 
incorporation of � from ���, in which � can exchange between ��� and ���� or ���� as a result of reversibility of this step. 

The overall isotopic enrichment in � ���  value of ���� produced by 
nitrification in soils ranges from -12‰ to -29‰ (Kendall, 1998). During 
nitrification, the � ���  of newly produced ���� obviously does not depend on 
the isotopic composition of the organic matter being mineralized, but 
depends on the � ���  of ��� and �� incorporation. Thus, � ���  of the 
produced ���� has been largely interpreted as a mixture of two � atoms 
from ��� and one from ��. For water with � ���  isotopic values in normal 
range of -25‰ to +4‰, and soil �� with � ���  of the atmospheric �� (c.a. 
+23.5‰), ���� derived from nitrification should theoretically have � ���  
values between -10‰ to +10‰ (Kendall et al., 2007). However, the 
summarized data from both laboratory and field in some studies, reported � ���  values of the produced ���� up to +16‰ and higher (Kendall, 1998; 
Nestler et al., 2011; Xue et al., 2009). 

3.3.7. Denitrification 

Denitrification is another multistep process, during which ���� is reduced via ����, �� and ��� to �� by the enzymatic activities of denitrifying bacteria. 
This occurs when oxygen is limited in water body (e.g. sediment and at the 
river-groundwater interface and soil), and organic carbon is available 
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(Knowles, 1982; Nestler et al., 2011; Xue et al., 2009). Denitrification is 
considered to be the most important reaction that attenuates ���� in 
groundwater. Kinetic isotope effects during microbial denitrification are 
responsible for preferentially converting the lighter isotopes ���  and ���  to �� and ���, causing an enrichment of the heavy isotopes in the remaining ���� (Fukada et al., 2003; Mariotti et al., 1981; Mayer et al., 2002). 

Nitrogen enrichment factors associated with denitrification range from -40‰ 
to -5‰ (Huebner, 1981; Sebilo et al., 2003; Smith et al., 1991), and oxygen 
enrichment factors range between -18‰ and -8‰ (Fukada et al., 2003; 
Lehmann et al., 2003; Mengis et al., 1999b; Schmidt et al., 1990). Some 
studies reported that a linear relationship indicating an enrichment of ���  
relative to ���  by a factor between 1.3:1 and 2.1:1 gives evidence for 
denitrification processes (Aravena and Robertson, 1998; Fukada et al., 
2003; Mengis et al., 1999a). The combination of δ ��� − and δ ��� − ���� 
with other data, such as ���� concentration and organic carbon, � ��� , � ���  
and � T��  can also be useful to confirm that denitrification takes place 
(Aravena and Robertson, 1998; Petitta et al., 2009). Indeed, the significant 
isotopic enrichment in δ ��� − and δ ��� −���� as ���� concentrations 
decrease provide information about the occurrence of denitrification 
processes, and � ��� , � ���  and � T��  allow to evaluate the role of reduced 
sulfur and carbon as electron donors for nitrate reduction. 

3.3.8. Mixing 

Mixing implies that there are multiple kinds of ���� sources with different � 
and � isotopic composition which contributes to surface and groundwater, 
and causes an alteration in the δ ��� − and δ ��� − ���� values. This 
deviation affects ���� source identification. Although, different ���� sources 
have a distinctive nitrogen and oxygen isotopic composition, the mixture 
shows intermediate values. Moreover, ���� sources in the environment 
rarely keep the initial nitrogen and oxygen isotopic composition as various 
fractionation processes may alter the initial composition before or after 
mixing (Chen et al., 2013; Kendall, 1998; Xue et al., 2009). Therefore, such 
mixing may give rise to incorrect calculations of the contribution of ���� 
sources into the mixture and inaccurate result for ���� sources identification 
(Panno et al., 2006; Xue et al., 2009). 
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3.4. Identifying sources of nitrate contamination  

3.4.1. Use of δ15N- and δ18O-NO3
-  

Stable isotopic techniques are successfully applied in many case studies 
throughout the world to trace the natural and anthropogenic sources of ���� 
in surface water and groundwater, to identify the major biogeochemical 
processes (e.g. denitrification, nitrification and biological � fixation) 
controlling local ���� concentrations, and to assess the � budget in a water 
body (Amiri et al., 2015; Chang et al., 2002; Kellman and Hillaire-Marcel, 
2003; Komor and Anderson, 1993; Komor and Magner, 1996; Lee et al., 
2008; Liu et al., 2006; Mattern et al., 2011; Pardo et al., 2004; Schilman et 
al., 2007; Wassenaar, 1995; Yei et al., 2007). Indeed, different sources of ���� often have distinct nitrogen and oxygen isotopic compositions. Both, the � and � isotope composition (δ ��� −	and δ ��� − ����) have been widely 
used and provide generally basic information for determining sources of ���� 
in water among different sources derived from soil organic �, synthetic 
fertilizer, sewage effluent, animal and human waste, atmospheric 
precipitation, etc. (Amiri et al., 2015; Aravena and Robertson, 1998; Fukada 
et al., 2004; Kaown et al., 2009; Mattern et al., 2011; Seiler, 2005; Silva et 
al., 2002; Wassenaar, 1995). The ranges of δ ��� − and δ ��� − ���� values 
for the potential sources of ���� reported in the literature are illustrated in 
Figure 3.2. 
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Figure 3.2: δ15N - and δ18O - NO3
- of five potential NO 3

- sources. The two arrows indicate 
typically expected slopes for data resulting from d enitrification of NO 3

- with 
initial δ

15N = 5‰ and δ18O = 6‰. The typical range of δ
18O values produced 

by nitrification of ammonium and organic matter are  denoted by 
“Nitrification”. Adapted from Kendall et al., (2007 ) and Xue et al., (2009). 

3.4.2. Application of boron and strontium isotopes for nitrate source 

identification  

Mixing and fractionation processes of multiple ���� sources can alter the 
isotope compositions of both δ ��� − and δ ��� − ����. Therefore, 
discriminating multiple ���� sources based on the dual isotopes of nitrogen 
and oxygen alone does not allow for an easy conclusive identification of ���� 
sources. 

To improve the specific differentiation between multiple sources of ����, the 
dual isotope analysis of nitrogen and oxygen in nitrate has been combined 
with land use type analysis (Choi et al., 2007; Koh et al., 2010; Spruill et al., 
2002), geochemical tracer analysis (Min et al., 2002; Panno et al., 2001), 
chemical marker analysis  (pharmaceutical) or analysis of  other co-
migrating isotopic tracers, such as boron isotopes (Bassett et al., 1995; 
David Widory, 2005; Fenech, 2014; Fenech et al., 2012; Seiler, 2005; 
Widory et al., 2004, 2005, 2013) and strontium isotopes (Bakari et al., 2013; 
Jiang et al., 2009a; Vilomet et al., 2001; Widory et al., 2004).  

Boron (
) is present in nearly all water types and it is an ubiquitous co-
migrant of ���� . 
 has two naturally occurring stables isotopes 
�+  and 
��   
(Table 3.1). The most important characteristic of 
 is that 
 isotope 
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composition is not affected by ���� biogeochemical transformation 
processes (e.g., nitrification and denitrification) and therefore can be used as 
conservative tracer (Bassett et al., 1995; Bernard et al., 1996; Vengosh et 
al., 1994). 
 isotopes can be affected only by inorganic processes, like 
adsorption-desorption on clay minerals (Bassett, 1990; Schwarcz et al., 
1969). 
 is widely employed in industrial, agricultural, cosmetic and 
household products, therefore δ 
��  is a useful tool for assessing the origin of ����  contamination (Komor and Anderson, 1993; Leenhouts et al., 1998). 
 
isotopes have been used to  identify  waste water and sewage (Bassett, 
1990; Bassett et al., 1995; Seiler, 2005; Vengosh et al., 1994) as well as fly 
ash leachate (Davidson and Bassett, 1993) as a possible origin of 
contamination. The ranges of δ 
��  values for various nitrate contaminant 
sources are illustrated in Figure 3.3. The combined use of multiple isotope 
tracers provides an effective mean for tracing sources of ���� in 
contaminated groundwater. Widory et al., (2013) demonstrated the benefit of 
using a multi-isotope approach (δ ��� − ���� , δ ��� − ���� and δ 
�� ) to track 
the origin of ���� contamination in groundwater on four distinct cases in 
France. Seiler (2005) used δ ��� − and δ ��� − ���� linked with δ 
��  to 
discriminate multiple sources of ���� in groundwater in Nevada (USA). 

Strontium isotopes ( ��� / ��� ) are other potentially discriminating tracers to 
identify the anthropogenic sources of nitrate contamination. A prerequisite 
for the use of isotopes as tracers for groundwater pollution is that sufficient 
variability of  signatures between different end-members exist (Widory et al., 
2004). In the case of � isotopes, several studies have shown significant 
variabilities between the � isotopic composition ( ��� / ��� ) of natural 
groundwater and that of anthropogenic inputs (Böhlke and Horan, 2000; 
Négrel, 1999; Négrel and Deschamps, 1996; Widory et al., 2004). In contrast 
to � and 
 isotopes, � isotopes will not fractionate through natural 
processes because of the low mass contrast between the ���  and ��� . 
Therefore, � isotopes can be used, in theory, to identify mixing processes 
and water-rock interactions within the aquifer. In natural system ��� / ���  
variations are mainly controlled by the geological age and �U/� ratio, thus 
in groundwater ��� / ���  ratio often reflects that of the aquifer matrix 
considering the contact time to attain equilibrium (Pennisi et al., 2006). 
Unfortunately, the flux coming from water-rock interaction is often larger 
compared with the anthropogenic flux, and thus totally overprints the isotope 
signal (Kendall et al., 2007; Widory et al., 2004). Widory et al. (2004) 
investigated the viability of the use of an isotopic multi-tracer approach 
(δ ��� , δ 
�� , δ Sr�� δ Sr��� ), in addition to conventional hydrogeological 
analysis, in two small catchments in Brittany (France).  
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Figure 3.3: Typical literature ranges of δ
11B values for main nitrate pollution sources. 

Figure from the ISONITRATE project (from Widory et al., 2004). 

3.4.3. Quantification of nitrate source contributio ns 

In studies of surface and groundwater contamination by nitrates, different 
potential sources of ���� can be considered. However, the isotopic 
compositions of nitrogen and oxygen in these ���� sources are rarely 
constant, and the initial isotopic compositions are altered by different kinds 
of fractionating processes before or after mixing. Some researchers have 
applied δ ���  and δ ���  in ���� to quantify the relative contributions from 
multiple ���� sources into the mixture using a mass-balance mixing model 
(Phillips and Koch, 2002). For example, Deutsch et al., (2006) successfully 
used the dual isotope approach (δ ��� − and δ ��� − ����) to quantify riverine ���� sources which derived mostly from drainage water (86%), groundwater 
(11%) and from atmospheric deposition (3%). Voss et al., (2006) also 
applied the dual isotope (δ ��� − and δ ��� − ����) approach to quantify three 
major ���� source contributions (sewage, atmospheric deposition and 
pristine soils) into 12 Baltic rivers. 

Generally, a basic mass-balance mixing model based on two isotopes and 
three sources can be expressed as follows: 

� �X�� = Y�� ���� + Y�� ���� + Y�� ����         

� �X�� = Y�� ���� + Y�� ���� + Y�� ����   

Y� + Y� + Y� = 1         (3.6) 

where � �X��  and � �X��  are the nitrogen and oxygen isotope values in ���� 
from the mixture, and the subscripts 1, 2 and 3 represent any of the three 
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���� sources; Y is defined as the proportional contribution of the respective 
source. 

However, a mass-balance mixing model is often performed to find unique 
solutions with the assumption that there is no variability within sources. In 
fact, three processes can introduce uncertainty on ���� sources 
apportionment: (a) temporal and spatial variability in δ ���  and δ ���  in ����; 
(b) isotope fractionation during denitrification; and (c) too many ���� sources 
(number of source > number of isotopes + 1) contribute to the mixture so 
that the above equations cannot be solved exactly (Moore and Semmens, 
2008; Xue et al., 2009, 2012). 

Recent developments of stable isotope mixing models have placed them into 
a Bayesian statistical framework which allows for explicitly taking into 
account uncertainty in sources values, categorical and continuous 
covariates, and prior information (Parnell et al., 2013; Stock et al., 2016). 
MixSIAR represents a general framework written in the open source 
languages R that help to create and run Bayesian mixing models. It 
incorporates several advances in Bayesian mixing model theory since 
MixSIR (original Bayesian mixing model) (Moore and Semmens, 2008) and 
SIAR (Stable isotope analysis in R) (Parnell et al., 2010). An upgrade 
package to SIAR named “simmr” has been designed to solve mixing 
equations for stable isotope data within a Bayesian framework (Parnell and 
Inger, 2016). More detail about Bayesian stable isotope mixing model 
description and best use can be found in Parnell et al. (2013) and Phillips et 
al. (2014).  
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4.1. Outline  

Determining the sources of ���� pollution in groundwater is a prerequisite for 
improving groundwater quality management and aquifer protection. It is with 
this aim that hydrogeochemical characteristics and isotopic multi-tracers 
(� ��� − and � ��� − ����, � 
�� , and � ��� � ���� ) from groundwater of the 
Kinshasa region were analyzed. To assess ���� pollution pressure, and 
identify and quantify the ���� sources a multivariate statistical analysis of 
geochemical data combined with stable isotope mixing model analysis in a 
Bayesian framework were applied. Groundwater is poorly mineralized and ���� is one of the major ions contributing to the mineralization processes. 
The results showed that high groundwater ���� concentrations are retrieved 
in the urban area and in the alluvial plain. Coupled � ��� − and � ��� −����, � 
�� , and � ��� � ����  results indicated that large part of high nitrate 
concentrations originates from manure and sewage sources, and suggested 
complex mixing processes. The proportional contributions of the ���� 
sources estimated by Bayesian stable isotope mixing model showed that 
“manure and sewage” contributed highest, “soil N” contributed middle, and 
“N in fertilizers” contributed least. ���� pollution is related to the fragmented 
land use patterns and the lack of appropriated sanitation system in the study 
area. This study highlights that the combination of a multivariate analysis of 
physicochemical parameters with multiple isotopic tracer analysis is 
promising for identifying groundwater nitrate sources in complex 
contaminated groundwater systems. 

4.2. Introduction 

Groundwater is a major natural resource that sustains life and development 
on Earth. For human development, it can be noted that groundwater 
systems are exploited for the supply of drinking water for around 2 billion 
people (Morris et al., 2003). Groundwater exploitation programs are 
therefore of paramount importance  both in developed and developing 
countries. Yet, groundwater is also subjected to many pressures. Over-
exploitation and contamination from different sectors (agriculture, 
urbanization, and industries) respectively lead to groundwater depletion and 
quality degradation (Adelana et al., 2008; Foster and Chilton, 2003; 
Giordano, 2009; Howard and Gelo, 2002). 

In general, groundwater quality is not only controlled by natural processes 
(lithology, groundwater velocity, quality of recharge water, interaction with 
soil and rock, and interaction with other types of water, etc.), but also, and 
mainly, by human activities (agriculture, industry, urban development, etc.) 
(Cloutier et al., 2008; Helena et al., 2000; Jiang et al., 2009b; Prasanna et 
al., 2010). The hydrogeochemical characteristics of groundwater is an 
important aspect determining its use. The knowledge on the groundwater 
quality is, therefore, important to understand the impacts of human activities 
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on the groundwater quality and to take appropriate measures for sustaining 
groundwater development programs. 

Nitrate is one of the most widely chemical contaminants that is retrieved in 
many groundwater resources. Primary nitrate in groundwater systems may 
result from human activities on the land surface, such as agriculture using 
fertilizers and manures, sewage disposal systems, industrial effluents, etc. 
(Bordeleau et al., 2008; Fukada et al., 2004). Furthermore, different 
biogeochemical processes (e.g nitrification and denitrification) can modify 
nitrogen species in the nitrogen cycle and affect groundwater nitrogen fate 
and composition (Nestler et al., 2011; Rivett et al., 2008). 

The vulnerable and unconfined groundwater system of the Kinshasa region 
is subjected to many possible pollution pressures. This is linked to, a.o, the 
rapidly growing in population and urbanization in formal and informal 
settlements, the increasing industrialization, and the intensifying agriculture 
activities in particular in the peri-urban areas. Indeed, the application of 
fertilizers and manures in agriculture areas, the disposal of untreated 
domestic wastewater and industrial effluents into rivers are considered the 
most potential sources of nitrate contamination to groundwater. 

Knowing the sources of nitrate contamination in groundwater and quantifying 
their contribution is important for the development of groundwater 
management policy. Different approaches have been applied to identify ���� 
sources in groundwater. For exemple ���� concentrations and land uses 
were used in a statistical approach to discriminate different ���� pollution 
sources in contamined unconfined aquifer systems (Kaown et al., 2007; 
Mattern et al., 2009; Nolan and Stoner, 2000). However, the discrimination 
power of these methods was limited due to the poorly controlled spatial 
variabilities of ���� contamination (Candela et al., 2007), the mixing of 
different ���� sources and the complexity of biogeochemical processes in 
the � cycle (Nestler et al., 2011; Rivett et al., 2008; Xue et al., 2009). The 
determination of nitrogen ( ��� / ��� ) and oxygen ( ��� / ��� ) isotopes in ���� 
has proved to be an additional powerful tool for the identification of ���� 
sources into water resources and the assessment of different 
biogeochemical processes controlling ���� concentrations. This can be 
explained by the fact that different ���� sources have unique isotope ratios 
of � and � (Amiri et al., 2015; Chang et al., 2002; Deutsch et al., 2006a; El 
Gaouzi et al., 2013; Fukada et al., 2004; Hosono et al., 2013; Kaown et al., 
2009; Kaushal et al., 2011; Lee et al., 2008; Liu et al., 2006; Mattern et al., 
2011; Mayer et al., 2002; Yei et al., 2007; Yue et al., 2014). However, mixing 
of multiple ���� sources can results in intermediate isotope values that affect 
the accuracy of ���� sources identification (Kendall, 1998; Xue et al., 2009). 
Thus, researches have attempt to link � � −��  and � � − ������  values with a 
statistical analytic approach using land use types and other  
hydrogeochemical properties of water to identify ���� sources (Kaushal et 
al., 2006; Mayer et al., 2002; Spruill et al., 2002). With respect to 
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hydrogeochemical fingerprinting, there are the classical hydrogeochemical 
ratios that explore the origin and dominant processes that affect 
groundwater properties, and the multivariate statistical techniques (Cloutier 
et al., 2008; Drissa et al., 2013; Sethy et al., 2016; Sheikhy Narany et al., 
2014; Tziritis et al., 2016; Venkatramanan et al., 2013; Wanda et al., 2011), 
including the Principle Component Analyses (PCA) and the Hierarchical 
Cluster Analysis (HCA). 

Apart from � � −��  and � � − ������  classical fingerprinting, 
 and � 
isotopes have also been used as additional tracers to improve the 
identification of ���� sources in water (Bronders et al., 2012; Seiler, 2005; 
Widory et al., 2004, 2005, 2013). The � 
�� , allows discriminating manure 
from sewage and mineral fertilizer sources, and the � ��� � ����  are useful 
to identify mixing processes and water-rock interactions within the aquifer. 
The combined use of a statistical analytic approach with geochemical 
fingerprinting and an isotopic tracer analysis of ����, 
, and � can therefore 
provide a useful approach for tracing sources of ���� in contaminated 
groundwater. 

For quantifying the contribution of different ���� sources, stable isotope 
mixing model with the nitrogen and oxygen isotopes in ���� (� ���  and � ��� ) 
have been applied to estimate source contributions of different ���� to water 
resources (Deutsch et al., 2006b; Phillips and Koch, 2002). Advanced 
Bayesian stable isotope mixing models, (MixSIAR), have been developed 
(Parnell et al., 2013; Parnell and Inger, 2016), and fully applied to estimate 
proportional contributions of different ���� sources into the mixture. 

The purpose of this study is to assess the sources of nitrate pollution in the 
Kinshasa groundwater body, combining hydrogeochemical fingerprinting 
with isotopic multi-tracers (�, �, 
, and �), and a Bayesian stable isotope 
mixing model. It is considered that the use of an integrated and combined 
approach improves the fitness of the nitrate sources identification procedure 
and therefore is very useful to identify and quantify sources of nitrate in 
contaminated groundwater. 

4.3. Materials and methods 

4.3.1. Sample collection and analyses 

Hydrogeochemical data for groundwater were obtained from two field 
campaigns carried out in 2013 (May to August) and 2014 (February to 
August). Groundwater samples were collected around the Kinshasa region 
from different water stations (boreholes, wells, and springs) used for drinking 
water supply (Fig. 4.1), without taking into account the season variability. A 
total of 151 groundwater samples were collected from 109 water sites and 
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those samples were analyzed for hydrochemical parameters (Table 4.1) 
including laboratory measurements (major ions and trace elements) and in 
situ measurements. The in situ measurements were determined immediately 
after sampling using a multiparameter (Multi WTW-350i). This instrument is 
equipped with a specific electrode for pH, temperature, and electrical 
conductivity, and dissolved oxygen measurements. The sample bottles were 
rinsed using the groundwater to be sampled and samples were filtered using 
a 0.45 µm acetate cellulose in the laboratory. The collected samples were 
kept at 4°C and transported for analysis to the laboratory of UCL/ELI-E in 
Belgium for major ions and trace elements. Anions were determined by ionic 
chromatography (Dionex ICS-1100), except �T��� which were measured by 
acid titration method. Cations and trace elements were analyzed by atomic 
absorption spectrometry. The accuracy of the analysis was satisfactory 
based on the cation-anion balance results, which was within ±10% for about 
60% of water samples, and by the fact that for acidic and poorly mineralized 
water, as it is in this case, greater balance (> 10%) is not indication of 
inaccurate analysis (Favreau et al., 2000; Hounslow, 1995; Ndembo, 2009). 
Thus, all hydrochemical results were used for data processing.  

Table 4.1: Hydrochemical parameters analyzed in gro undwater samples 

Type Nb.  Parameters  
Major ions  

Trace elements 

Field parameters  

9 

7 

4 

TP�, �����, ����, 	\, �T���, T]��, ^B��, _�, �]� 

^Q, AP, 
], \`, �, aQ, �b�� 
Water Temperature (T), pH, Dissolved Oxygen (DO), 
Electrical Conductivity (EC)  

The � � −��  and � � − ������  values were determined on selected samples 
on the basis of the hydrogeochemical results and the spatial land use 
patterns, at the Ghent University (Belgium), by ‘’Bacterial denitrification 
method’’ and analyzed as ��� using a trace gas unit coupled to an Isotope 
Ratio Mass Spectrometer (IRMS) as described in Xue et al. (2010). Three 
series of � � −��  and � � − ������   data values were obtained from the field 
campaigns organized in 2013, 2014, and 2015 – 2016 (November 2015 to 
April 2016). 

The δ 
��  values were determined from selected samples collected in 2014 
based on the nitrate isotope results, by a sector field-inductively coupled 
plasma-mass spectrometry (SF-ICP-MS) method (Tirez et al., 2010). The 
 
concentrations were measured by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) at VITO (Belgium). 

The � isotopic ratios were determined on selected samples collected during 
the third campaign using a multi-collector inductively coupled plasma-mass 
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spectrometer (MC-ICP-MS) (Voerkelius et al., 2010) at the Ghent University 
(Belgium). 

For understanding the role of surface water on groundwater nitrate 
contamination processes, selected surface water samples from three 
streams (Lukaya, Tshangu, and Yolo) and the Congo River (Fig. 4.1) were 
collected during the third campaign series to analyze nitrogen and oxygen 
isotopic composition in nitrate and strontium isotopic composition, in addition 
to groundwater samples.  

All the isotope data were expressed in terms of delta (�) unit per mil (‰) 
relative to their respective international standards (Table 3.1). 

 

Figure 4.1: Location of groundwater sampling sites and geological setting of the study 
area. 

4.3.2. Statistical analyses 

The descriptive statistical analyses on raw data and multivariate statistical 
analysis, including Principal Component Analysis (PCA) and Hierarchical 
Cluster Analysis (HCA) were performed on hydrogeochemical datasets from 
the two campaigns using R software. PCA and HCA of hydrogeochemical 
data were used to characterize the interaction between groundwater quality 
parameters and to identify the processes controlling the variability of these 
parameters, focusing on nitrate. In addition, hydrochemical variables were 
graphically interpreted using Piper triangular diagram and Stiff diagram to 
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show respectively the groundwater facies and the groundwater 
mineralization. The data for most hydrogeochemical parameters are 
positively skewed (Table 4.2). All these parameters (except pH) were log-
transformed to acquire a log-normal distribution. The log-transformed 
dataset and pH was then standardized to eliminate the influence of different 
units between variables, prior to processing the multivariate analysis, by 
subtracting the mean value and dividing by the standard deviation of the 
parameter (Cloutier et al., 2008; Liu et al., 2003; Wanda et al., 2011). 
Parameters that failed to meet that criterion (i.e. standardization after log-
normality) were excluded from further data processing. Thus, the final 
dataset used for the multivariate statistical analysis was a data matrix of 151 
groundwater samples (observations) by 15 hydrogeochemical properties 
(variables). 

Furthermore, the uncertainties in the nitrogen and oxygen isotopic values in ���� pollution sources were taken into account. A Bayesian isotope mixing 
model was implemented based on the upgraded software package “simmr” 
(stable isotope mixing models in R) (Parnell and Inger, 2016) using the 
nitrogen and oxygen isotope composition values obtained from the three 
campaigns to estimate the proportion of different ���� source contributions 
to groundwater. Following inputs objects were required for running simmr: (i) 
the mixture (nitrogen and oxygen isotope ratios in nitrate), (ii) the potential 
source means, (iii) the source standard deviations, and optionally (iv) the 
enrichment factors.  

4.4. Results and discussions 

4.4.1. Hydrochemical characteristics of groundwater  

Descriptive statistics were processed on the groundwater dataset for 20 
hydrogeochemical parameters, including field measurements, major ions, 
and trace elements. However, for some samples parameters have 
concentrations mostly below the detection limits. Table 4.2 presents the 
descriptive statistics of hydrogeochemical parameters compared to the 
guideline limits described by WHO (2011). From this table, it is noted a high 
variability of the observed concentrations for the majority of variables, 
including ����. For nitrate, the coefficient of variation is above 1.0, reflecting 
the high spatial variation of groundwater quality, and suggesting local 
contamination inputs into the groundwater system. To compare ���� 
concentrations measured in the different sampling stations (boreholes, wells 
and, springs), a one-way analysis of variance was performed, and no 
significant differences were detected at a significant level of 0.05 in the 
mean concentrations of the different types of sampling stations. 
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Table 4.2: Statistical summary of physicochemical a nd isotopic dataset for sampled 
groundwater and the prescribed limits of WHO (2011)  of major 
physicochemical constituent for drinking purposes  

 Unit  Nb. Min. Max. Mean STD CV 
(%) skewness  WHO Max. 

desirable 
Physicochemical parameters  
T °C 150 21.10 39.40 27.82 2.25 8.1 2.31 - 
pH  151 3.74 7.90 5.08 0.97 19.2 0.80 6.5-8.5 
EC µS/cm 151 6.10 1020.0 145.8 192.15 131.8 2.29 500 
DO mg/L 120 0.12 11.40 3.23 2.14 66.3 0.47 - T]�� mg/L 151 0.09 59.31 7.65 12.55 163.9 2.56 75 ^B�� mg/L 151 0.01 7.17 1.06 1.41 133.5 2.27 50 �]� mg/L 151 0.11 79.22 10.31 14.99 145.4 2.16 250 _� mg/L 151 0.04 55.80 5.78 10.26 177.5 2.92 250 �T��� mg/L 148 0 391.01 17.41 49.66 285.3 4.85 500 ���� mg/L 145 0.07 339.67 40.13 57.01 142.0 2.35 50 TP� mg/L 147 0.31 110.54 12.07 19.73 163.5 2.69 250 ����� mg/L 140 0.13 80.91 3.93 9.72 247.4 5.10 250 �b�� mg/L 151 2.13 37.97 11.63 6.31 54.3 2.47 - AP mg/L 129 0.0005 4.46 0.56 0.86 154.9 2.29 0.20 \` mg/L 87 0 0.30 0.02 0.05 180.1 3.61 1.50 ^Q mg/L 140 0.0003 0.34 0.04 0.04 107.5 2.51 0.40 � mg/L 151 0 0.36 0.04 0.07 156.5 2.51 - aQ mg/L 151 0.001 14.00 0.24 1.30 527.3 8.65 3.0 
] mg/L 151 0.0007 0.61 0.03 0.06 172.4 5.58 0.7 
 mg/L 29 0.0007 0.018 0.004 0.004 105.0 1.90 0.5 

Groundwater isotopic composition values � � − ������   (‰) 84 -0.83 21.23 7.80 3.68 47.1 0.30  � � − ������  (‰) 84 -5.10 16.61 4.83 4.39 90.9 0.21  � 
 − 
��  (‰) 29 2.87 53.08 29.46 12.82 43.5 0.04  � ��� � ���⁄  (‰) 16 0.7088 0.7210 0.713 0.004 0.56 0.72  

Surface water isotopic composition values  � � − ������  (‰) 4 6.75 10.41 8.90 1.91 21.5 -0.54  � � − ������  (‰) 4 -0.82 12.26 5.35 6.57 122.8 0.20  � ��� � ���⁄  (‰) 4 0.7087 0.7143 0.714 0.004 0.57 -0.64  

In general, the maximum concentrations of all variables are within the WHO 
desirable limits for drinking water, except for ���� and some trace elements 
(e.g. AP) which are exceeding the limits for drinking water. Groundwater in 
the region of Kinshasa is acidic (pH between 3.74 and 7.90, with an average 
of 5.08) and poorly mineralized (EC between 6.1 and 1020 µScm-1), typical 
for sandstone and siliceous geological formations. The large spatial 
variability of hydrogeochemical composition is consistent with the results 
obtained by Ndembo (2009). 
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Figure 4.2: Piper diagrams of ionic compositions in  groundwater in different geological 
types (a) and nitrate levels (b).  
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Piper diagrams (Fig. 4.2(a) and (b)) were established to identify different 
groundwater types from different geological formations and link this to the 
observed nitrate level. This gives the first handle to identify the impact of 
human activities on groundwater quality. The hydrochemical facies of 
groundwater in the study area vary from �]	– 	_	– 	TP	-����/ water type 
(66.88%) to T]	– 	^B	–	�T��� (11.92%), and from T]	– 	^B	– 	TP	-����/ water 
type (13.24%) to �]	– 	_	–	�T��� (7.94%), suggesting mixed water as a 
result from water-rock interaction and anthropogenic pollution. Higher ���� 
concentrations are associated with �]	– 	_	– 	TP water type. Generally, the �]�, TP� and ���� showed high concentration values in the alluvium, as 
groundwater flow from south (in sandstones) towards the alluvial plain in the 
north, which represents also the urban and peri-urban areas. This suggests 
an anthropogenic impact on the groundwater. There are important 
differences in ���� concentrations for different land use types (Fig. 4.3). Low 
values are observed in forest land (mean = 8.95 mg/L), and high values 
(mean = 48.36 mg/L; reaching up to 340 mg/L) in urban and peri-urban 
lands. This latter value is far beyond the maximum desirable limit for drinking 
water (WHO, 2011). 

 

Figure 4.3: Box plot for nitrate (in mg/L) per land  use types in the study area. Box plots 
illustrated the 25 th, 50th, and 75 th percentiles; the whiskers indicate the 10 th 
and 90 th percentiles; the circles represent the outliers, t he red dots 
represent the averages, and the number indicate the  size of observations.  

4.4.2. Multivariate statistical analysis of groundw ater chemistry 

Multivariate analysis is a useful statistical method for the geochemical data 
interpretation (Cloutier et al., 2008; Kim et al., 2009; Matiatos, 2016; Silva-
Filho et al., 2009; Tziritis et al., 2016; Wanda et al., 2011). The method is 
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often used to group data in a simple structure and simplify the explanation of 
the relationship between different geochemical variables. 

Groundwater samples were classified by HCA into three main clusters based 
on the similarities among the hydrogeochemical parameters involved in the 
groundwater mineralization (T]��, TP�, _�, ^B��, �]�, ����, and �����). 
Figure 4.4 represents the Stiff diagram whish shows the average ionic 
composition (meq/L) for the three groundwater clusters. The samples in the 
clusters 1 and 2 had low mineralization levels. However, samples in the 
cluster 2 are characterized by relatively high values of ����, �]� and T]��. 
The geochemical composition of samples in the cluster 3 is characterized by 
higher values of ����, �]�, T]�� and TP� suggesting the impact of human 
activities to groundwater quality. The spatial distribution map of the clusters 
(Figure 4.5) show that samples of cluster 3 are located in the urban area, in 
contrast to samples of clusters 1 and 2 which are located in the peripheral 
areas and consequently are not affected by the pressure of human activity. 

 

Figure 4.4: Stiff diagrams of groundwater (meq/L) f or the three clusters. 

In general, samples in the clusters 1 and 2 are poorly mineralized compared 
to those in cluster 3. The results suggest an important role of ���� to 
groundwater mineralization, and hence, the possible impact of 
anthropogenic activities on the groundwater quality. 

Table 4.3 presents the principal factor loading for the first three factors, as 
well as their respective explained variance. Loading, that represent the 
importance of the variables for the factor are in bold. The first two factors 
explain 48.9% and 16.9% of the variance, respectively, and thus account for 
the majority of the variance in the dataset. Factor 3 is not as important and 
explains about 8.4% of the variance. Figure 4.6 summarizes information 
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from the first two factors by showing the position of the loadings of the 
hydrochemical parameters. 

 

Figure 4.5: Spatial distribution of clusters obtain ed from Hierarchical Cluster Analysis 
and land uses in the study area. 

Table 4.3: Principal component analysis of physicoc hemical dataset 

Variables  Factor 1  Factor 2  Factor 3  AP        
         T]��     TP�      
DO      
EC      _�      ^B��    �]�        ����     
pH        �b��    �����    
T       aQ	    

0.25 
0.77 
0.95 
0.92 
-0.19 
0.97 
0.93 
0.95 
0.94 
0.85 
0.15 
-0.17 
0.71 
-0.02 
0.17 

-0.89 
0.60 
0.10 
-0.17 
0.02 
-0.11 
0.11 
0.00 
-0.17 
-0.42 
0.92 
0.28 
-0.03 
-0.03 
0.28 

0.07 
-0.19 
0.02 
0.00 
0.44 
0.09 
0.14 
0.12 
0.03 
0.05 
-0.12 
0.65 
-0.27 
0.11 
0.68 

Explained variance 
% of variance 
Cum. % of variance   

7.33 
48.87 
48.87 

2.53 
16.85 
65.72 

1.26 
8.42 
74.14 
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Factor 1 (48.9%) explains the greatest amount of the variance and is 
characterized by highly positive loadings in T]��, TP�, EC, _�, ^B��, �]�, ����, ����� and 
, and a weak negative loading association with �b��. Thus, 
factor 1 could be related to the mixed processes of groundwater 
mineralization attributed partly to the water-rock interaction and partly to the 
contamination from human activities. The main contributor ions to the 
groundwater mineralization are T]��, TP�, _�, ^B��, �]� and ����, which 
show significant positive correlation with EC, and in addition ���� provides 
insight to the importance of anthropogenic processes. This contribution is 
confirmed by the well-defined relationships observed in Figure 4.7 in which 
each one of the referred cation and anion was separately correlated to the 
sum of major cations and the sum of major anions, respectively (Dassi, 
2011; Wanda et al., 2011). Factor 2 explains 16.9% of the total variance, 
and is characterized by positive loadings in pH and 
, and negative loadings 
in AP and ����. This can reflect the groundwater acidification processes 
regarding to the geological setting.  

The last factor (factor 3) explains 8.4% of the total variance, indicating that 
this factor is related to more local effects than the two first factors. Factor 3 
is characterized by positive loading in �b�� and aQ indicating the water-rock 
interaction, through the silica weathering. Indeed, the aquifer system in the 
study is made of sedimentary rocks containing quartz mineral (Ndembo, 
2009). 

 

Figure 4.6: Plot of loadings for the two first fact ors of the PCA. 
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Figure 4.7: Geochemical relationship between total cations vs. (a) Ca 2+, (b) Mg 2+, (c) Na+ 
and (d) K +, and total anions vs. (e) Cl-, and (f) NO 3

-. Water samples are 
according to their clusters (Fig. 4.4). 
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4.4.3. Application of δ
15N – and δ18O isotopes in nitrate  

4.4.3.1. Groundwater nitrate sources identification 

In the absence of previous studies on nitrogen and oxygen isotopes in 
nitrate in the study area, the isotopic composition results were compared to 
literature data as a reference for discriminating different nitrate sources 
(Kendall et al., 2007; Nestler et al., 2011; Xue et al., 2009). The descriptive 
statistics of the stable isotope analyses of � and � in ���� are summarized 
in Table 4.2. Groundwater samples have shown a wide range of nitrate 
concentrations. The variation measured on the isotopic composition values 
of � ���  and � ���  in ���� is also significant, ranging respectively between -
0.83 to +21.23‰ vs. air with an average of 7.80±3.68‰ (n = 84), and -5.10 
to +16.61‰ vs. SMOW with an average of 4.83±4.39‰ (n = 84). Xue et al. 
(2009) have reported from the compilation of different researches that 
δ ��� − ���� values of chemical fertilizers, manure and sewage, and soil � 
range respectively from -6‰ to +6‰, +5‰ to +25‰, and 0‰ to +8‰. On 
the other side synthetic ���� fertilizers have distinctive δ ��� − ���� values 
with a range from +17‰ to +25‰. 

To identify the predominant ���� sources, δ ��� − and δ ��� − ���� values in 
the study area were plotted in the classical δ ��� − ���� vs δ ��� −���� 
diagram (Figure 4.6) based on Kendall et al. (2007) and classified according 
to the above defined cluster (Fig. 4.4) considering their mean value of ���� 
concentrations. Nitrogen and oxygen isotopic values in ���� from samples 
collected in the Congo River (Malebo Pool) and two streams draining the 
Kinshasa urban city are also represented in Figure 4.6. The results fall in 
three potential source boxes of nitrate: ���� fertilizer, soil N, and manure and 
sewage. The majority of samples with high nitrate concentrations (> 18 mgL-

1) fall in the box of manure and sewage sources. These water sites are 
located into the north-west part characterized by residential and 
undeveloped peripheral areas with high population density and poor 
sanitation system. Atmospheric � and ���� fertilizer sources are not 
contributing to groundwater nitrate pollution. Some water samples recorded 
the most enriched nitrogen and oxygen isotopic values with lower ���� 
concentrations which indicate denitrification that may result near the Congo 
River. 

With regards to the spatial distribution of hydrochemical clusters (Fig. 4.5), 
the general groundwater flow direction (south towards north) and the land 
use patterns, a global south to north variation gradient of nitrogen and 
oxygen isotope values can be observed (Fig. 4.8). Nitrogen and oxygen 
isotopic values for sampling stations corresponding to cluster 1 fall into the 
“Soil N” source box. These sampling stations are located in the peripheral 
area characterized by agriculture activities using organic matter and low 
population density. Sampling stations in the cluster 2 are located into the 
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intermediate areas, with nitrogen and oxygen isotopic values falling into the 
overlapping boxes of “Soil N” and “Manure and sewage”. These areas 
correspond to the suburban land characterized by agriculture land, high 
population density, and poor sanitation infrastructures. Nitrogen and oxygen 
isotopic values for sampling stations in the cluster 3 fall mostly into the 
“Manure and sewage” sources box. These sampling stations are located into 
the densely populated urban area in the north part all around the Congo 
River and characterized by poor sanitation. Also, δ ��� − and δ ��� −���� 
values for the urban stream samples are attributed to “Manure and sewage” 
sources as these streams have been converted to the sewer. 

 

Figure 4.8: δ15N- vs. δ18O-NO3
- diagram of groundwater and surface water samples i n the 

study area (adapted from (Kendall et al., 2007; Xue  et al., 2009)). 

As illustrated in Figure 4.8 likely denitrification processes occur for sampling 
stations located in the north part all around the Congo River. Nitrogen and 
oxygen isotopic values of these sampling stations are higher than the values 
of the Congo River sample. Indeed, in denitrification the  δ ���  and δ ���  
values of nitrate increase as nitrate concentrations decrease, generating 
during this biogeochemical processes δ ��� − and δ ��� − ���� ratios from 
1:1 to 2:1 (Nestler et al., 2011). 

4.4.3.2. Probability estimates of nitrate source contributions  

In this study, an upgraded stable isotope mixing model package (simmr) 
(Parnell and Inger, 2016) was applied within a Bayesian framework to 
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estimate proportional contributions for nitrogen and oxygen stable isotopes 
of the following three potential ���� sources identified: soil N (soil), ���� in 
fertilizer (NF), and manure and sewage (MS), for all the dataset, and 
separately for grouped sampling station based on the clusters defined by 
multivariate statistical analysis. These clusters correspond also to different 
land use types in the study area (peri-urban, intermediate and urban lands). 
Fractionation processes have been assumed to be absent, and the δ ��� − 
and δ ��� − ���� values of local sources to fall in the source box limits 
defined from literature (Fig. 4.8). 

The output of the stable isotope mixing model (simmr) for all the dataset is 
presented in the matrix plot (Fig. 4.9). This matrix shows the source 
histograms on the diagonal, contour plots of the relationship between the 
sources on the upper diagonal, and the correlation between the sources on 
the lower diagonal. Largest negative correlations are between “NF” and 
“Soil” sources, and “Soil” and “MS” sources indicating that the model cannot 
separate clearly between these sources as their lie close together in iso-
space (Parnell and Inger, 2016; Phillips et al., 2014). Thus, the resulting 
marginal uncertainty, as shown in the histograms in these source 
proportions, is inflated.  

 

Figure 4.9: Matrix plot of nitrate sources in groun dwater for all the dataset. 

Table 4.4 summarizes the Bayesian equivalent of confidence intervals for 
the different sources. These model results suggest that the source 
proportions are quite uncertain. However, the interval for “MS” source is 
narrowest, running from approximately 42% to 63% of the source, as this 
source is the most clearly separated from the others (Fig. 4.9). The mean 
probability estimate (MPE) of “MS” is 53%, followed by “soil” (MPE 33%), 
and “NF” (MPE 14%). The most general ordering and their correspondent 
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probability are as follow: “MS” > “Soil” > “NF” (0.699), “MS” > “NF” > “Soil” 
(0.190) and “Soil” > “MS” > “NF” (0.111). 

Table 4.4: Bayesian equivalent of confidence interv als 

Source  Confidence intervals  
 2.5% 25% 50% 75% 97.5% 
“NF” 0.025 0.086 0.138 0.200 0.313 
“Soil” 0.093 0.247 0.332 0.412 0.529 
“MS” 0.420 0.494 0.528 0.561 0.625 

Figure 4.10 compares the proportional probability contributions for the three 
sources of nitrate in groundwater for all the sampling stations, and for 
grouped data on the basis of the clusters defined before. A similar trend of 
source apportionment pattern can be observed, with the contribution of “MS” 
higher than the other sources. The same MPE trend ordering (“MS” > “soil” > 
“NFR” > “NF” is observed in the clusters 1 and 3 (Fig. 4.10(b) and (d)). 
However, for the cluster 2 (Fig. 4.10(c)) the MPE of “soil” is higher (PME 
42%), followed by “MS” (MPE 34%), and “NF” (MPE 24%). The sampling 
stations in the cluster 2 are generally located in the intermediate peri-urban 
areas characterized by fragmented land use patterns combining intensive 
agriculture activities lands (vegetable cropping) using organic matters with 
human settlements. In addition, sanitation systems are in general absent, 
and uncontrolled dumps are identified in diverse places as a consequence of 
no waste management program. 

In general, the stable isotope mixing model (simmr) indicates that “MS” 
contributed most to the groundwater quality degradation due to the lack of 
appropriated sanitation infrastructures in the study area. The contributions of 
“soil” and “NF” followed translating, in one hand, the impacts of agriculture 
activities characterized by the use of organic matters, and in the other hand 
the absence of domestic and industrial wastes management program. 
However, all the three sources contributed to the groundwater quality 
degradation in the study area. 

It should be noted that Bayesian stable isotope mixing model outputs have 
not only estimated the proportional contribution of the different potential 
sources and their correspondent uncertainties but also have revealed the 
ordering importance of each source when considering different clusters. 
These clusters are reflecting the spatial urbanization dynamic. However, it is 
expected that the probability estimates of the proportional sources change 
on the basis of spatial and temporal variation. Furthermore, the Bayesian 
stable isotopes mixing model for this study has not considered the 
fractionation processes (e.g., nitrification and denitrification) which could 
modify the groundwater nitrate isotopic composition (Matiatos, 2016). The 
future stable isotopes mixing models might be improved by better 
characterization of local source materials, and integration of the 
uncertainties introduced by the spatial and temporal variations through more 
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groundwater samples collected on a seasonal basis with high sampling 
station density. 

 

Figure 4.10: SIAR derived boxplots of proportional contribution of four potential nitrate 
sources for all sampling stations (a) and grouped s ampling stations on the 
basis of cluster 1 (b), cluster 2 (c) and cluster 3  (d). The three sources are 
manure and sewage (“MS”), soil N (“soil”) and NH 4

+ in fertilizer (“NF”). Box 
plots illustrated the 25 th, 50th and 75 th percentiles; the whiskers indicate the 
10th and 90 th percentiles; the dots represent the outliers. 

4.4.4. Integration of multiple isotope and hydroche mical tracers  

Considering stable isotopes mixing model results, the different potential 
sources of ���� are overlapping as different processes, such as dilution and 
denitrification, could lead to isotopic composition change (Aravena and 
Robertson, 1998; Widory et al., 2004). To improve understanding ���� 
sources in groundwater (e.g., discrimination between manure and sewage, 
identification of complex mixing processes) an integration of multiple 
isotopes tracers of nitrogen and oxygen in ����, 
 and � with 
hydrochemical tracers is applied. 

Generally, denitrification occurs when following conditions are met (Rivett et 
al., 2008): presence of nitrate, denitrifying bacteria and electron donor 
(organic carbon, reduced iron and/or reduced sulphur), anaerobic conditions 
(dissolved oxygen concentration less than 1 to 2 mg/L), and favorable 
environmental conditions (temperature, pH, other nutrients and trace 
elements). This is more probable in confined aquifer or near river 
environment (i.e. the riparian and hyporheic zones). Enrichment of δ � −��  
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relative to δ ��� − ����, as ���� concentrations decrease give evidence of 
denitrification (Fukada et al., 2004; Petitta et al., 2009). Figure 4.11 
represents the relationship between ���� concentrations and δ ��� − ���� 
isotopic composition. Evidence of denitrification, as also indicated in Fig. 4.8, 
is observed by the enrichment tendency of δ ��� , more than the value of the 
Congo River sample, as ���� concentrations decrease. Un-polluted samples 
lie out of this tendency and result in low ���� concentration and low δ ���  
values. The following information can be drawn (Fig. 4.11 and Fig. 4.8):  (i) 
isotopic composition of surface water samples and of the most groundwater 
samples lies in the domain of manure (animal, poultry or human) and also of 
sewage sources (Widory et al., 2004; Xue et al., 2009); (ii) fertilizers have 
negligible effect on the groundwater ���� contamination; (iii) mixing and 
denitrification are the major processes controlling the ���� fate; (iv) surface 
water have significant effect on the level of ���� in groundwater, as it is 
associated to denitrification (around the Congo River) or 
dilution/contamination processes (from urban polluted streams). 

 

Figure 4.11: δ
15N vs. NO 3

- concentrations of groundwater and surface water sa mples. 
Also shown are theoretical δ

15N values from specific NO 3
- sources.   

Previous results (Fig. 4.8, Fig. 4.10 and Fig. 4.11) shown that δ � −��  and 
δ ��� − ���� approach does not alone allow clear differentiation of ���� 
sources, especially in the cases of differentiation between manure and 
sewage sources, and complex mixing processes. � 
��  and � ��� � ����  
were analyzed, respectively, to separate sewage and manure sources, and 
to understand mixing processes. The results of 
 and � isotope 
compositions are summarized in Table 4.2.  

The 
 concentrations are relatively low and range from 0.77 to 18.0 µg/L 
with an average of 4.20±4.30 µg/L (n = 29).The 
 vs. ���� diagram (Fig. 
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4.12(a)) indicates mixing system with at least two ���� sources involved: 
manures (poultry, animal and/or human) with high ���� (> 50 mgL-1) and 
intermediate 
 concentration (1 – 10 µg/L); sewages characterized by 
intermediate ���� concentrations (5 – 30 mg/L) and two cases of 
 values, 
one with low 
 (< 6 µg/L) and another with high 
 (> 10 µg/L); and 
unpolluted water with low ���� < 5 mg/L and low B (< 1 µg/L). This 
interpretation is supported by 
 isotopic results (Fig. 4.12(b)) compared to 
the reported range values of source pollutions as reference (Widory et al., 
2004, 2013). Un-polluted water can be differentiated (� 
��  < 15‰ and 
 < 1 
µg/L) from manure and sewage sources. However, 
 isotopic results also 
reflect complex mixing trends in accordance with the fragmented land use 
and the poor sanitation system in the study area. 

 

Figure 4.12: B vs. NO 3
- binary plot (a); and (b) δ

11B vs. 1/B diagram for groundwater 
samples. 

Based on previous results complex mixing processes are observed. The 
isotopic compositions of �, as ���� co-migrating tracer, are mainly used to 
explain water-rock and surface-groundwater interaction processes (Negrel et 
al., 2004; Négrel and Petelet-Giraud, 2005; Widory et al., 2004). � 
concentrations in surface and groundwater are generally low (< 0.1 µg/g), 
with the high value corresponding to the urban polluted stream (Fig. 4.13(a)). 
The � ��� � ����  ratios range from 0.708802 to 0.720959 in groundwater, 
and from 0.708676 to 0.718299 in surface water. As reported by Widory et 
al. (2004) and  Negrel et al. (2004) the � ��� � ����  ratios of the 
anthropogenic sources vary from 0.70788 to 0.71450. Among these, 
manures have � ��� � ����  ratios of 0.70890 to 0.71242, and sewage 
effluents 0.71061 to 0.71450. Figure 4.13(b) illustrates the relationship 
between � ��� � ����  ratios and 1/� concentrations, both, in surface and 
groundwater to understand the mixing processes that might control the � ��� � ����  ratios. The variation of � ��� � ����  ratios is significant and 
shows the complex water-rock interactions, surface-groundwater interactions 
and/or anthropogenic pollution from manure and sewage sources. The 
natural groundwater on the east Kwango Plateau presents low � ��� � ����  
and low � concentration value. The polluted water presents relatively high 
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� with high ���� concentrations and can be differentiated between manure 
source (� ��� � ����  < 0.712) which is close to the isotope ratio of the 
polluted urban stream, and sewage pollutant (� ��� � ����  between 0.712 – 
0.715) closed to the surface water isotope ratios. The groundwater with 
more radiogenic � ��� � ����  ratios (> 0.715) reflect either the surface-
groundwater interaction trend resulting on high � concentration or the 
water-rock interaction trend (with intermediate � concentration) for water 
draining siliciclastic basement rocks. 

 

Figure 4.13: Sr vs. NO 3
- binary plot (a); and 87Sr/86Sr values vs. 1/Sr content in the ground- 

and surface water.  

4.5. Conclusion 

Groundwater quality characteristics were examined with the aim to assess 
sources and transformation processes of ���� in the Kinshasa groundwater 
body, with the relationship to the land use patterns. Hydrogeochemical 
fingerprint were linked to isotopic multi-tracers (� ��� − and � ��� − ����, � 
�� , and � ��� � ���� ) to better identify ���� sources. The statistical 
analyses of hydrogeochemical characteristics revealed that water from the 
Kinshasa groundwater body is in general poorly mineralized and acidic, 
typical for sandstone and siliceous geological formations. The dominant 
processes that govern changes in the groundwater quality are associated 
with two factors. The first factor is associated with mixing processes 
involving water-rock interaction and anthropogenic impact. ���� acts as one 
of the major ions determining the mineralization and reflects the spatial 
urbanization dynamics. The second factor is associated with the 
geochemical processes, involving groundwater acidification in regards to the 
geological setting. 

The nitrogen and oxygen isotopic ratio values in ���� indicate that soil N, 
and manure and sewage are the major sources of groundwater nitrate 
contamination. The Bayesian stable isotope mixing model results suggest 
that the majority of groundwater sampling stations were affected by three 
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���� source contributions, in order of “Manure and sewage”, “Soil nitrogen” 
and “���� in fertilizers”. The “Soil nitrogen” contribution to nitrate loading of 
the groundwater is relatively high in the peri-urban areas where agriculture 
activities are more developed. 

The combination of hydrogeochemical characteristics and isotope multi-
tracers gives an insight into sources and processes affecting ���� 
concentration in the Kinshasa groundwater body. The enrichment in � ���  
accompanied by the decrease in ���� concentrations indicates in some 
extent that denitrification occurs for sampling stations located in the vicinity 
of the Congo River and its contact with groundwater. For groundwater 
stations in the vicinity of polluted urban streams, on the other hand, 
contamination occurs through interaction with groundwater resulting on high 
nitrate levels. Boron isotopes provide significant contrast between manure 
and sewage sources (poultry, animal and/or probably human) of ����. 
Strontium isotopes suggest complex mixing processes marked by water-rock 
interactions, surface-groundwater interactions and/or anthropogenic 
pollution.  

This study demonstrates that a multi-trace approach using physicochemical 
and isotope technique is helpful to track sources of nitrate pollution in 
groundwater, but have to be strengthened by more characterization of ���� 
sources materials, dense monitoring stations, and more campaigns taking 
into account the seasonal variability. Results suggest, for the Kinshasa 
groundwater body, the need of an appropriate sanitation and waste 
management systems to protect groundwater against pollution. 
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5.1. Abstract  

This study assessed the vulnerability of groundwater against pollution in the 
Kinshasa region, DR Congo, as a support of a groundwater protection 
program. The parametric vulnerability model (DRASTIC) was modified and 
calibrated to predict the intrinsic vulnerability as well as the groundwater 
pollution risk. The method uses groundwater body specific parameters for 
the calibration of the factor ratings and weightings of the original DRASTIC 
model. These groundwater specific parameters are inferred from the 
statistical relation between the original DRASTIC model and observed nitrate 
pollution for a specific period. In addition, site-specific land use parameters 
are integrated into the method. The method is fully embedded in a 
Geographic Information System (GIS). Following these modifications, the 
correlation coefficient between groundwater pollution risk and observed 
nitrate concentrations for the 2013 - 2014 survey improved from r = 0.42, for 
the original DRASTIC model, to r = 0.61 for the calibrated model. As a way 
to validate this pollution risk map, observed nitrate concentrations from 
another survey (2008) are compared to pollution risk indices showing a good 
degree of coincidence with r = 0.51. The study shows that a calibration of a 
vulnerability model is recommended when vulnerability maps are used for 
groundwater resource management and land use planning at the regional 
scale and that it is adapted to a specific area. 

5.2. Introduction 

Aquifer vulnerability defines the sensitivity of a groundwater body of being 
adversely affected by an imposed contaminant load (Foster et al., 2002). 
This concept entails two notions: intrinsic and specific vulnerability. Intrinsic 
vulnerability defines the vulnerability of groundwater to contaminants 
generated by human activities, depending on the inherent geological, 
hydrological and hydrogeological characteristics of an area (soil type, 
topography, recharge, vadose zone, etc.), but independent of the nature of 
contaminants. The specific vulnerability is used to express the vulnerability 
of groundwater to a particular contaminant or group of contaminants. The 
specific vulnerability may be defined as the risk of pollution due to the 
potential impact of the specific land uses and contaminants. This is 
evaluated by the means of the intrinsic vulnerability and the contaminant 
loading properties. 

Many methods have been proposed for mapping aquifer vulnerability to 
pollution. The first and most straightforward method consists in the mapping 
of pollution as assessed from a monitoring program, and using the actually 
observed pollution as a metric of vulnerability. Monitoring programs, 
however, suffer from many drawbacks such as limited spatial support, low 
space-time resolution of observed pollution, a limited number of pollution 
parameters and in particular a high cost (Candela et al., 2007). In addition, 
the results of monitoring programs do not directly allow identifying the origin 
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of the pollution, and hence, the observed pollution is not necessarily a good 
metric of vulnerability.  Hence, monitoring programs have a limited use for a 
rigorous assessment of groundwater vulnerability. 

Alternatively, the vulnerability can be assessed by means of vulnerability 
models, which integrate the transport, retention and attenuation processes of 
pollution towards the groundwater body in a mathematical formalism. Both 
process based (Tiktak et al., 2004) and parametric vulnerability models can 
be used, but the parametric models represent the most utilized approach 
(Martínez-Bastida et al., 2009). Within this class of approaches, the 
DRASTIC index model (Aller et al., 1987) is a very popular method for the 
evaluation of the intrinsic vulnerability. The main assumptions made when 
assessing vulnerability with the DRASTIC model are that the contaminant is 
introduced at the ground surface, that it is flushed into the groundwater by 
precipitation, that it has the mobility of water and that the area of concern is 
at least 0.4 km2. The DRASTIC model uses seven media parameters (depth 
to water table, net recharge, aquifer media, soil media, topography, the 
impact of the vadose zone and hydraulic conductivity) in an additive 
mathematical formulation. The DRASTIC method has been applied in its 
original version and/or modified to assess the groundwater vulnerability in 
many regions of the world (Akhavan et al., 2011; Alwathaf and El Mansouri, 
2011; Antonakos and Lambrakis, 2007; Atiqur, 2008; Baalousha, 2006; 
Babiker et al., 2005; Bai et al., 2012; Edet, 2014; Fritch et al., 2000; 
Gomezdelcampo and Dickerson, 2008; Herlinger and Viero, 2007; Huan et 
al., 2012; Ibe et al., 2001; Leone et al., 2009; Lynch and Reynders, 1997; 
Martínez-Bastida et al., 2009; Mishima et al., 2011; Moratalla et al., 2011; 
Ojuri and Bankole, 2013; Panagopoulos et al., 2006). However, criticisms of 
its results remain due to high obvious subjectivity (Gogu et al., 2003; Hamza 
et al., 2015). 

Subjectivity is related to the determination of the rating scale and the 
weighting coefficients, and also to the selection of model factors 
(Panagopoulos et al., 2006).  To overcome this subjectivity researches have 
been conducted to improve the DRASTIC model (Huan et al., 2012; 
Panagopoulos et al., 2006; Sulmon, et al., 2006). A straightforward way to 
go forward is to improve the specificity of parametric methods by 
incorporating the results of monitoring programs, such as nitrate 
concentrations, in the model parameterization and hence to calibrate the 
vulnerability model (Bogardi et al., 1994; Huan et al., 2012; McLay et al., 
2001; Panagopoulos et al., 2006; Rupert, 2001). Nitrate is generally used, 
because it is absent in groundwater under natural conditions and that its 
presence suggests pollution susceptibility (Shirazi et al., 2012). However, 
nitrate is not a conservative tracer, its concentration in groundwater can be 
affected by different processes through the nitrogen cycle (Nestler et al., 
2011; Rivett et al., 2008). Different calibration variants exist and only very 
few experiences exist with the validation of these calibration schemes. Also, 
the quality of the monitoring data should meet some standards to ensure the 
statistical accuracy of the calibration method (Panagopoulos et al., 2006). 
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Subjectivity is also related to the use of the quantile classification pattern as 
a means to delineate the assessed vulnerable areas on the map. Hamza et 
al., (2015) have suggested five quantile categorical classes as a way for 
vulnerability map standardization. 

The general objective of this study is to develop and implement a calibration 
method for assessing the groundwater vulnerability. The method is based on 
the calibration of the parametric DRASTIC model using data from a nitrate 
surveying campaign. In this approach, nitrate concentration is proposed as a 
proxy for groundwater quality degradation. A second objective is to validate 
the calibrated vulnerability model. The developed methodology approach 
attempts to maintain the basic structure of the DRASTIC model. 

The study is performed for the Kinshasa groundwater body.  Groundwater is 
an important resource for drinking water supply in Kinshasa. The 
groundwater quality in this region has been deteriorating in recent years 
mainly because of the increased population, non-rigorous urban planning, 
fragmented land use patterns, the absence of adequate sewage system, and 
weak development of the waste infrastructures, from household as well as 
industrial activities. This has led to high nitrate concentration reported at 
many locations and exceeding the World Health Organization (WHO) 
guideline for drinking water (50 mg NO3

-/L). Therefore, the assessment of 
groundwater vulnerability is a prerequisite for the groundwater quality 
protection, the land use planning, and the groundwater resources 
sustainability. 

5.3. Materials and methods 

5.3.1. Nitrate dataset 

The data used to calibrate and validate the vulnerability model represent two 
sets of groundwater samples collected during two survey campaigns (2008 
and 2013-2014) from sampling points (boreholes, wells, and springs) used 
for water supply across the region of Kinshasa. The summary statistics of 
nitrate concentration datasets are presented in Table 5.1. Groundwater 
nitrate data show a large spatial variability, with values ranging from 0.025 to 
339.7 mg/L. However, the spatial resolution is low and the majority of 
sampling points is located in the urban and peri-urban areas, in the 
northwest part of the region (Fig. 5.1), where high nitrate concentrations (> 
50 mg/L) were observed locally. 
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Table 5.1: Summary statistics of the groundwater ni trates concentration 

Periods  Count  Minimum  Maximum  Mean  STD 
2008a 55 0.025 322.3 36.0 60.0 
2013 - 2014 109 < 0.5 339.7 39.8 58.4 

a (Ndembo, 2009) 

 

Figure 5.1: Land use/cover map of the study area an d nitrate concentrations from 2008 
and 2013 – 2014 surveys. 

5.3.2. The original DRASTIC vulnerability model 

The original DRASTIC model considers seven parameters to be the most 
critical in the contamination process (Aller et al., 1987): the Depth to water 
table (D), the Recharge (R), the Aquifer medium (A), the Soil type (S), the 
Topography (T), the Impact of the vadose zone (I), and the hydraulic 
Conductivity (C). These parameters are combined in an additive equation 
after they have been assigned a typical range and a rating value scale to a 
ten-graded relative scale (r). The higher values indicate more favorable 
conditions for contamination. Each parameter is assigned a weighting factor 
(w) whose range is from 1 to 5 and that reflects the relative importance of 
each factor (Table 5.2). The linear equation of combination of all the factors 
has the following formula: 

V(intrinsic) = DrDw+RrRw+ArAw+SrSw+TrTw+IrIw+CrCw    (5.1) 
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where V(intrinsic) is the intrinsic vulnerability, the subscript r, refer to the 10-
graded relative factor value, and the subscript w, refer to the 5-graded 
weight. 

The higher the V(intrinsic) index is, the greater the groundwater pollution 
susceptibility is. The groundwater vulnerability index mapping can be graded 
into several classes indicating comparable pollution vulnerability of 
groundwater (Foster et al., 2002; Hamza et al., 2015). 

The DRASTIC factors were preprocessed in a Geographical Information 
System (GIS) environment. 

The depth to water table was obtained by subtracting the kriged water table 
raster map from a 30-m resolution Digital Elevation Model (DEM). The kriged 
piezometric map was interpolated from piezometric data collected from the 
database of different drilling enterprises. The hydrographic network was 
used to constrain the interpolation. The DEM was processed from the SRTM 
(Shuttle Radar Topography Mission) imagery. The topographic (slopes) map 
was generated from this DEM. The aquifer medium and impact of the 
vadose zone factors of the DRASTIC model were derived from the 
geological map (Sekirsky and Ladmirant, 1963) and from drilling bar charts. 
The soil medium factor was obtained from the soil map (Van Engelen et al., 
2006). The hydraulic conductivity values were derived from a previous study 
(Ndembo, 2009) and represent averages over large hydrogeological 
formations. The net recharge map was constructed from climate data, by 
subtracting the regional mean reference evapotranspiration from the rainfall 
map. The latter was obtained by interpolating the mean annual precipitation 
from ten rainfall stations. 
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Table 5.2: Original and modified ratings and weight ings of the seven DRASTIC factors 

Factor  Range/Type 
Original 
rating 

Mean 
NO3

- 

(mg/L) 
Modified 
rating 

Original 
weight 

Spearman 
rho 
coefficient 

Modified 
weight 

Depth to groundwater (m) 5 0.32* 5 
0 – 9 9 61.3 10.0 
9 -25 7 28.1 4.6 
25 -50 5 10.1 1.6 
50 – 75 3 13.3 2.2 
75 – 100 2 18.9 3.1 
+100 1 7.0 1.1 

Recharge (mm) 4 - 
> 800 9 

Aquifer media 3 0.19 - 
Alluvial 5 85.7 10.0 
Conglomerate 4 9.7 1.1 
Sandstones 3 27.7 3.2 

Soil type 2 0.23* 4 
Sandy (alluvial) 9 58.1 10.0 
Sandy (argillaceous) 6 21.6 3.7 

Topography (%) 1 0.22* 3 
0 – 2 10 43.1 8.2 
2 – 6 9 52.5 10.0 
6 – 12 5 46.4 8.8 
12 – 18 3 24.5 4.7 
+18 1 14.1 2.7 

Impact of the vadose zone 5 0.19 - 
Alluvial 6 85.7 10.0 
Sandy and 
polymorphic 
sandstones 4 9.7 1.1 
Sandy and clay 3 27.7 3.2 

Hydraulic conductivity (m/day) 3 0.23* 4 
1.3 – 3.9 2 27.0 3.2 
3.9 – 8.6 4 85.7 10.0 

Land use type 5 0.47* 
Mixed forest 1 7.2 0.6 
Marshland 2 1.6 0.1 
Savannah 3 39.3 3.2 
Agriculture 4 22.2 1.8 
Peri-urban and rural 5 25.1 2.1 
Urban 8 121.6 10 

* p < 0.05, where p is the statistically significant level 

5.3.3. The calibrated vulnerability model 

The calibration method allows including a part of the groundwater nitrate 
concentration dataset in the vulnerability assessment with the DRASTIC 
model (Bogardi et al., 1994; Huan et al., 2012; McLay et al., 2001; 
Panagopoulos et al., 2006; Rupert, 2001). In addition, the assessment uses 
the contaminant loading based on the land use. 

The calibration methodology relies on the correlation between the aquifer 
vulnerability and nitrate concentrations. The groundwater nitrate 
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concentrations from the 2013-2014 survey were used for this purpose. The 
calibration consisted in two aspects: 1) the modification of the rating values 
of each original DRASTIC parameter and the factor weighting values; 2) the 
addition of the contamination loading parameter. This method was fully 
implemented in a GIS environment. 

The revision of the rating scale (r), for all DRASTIC factors and 
contamination loading parameter, is accomplished by modifying assigned 
rating values based on the mean nitrate concentration of each range and 
rescale to a ten-graded scale (Panagopoulos et al., 2006). 

Subsequently, the weighting factors (w) are revised by means of the 
correlation of each parameter with the nitrate concentrations. The weighting 
values of DRASTIC factors are reassigned by calculating the correlation 
between the groundwater nitrate concentrations and the rating factor values. 
The rating factor values varying within an interval scale, the Spearman’s rho 
coefficients were used for this purpose. If one of the correlation coefficients 
is not statistically significant, the corresponding parameter was removed 
from the calibrated vulnerability equation. The new weighting factors were 
calculated on the basis of correlation coefficient results and after reducing 
their values to a scale with a maximum value of 5, as defined in the original 
DRASTIC model. This step may lead to an intrinsic vulnerability equation 
with less explaining factors. 

The final step consists in integrating the modified contaminant loading 
parameter with the calibrated DRASTIC model to achieve a specific 
vulnerability equation. The contaminant loading applied to the ground 
surface has a major impact upon the groundwater nitrate concentration level. 
To calculate this pollution risk, a new factor can be added to the intrinsic 
vulnerability equation to express the contaminant loading. The land use map 
(Fig. 5.1), derived from Landsat imageries (2013) and improved by high-
resolution images (IKONOS) of the urban area, was used as a variable to 
express this contaminant loading. The rating value of each land use class 
was initially derived from the literature (McLay et al., 2001; Panagopoulos et 
al., 2006; Rupert, 2001; Secunda et al., 1998), and subsequently was 
modified following the same revision method of the rating scales of the 
DRASTIC parameters. The revised rating values were obtained on the basis 
of the mean nitrate concentration in each land use class and reduced to a 
ten-graded scale. 

Finally, the risk pollution map was validated using the nitrate concentration 
dataset from 2008 survey. 
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5.4. Results and discussion  

5.4.1. Application of the original DRASTIC model  

The result of the original DRASTIC model is shown in Figure 5.2. Nitrate 
concentrations are also represented and graduated according to the 
European Water Framework Directive colors ranks: 0 – 10 mg/L; 10 – 25 
mg/L; 25 – 40 mg/L; 40 – 50 mg/L and; > 50 mg/L (Sulmon, et al., 2006). 
The groundwater vulnerability in the region of Kinshasa is in the range of 84 
– 166 and is classified into five types of vulnerability (Hamza et al., 2015): 
very low, low, medium, high and very high. It has been established that 
about 29% of the study area falls within high vulnerability class and 
encompasses the alluvial plain in the north corresponding to the urban city of 
Kinshasa, where high nitrate concentrations have been observed. About 
64% of the study area has been classified within very low, low to medium 
vulnerability. A relative consistency of nitrate concentrations and vulnerability 
index can be observed in some areas. However, the Pearson’s correlation is 
low (r = 0.42). The fact that the DRASTIC model does not reflect the actual 
groundwater pollution, justifies the calibration of the DRASTIC parameters. 

 

Figure 5.2: DRASTIC intrinsic vulnerability map vs.  nitrate concentrations (2013 – 2014) 
for the study area. 
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5.4.2. Implementation of the calibrated model 

5.4.2.1. Revision of the rating scale of each parameter 

Table 5.2 shows the original and modified rating and weighting values of 
DRASTIC factor, the corresponding factor ranges mean nitrate concentration 
and the corresponding factor Spearman’s rho coefficient. 

From Table 5.2, it is observed that the recharge factor has a constant rate 
and, thus, induces less effect on the DRASTIC index values in the original 
model. It is also observed that for some factors with continuous values, like 
the depth to water table and the slope, the trend of the nitrate concentration 
means is relatively inconsistent with the rating factors of each range. Indeed, 
nitrate pollution is often variable within a factor class. Groundwater nitrate 
concentrations can be affected by other processes that are not explicitly 
included in the DRASTIC model. Such processes include denitrification, 
dilution or local contamination resulting from the interaction between ground 
and surface water by the Congo River in the north or other streams in the 
study area. For instance, the locally presence of surface water in the area 
around the groundwater sampling station has been identified to be one of 
the major environmental factors explaining groundwater nitrate occurrence 
(Mfumu et al., 2015). It is also noted that the variability of nitrate 
concentrations is particularly high in the alluvial formation. 

5.4.2.2. Revision of the weighting factor and parameter subtraction 

Table 5.2 presents the correlation coefficient values, the original and 
modified weighting factor values. Four DRASTIC factors (depth to 
groundwater, soil type, topography and hydraulic conductivity) are 
statistically significant, according to spearman rho coefficients, and are thus 
included in the new model. Other factors (recharge, aquifer media, and 
impact of the vadose zone) result in very low correlation with nitrate 
concentrations. The range values of excluded result in a low monotonic 
relationship with regard to the low spatial resolution of nitrate concentrations 
(Panagopoulos et al., 2006). However, it should be mentioned that the low 
contribution of these excluded factors does not indicate that they have any 
effect at all on the groundwater nitrate pollution (Hamza et al., 2015). 

After revising the rating values and the weighting factors, and removing the 
two parameters which were not significantly correlated to groundwater 
nitrate concentrations, Eq. (5.1) was rewritten as follows: 

V(intrinsic) = 5D+4S+3T+4C       (5.2) 

where V(intrinsic) is the intrinsic vulnerability, D is the depth to groundwater, S 
is the soil type, T is the topography, and C is the hydraulic conductivity. 
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The resulting correlation between vulnerability and nitrate concentration 
increases to r = 0.45. The revision of rating values and weighting factor and 
the removal of the two parameters changes the scale of the vulnerability 
index which varies from 42 to 160. Figure 5.3 shows the modified intrinsic 
vulnerability classified into 5 quantile category classes. The alluvial plain is 
still classified into the highly vulnerable class which represents 36% of the 
study area. 

 

Figure 5.3: Spatial distribution of DRASTIC intrins ic vulnerability (modified factors 
ratings and factors weights) and nitrate concentrat ions (2013 – 2014). 

5.4.2.3. Integrating land uses in the specific vulnerability model 

The typical and modified rating values assigned to the land use classes are 
presented in Table 5.2. A weighting value equal to 5 was attributed to the 
land use factor (Panagopoulos et al., 2006; Secunda et al., 1998), 
considering the important role of the contaminant load on the nitrate 
concentrations determination in the groundwater. This high value is also 
corroborated with the high correlation coefficients between the land use 
rating values and the nitrate concentrations (Spearman’s rho = 0.47). The 
specific vulnerability for the study area is expressed by the Eq. 5.3, such as: 

V(specific) = Aquifer Pollution Risk = 5D+4S+3T+4C+5L    (5.3) 
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where V(specific) is the specific vulnerability, D is the depth to groundwater, S is 
the soil type, T is the topography, C is the hydraulic conductivity, and L is the 
land use type. 

The specific vulnerability or pollution risk map resulting from the integration 
of the calibrated DRASTIC model with the modified land use parameter (Eq. 
5.3) is presented in Figure 5.4. The resolution of the map is 30 m. This map 
is graded into five classes of vulnerability by the geometrical interval method 
(Huan et al., 2012). The correlation between the specific vulnerability and 
the nitrate concentrations yields r = 0.61. The addition of the contaminant 
loading factor has improved the correlation coefficient which is in 
accordance with the assumed importance of this parameter in the 
vulnerability assessment. 

 

Figure 5.4: Groundwater pollution risk for the stud y area and nitrate concentrations from 
2008 and 2013-2014 survey. 

The summary of all the intrinsic and specific vulnerability correlation 
coefficients resulting from the calibration of the DRASTIC method through 
the use of groundwater nitrate data is represented in Table 5.3. An 
improvement in prediction of the intrinsic vulnerability and the pollution risk is 
gradually realized as shown by the Pearson’s correlation coefficients. This 
improvement is prominent when considering the specific vulnerability, with 
the addition of the contaminant loading factor. Finally, a correlation 
coefficient of r = 0.61 has been obtained, showing that results of the pollution 
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risk by this approach matches to some extent aquifer pollution state as 
expressed by the nitrate distribution in the groundwater. 

Table 5.3: Correlation coefficients for the origina l DRASTIC and the modified models and 
corresponding correlation improvement 

Vulnerability model definition  Pearson 
correlation (r) 

Step 
correlation 
improvement  

Overall 
correlation 
improvement 

Vintrinsic (original model) 0.42 - - 
Vintrinsic (DRASTIC model, modified 
factor ratings, and factor weightings) 

0.45 0.03 0.03 

Vspecific = pollution risk (modified land 
use ratings) 

0.61 0.16 0.19 

5.4.3. Validation of the specific vulnerability mod el 

The validation of the specific vulnerability model is achieved by comparing 
the pollution risk map and observed nitrate concentrations for another period 
(2008) in order to assess its performance. For this validation dataset, the 
correlation coefficient yields r = 51. The lower correlation coefficient for the 
validation dataset can be explained, a.o.,  by the land use change between 
the two periods (2008 and 2013-2014) that is not explicitly considered in the 
vulnerability model. From the figure 5.4 representing the pollution risk map 
and the nitrate concentrations from the period 2008, it can be observed a 
relatively good coincidence. It is also noted that mean nitrate concentrations 
follow the same trend with the specific vulnerability index classes (Table 
5.4). 

Table 5.4: Classification of the specific vulnerabi lity index compared to the mean nitrate 
concentrations 

Specific 
vulnerability index 

Vulnerability 
class 

Area 
(%) 

Mean NO3
- (mg/L) 

from 2013-2014 
Mean NO3

- (mg/L) 
from 2008 

47 – 77.6  Very low  5.8 10.81 7.10 
77.6 – 104.3  Low  32.4 14.81 11.72 
104.3 – 134.9  Medium  31.8 47.73 61.66 
134.9 – 169.9  High  22.5 36.57 27.58 
169.9 - 210 Very high  7.5 182.97 256.09 

The ranking results of the specific vulnerability are summarized in Table 5.4 
as well as the mean nitrate concentrations and the corresponding area 
(expressed in %) for each class. From Table 5.4, it can be seen that the 
mean nitrate concentrations trend is relatively consistent with the graded 
ranges of the specific vulnerability indices. Very high pollution risk 
corresponds to the urban area in the northwest part, where very high mean 
nitrate concentrations are observed. 



Chapter 5. Assessing groundwater vulnerability 

78 

 

Similarly to other researchers (Akhavan et al., 2011; Lambrakis et al., 2004; 
McLay et al., 2001; Panagopoulos et al., 2006), this study shows that 
vulnerability  assessments based on the DRASTIC model can be made 
consistent if calibration of the DRASTIC rate and weight factors is allowed 
with the assessment inferred from monitoring datasets. It is expected that 
the calibrated DRASTIC parameters will be very specific for the considered 
study site indeed, and will depend on many local specific factors such as 
hydrogeological settings, land use, selection and spatial resolution of the 
monitoring data as reference pollution data, etc. The calibrated DRASTIC 
model will, therefore, be case study specific and it will have little potential to 
predict vulnerability in other unvisited case studies.  This case study of the 
Kinshasa groundwater body also shows that some of the DRASTIC factors 
(aquifer media and impact of the vadose zone) are relatively less correlated 
to the nitrate concentrations. Indeed, as indicated by Hamza et al. (2015), 
this does not mean that those factors have any effect at all on groundwater 
nitrate pollution. This suggests that the sampling survey spatial resolution 
should be improved and that the conceptual model underlying the DRASTIC 
formula should be adapted for each specific case study. This also suggested 
that more versatile conceptual model structures could be proposed for 
assessing groundwater vulnerability. Other versatile model structures can be 
data based, process based or a mixture (Vanclooster et al., 2014). These 
different conceptual model structures could be explored for the Kinshasa 
groundwater body in future studies. 

5.5. Conclusion 

We assess in this study groundwater vulnerability to pollution for the 
Kinshasa groundwater body, combining an indicator model (i.e. the 
DRASTIC model) with nitrate data collected from groundwater monitoring 
program. We show that the assessment of groundwater intrinsic vulnerability 
using the original generic DRASTIC model is inconsistent with observed 
groundwater nitrate contamination. Considering the poor results of the 
original model we propose to calibrate the DRASTIC model. We adapt the 
factor ratings and weightings on the basis of observed nitrate concentration 
data. In a simplified model structure, we consider four parameters (depth to 
groundwater, soil type, topography and hydraulic conductivity) to assess the 
groundwater intrinsic vulnerability. 

For mapping the specific vulnerability, we add contaminant loading to the 
model, on the basis of the land use types, and we improve the correlation 
between vulnerability and nitrate concentrations. These results consider the 
dominating effect of land use on the groundwater pollution risk. 

When validating the calibrated model on an independent dataset, we show 
that the pollution risk map graded by geometrical interval method is in 
accordance with the mean observed nitrate concentrations. This 
demonstrates that the calibrated vulnerability model provides useful spatial 
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information for decision-making at a regional scale. The calibrated model is, 
therefore, a suitable tool for supporting groundwater resource management, 
groundwater quality protection, and land use planning at the scale of the 
Kinshasa groundwater body. It is however expected that the predictability of 
the calibrated model for the vulnerability of groundwater bodies outside the 
case study region will be low. This suggests that versatile vulnerability 
modeling structures should be used when assessing groundwater 
vulnerability and that the optimal model structure will depend on the 
specificity of the hydrogeological and land use settings of the case study 
case, and on the type of proxy used for calibration.  
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6.1. Abstract  

A multivariate statistical modeling approach was applied to explain the 
anthropogenic pressure of nitrate pollution on the Kinshasa groundwater 
body (Democratic Republic of Congo). Multiple regression and regression 
tree models were compared and used to identify major environmental factors 
that control the groundwater nitrate concentration in this region. The 
analyses were made in terms of physical attributes related to the 
topography, land use, geology and hydrogeology in the capture zone of 
different groundwater sampling stations. For the nitrate data, groundwater 
datasets from two different surveys were used. The statistical models 
identified the topography, the residential area, the service land (cemetery), 
and the surface water land-use classes as major factors explaining nitrate 
occurrence in the groundwater. Also, groundwater nitrate pollution depends 
not on one single factor but on the combined influence of factors 
representing nitrogen loading sources and aquifer susceptibility 
characteristics. The groundwater nitrate pressure was better predicted by 
the regression tree model than with the multiple regression model. 
Furthermore, the results elucidated the sensitivity of the model performance 
towards the method of delineation of the capture zones. For pollution 
modeling at the monitoring points, therefore, it is better to identify capture-
zone shapes based on a conceptual hydrogeological model rather than to 
adopt arbitrary circular capture zones. 

6.2. Introduction 

Nitrate contamination of groundwater is considered to be a serious 
environmental problem worldwide (Ako et al., 2014; Almasri and 
Kaluarachchi, 2004; Laftouhi et al., 2003; Majumdar and Gupta, 2000; 
Moore et al., 2006; Murgulet and Tick, 2009; Widory et al., 2004). This 
contamination can potentially originate from atmospheric deposition, sewer 
leakage, septic tank leakage, agriculture fertilizer leaching, river or effluent 
infiltration, industrial contamination, the mineralization of organic matter and 
other specific land uses (cemeteries, waste dumps). Increased nitrate 
concentration in groundwater supplies can potentially cause animal and 
human health problems, such as low oxygen levels in the blood of infants, 
known as methemoglobinemia (Camargo and Alonso, 2006). The maximum 
allowable concentration of nitrate recommended by the World Health 
Organization (WHO) for drinking water and commonly used in the 
Democratic Republic of Congo (DRC) is 50 mg NO��/L. 

Human alteration of the land use patterns is often one of the major drivers 
affecting groundwater quality. In the Kinshasa region of DRC, the vulnerable 
part of the groundwater body and the part most susceptible to the risk of 
nitrate pollution is located in the alluvial plain in the northern part of the 
region. The sewage infrastructure of this densely populated area is poorly 
developed. This area is characterized by urban land, peripheral undeveloped 
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land, agricultural land and specific service lands. High nitrate concentrations 
have been reported locally at different monitoring stations, exceeding the 
WHO limit for drinking water (Ndembo, 2009). In such context, the 
quantitative assessment of the nitrate pollution and the contribution of the 
different pollution sources is an important step for designing sustainable 
management and groundwater protection programs. This can be achieved 
through a quantitative modeling of groundwater quality in terms of different 
physical attributes related to the pollution origin and aquifer vulnerability. 

The Kinshasa region presents a fragmented land use/cover, ranging from a 
residential area, agriculture land, forest and savannah to specific land use 
classes encompassing cemeteries and uncontrolled dumps. Residential land 
use in the northern part of the region is characterized by poorly regulated 
urban development, fragmented land use patterns, urban agriculture, the 
absence of proper sewage and septic systems, and weak development of 
waste management infrastructures. In addition, groundwater protection 
efforts are largely neglected, as the result of the lack of a well-established 
water authority and a poorly effective groundwater management policy 
framework. Therefore, no groundwater protection regulation has yet been 
developed for the Kinshasa groundwater body and no study supporting 
regional groundwater protection has yet been performed. 

Several studies have correlated land use/cover and other environmental 
variables in the capture zone around the groundwater sampling station to 
water quality, using different statistical modeling approaches (Gardner and 
Vogel, 2005; Kaown et al., 2007; McLay et al., 2001; Nkotagu, 1996; Spruill 
et al., 2002; Stigter et al., 2008). Mattern et al. (2009), for instance, applied 
statistical modeling and compared multiple regression and a regression tree 
to identify the factors affecting the nitrate concentration in the unconfined 
aquifer of the Brusselian sands (Belgium). They showed further the 
importance of delineating the shape of the capture zone to explain observed 
water quality in terms of land use pressure factors. The capture zone defines 
a surface beneath which infiltrated water (and/or contaminant) will be 
“captured” by a well, well field, monitoring point or spring and can serve as 
the first area that should be protected against chemical and microbial 
contamination (Miller et al., 2003). 

The use of multivariate methods in this study is based on the fact that 
groundwater nitrate concentration can be influenced by several independent 
environmental variables considering the fragmented land use in the region. 
Multivariate statistical models allow an understanding of which terms have 
the greatest effect on the response, finding the direction of the effect and 
predicting unobserved values of the response. The classification and 
regression tree build a set of decision rules for identifying responsible 
variables based on a dichotomous partitioning of predictor variables. A major 
advantage of these models is that assumptions which are required for the 
appropriated use of parametric statistics, such as the Gaussian distribution 
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of predictor variables, do not need to be satisfied. Regression tree models 
allow the complex interactions between the predictor variables to be 
represented, with no assumptions of linearity. Furthermore, while multiple 
linear regression identifies global relationships in the dataset, regression 
trees are able to identify local relationships (Rothwell et al., 2008). 

The objectives of this study are (i) to determine the major environmental 
factors controlling the nitrate pollution in the Kinshasa groundwater body by 
means of two multivariate statistical modeling techniques, and (ii) to analyze 
the sensitivity and evaluate the performance of the statistical modeling 
techniques towards the delineation of the capture zone, by comparing the 
impact of a simple circular delineation with the delineation by means of a 
conceptual hydrogeological model. 

6.3. Materials and methods 

6.3.1. Groundwater data 

Groundwater nitrate data were obtained from the study of (Ndembo, 2009) 
and from 2013 and 2014 surveys as part of the study reported here. 
Groundwater was sampled from different stations (wells, boreholes, and 
springs) used for drinking water supply. Table 5.1 presents the summary 
statistics of the nitrate concentration data collected during these two periods. 
The nitrate concentration data show a large spatial variability (Fig. 5.1) with 
values ranging from 0.025 to 339 mg/L. When considering the 2 
measurement campaigns with respect to time, the mean nitrate 
concentration seems to increase (from 36 mg/L to 39.84 mg/L). Locally high 
nitrate concentrations (> 50 mg/L) were observed in urban and peri-urban 
areas in the northwest part of the region. The nitrate concentration data of 
the 2008 survey were used to calibrate the statistical models and those from 
2013-2014 to evaluate the performance of the model. 

6.3.2. Land use map 

It is known that land use affects the quality of water as it determines the 
types and amount of contaminants introduced at the land surface. A detailed 
land use map of the study area was derived from 2013 Landsat images 
combined with high-resolution IKONOS images for the urban area. This land 
use map yielded 8 classes: residential and peri-urban land, service land, 
forest, savannah, agriculture land, marshland, water/river, and bare soil (Fig. 
5.1). 
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6.3.3. Capture zone delineation 

In Kinshasa, the population relies on groundwater for drinking water supply, 
particularly in the peripheral zone, thus protecting the quality of the 
groundwater by delineating protection areas around drinking water stations 
is important. The capture zone or wellhead protection area represents the 
surface and subsurface area that surrounds a well field, well or spring that 
supplies a public drinking water system, and through which potential 
contaminants can reach the sources within a specified period of time 
(Fadlelmawla and Dawoud, 2006; USEPA, 1993, 2007). The delineation of 
the capture zone is, therefore, the process of determining the geographic 
area that should be included in a protection area of a groundwater protection 
program (Mogheir and Tarazi, 2010). 

In this study, the delineation concept was applied to the monitoring stations 
(wells, boreholes, and springs) of the Kinshasa groundwater body. First, a 
simplified approach was adopted to delineate the capture zone of the 
sampling station based on the circular method. Second, a conceptual 
method was implemented, based on a uniform flow hypothesis in the 
unconfined aquifer. For this latter method, the Wellhead Analytic Element 
Model (WhAEM2000), which solves the aquifer flow equation based on the 
analytic element method (USEPA, 1993, 2007), was used. With the first 
approach, a circular capture zone centered on the water station with an 
arbitrary fixed radius of 300 m was delineated, using the buffer tools in 
ArcGISTM. Subsequently, use was made of the WhAEM2000 computer 
model. This model provides an interactive computer environment for the 
design of the protection area based on three methods: the fixed radius, the 
steady state flow and the uniform flow (Badv and Deriszadeh, 2005; 
Kraemer et al., 2007). In this study, the last method was used supposing 
further that no interaction between surface water and groundwater occurred. 
The 5 years travel time isoline was considered, to delineate the capture zone 
around the water stations. The capture zone designed by the WhEAM model 
depends on several parameters, including the magnitude and direction of 
ambient flow near the water station, and the time it takes groundwater to 
travel a specified horizontal distance. The delineated capture zone 
represents a portion of the geographic area around the well under which the 
water flows towards the well within a certain time period (Badv and 
Deriszadeh, 2005). Table 6.1 presents the mean values of hydrogeological 
characteristics to delineate capture zones of groundwater stations for three 
main areas considered in the Kinshasa region (Ndembo, 2009). 
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Table 6.1: Properties of the aquifer in alluvial, h illy and plateau areas 

Property  Area  

Alluvial (northwest)  Hill (southwest) Plateau (east)  
Aquifer thickness (m) 
Porosity  
Hydraulic conductivity 
(m/day)x10-5 

40 
0.25 
9.96 

50 
0.25 
4.51 

100 
0.25 
4.51 

The capture zone for each water station was delineated considering the 
following characteristics: the location (in UTM coordinates), the mean 
discharge (m3/day), the well radius (m) and the base elevation (m above sea 
level). The results were exported into an ArcGISTM environment for final 
presentation. Subsequently, statistical relations were calculated between 
nitrate concentration and the land use attributes into the capture zone of 
each water station, delineated using these two methods. 

6.3.4. Statistical analysis  

Two statistical techniques were used: the multiple linear regression, and the 
classification and regression tree analysis. The multiple linear regression 
analysis is a statistical approach for modeling the linear relationship between 
two or more variables. Multiple linear regression involves a variable to be 
explained (the dependent variable) and additional explanatory variables (the 
independent variables) that are thought to produce or be associated with 
changes in the dependent variable. By comparing the slopes of the 
contributing factors in the regression equation, the relative importance of the 
contributing factors can quantitatively be assessed.  In this study, all 
independent continuous variables were standardized by dividing each value 
by its standard deviation. The system of linear equations takes the following 
form: 

ghi�⋮hi�k = l1 m�� ⋯⋮ ⋮ ⋯1 m�� ⋯				
m�o⋮m�op g

qr�⋮qr'k       (6.1) 

where the hi  values are the estimated dependent variables which represent, 
in this study, the mean nitrate concentration from the 2008 period at each of 
the Q groundwater stations; the qr values are the s beta weights for the 
independent explanatory variables and qr� is the constant or intercept. The 
explanatory variables m�o are listed in Table 6.2. The expected values of the 
regression coefficients were calculated by inverting the system using the 
stepwise regression algorithm in MatlabTM. 

qr = -tut/��t′h        (6.2) 
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The stepwise regression is a systematic method for adding and removing 
terms from a multilinear model based on their statistical significance in a 
regression. After running the initial model, the term with the highest resulting 	s	 value (the probability for the q to be equal to zero) is removed from the 
system and the model is run again until the highest s value is less than 0.10. 
Afterwards, the terms of explanatory variables that are not in the model are 
removed from the dataset to run the final model. Subsequently, the mild 
outliers are removed from the dataset. These are defined as the values for 
which -hi − h/ are lower (or higher) than w� − 1.5zw� (or w� + 1.5zw�), where w� and w� are the first and third quartiles respectively, and zw� is the 
interquartile range defined as -w� − w�/. Finally, the model was run a last 
time without these outliers. 

Classification and regression tree analysis is a non-parametric technique for 
the sequential partitioning of a dataset composed of a response variable and 
any number of potential predictor variables, using dichotomous criteria 
(Breiman et al., 1984). This analysis was performed in MatlabTM using the 
“classregtree” function. The algorithm works out which of the variables 
explains the largest variance in the response variable, then determines the 
threshold value of the explanatory variable that best partitions the variance 
in the response such that it minimizes the sum of the square deviation from 
the mean in the separate part. The process is repeated to each of the new 
branches until there is no residual explanatory power or according to the 
limitation imposed by the user. For this analysis, the explanatory variables 
(Table 6.3) and the response variable, i.e. the mean nitrate concentration at 
each groundwater station, are the same as those used in the multiple 
regression method. The only difference is that raw data are used in the 
classification since the non-parametric regression tree method does not 
require standardization. Like in the multiple regression method, the mild 
outliers were removed from the dataset. 

All analyses performed in this study were made in ArcGISTM and MatlabTM. 

Table 6.2: Description of the variables used in the  multiple regression method and the 
regression tree method 

Variables description  Variable ID  
Depth to the water table at the monitoring station (m)  
Slope at the monitoring station (%)  
Altitude at the monitoring station (m)  
Percentage of residential land in the capture zone around the monitoring 
station 
Percentage of services land (cemetery) in the capture zone around the 
monitoring station 
Percentage of arable land in the capture zone around the surveying station 
Percentage of savannah, grass and shrub land in the capture zone around 
the monitoring station 
Percentage of surface-water area in the capture zone around the monitoring 
station 
Percentage of mixed forests in the capture zone around the monitoring station   

Depth 
Slope  
Altitude  
 
LU01 
 
LU02 
LU03 
 
LU04 
 
LU05 
LU06 
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6.3.5. Model validation 

The quality of the statistical models was evaluated by means of the FITEVAL 
code (Ritter and Muñoz-Carpena, 2013). The code uses a more general 
formulation of the coefficient of efficiency. In this evaluation, recent observed 
mean groundwater nitrate concentrations (2013-2014 surveys) were used. 
For a complete model goodness-of-fit evaluation, the graphical results of 
FITEVAL contain the following elements (Ritter and Muñoz-Carpena, 2013): 
(a) a plot of observed vs. estimated values illustrating the match on the 1:1 
line; (b) the calculation of NSE (Nash-Sutcliffe coefficient of efficiency) and 
the root mean square error (RMSE) and their correspondence interval of 
95%; (c) the qualitative goodness-of-fit interpretation based on the 
established classes; (d) a verification of the presence of bias or the possible 
presence of outliers; (e) the plot of the NSE cumulative probability function 
superimposed on the NSE class region; and (f) a plot illustrating the 
evolution of observed and estimated values. 

6.4. Results  

6.4.1. Capture zones 

The circular and uniform-flow delineated capture zones of monitoring 
stations are shown in Figure 6.1. The radius of the circular capture zones 
centered on the monitoring station (wells, boreholes, and springs) was set at 
300 m, corresponding to a mean area of 0.28 km2. However, this arbitrarily 
chosen value corresponds to the theoretical value suggested by local 
authorities to protect groundwater stations and the correspondent area is 
consistent with the ones identified by the simple hydrogeological model. 

The 5-year travel time capture zones delineated using the WhAEM2000 
model based on uniform-flow solutions resulted in areas varying from 0.14 to 
1.00 km2 (with a mean of 0.31 km2). 

The uniform-flow capture zone area variation is due to several factors 
related to the aquifer characteristics, the type of water station (borehole, well 
or spring), its geographical position and the discharge rate. The size of the 
capture zones of the wells and boreholes are on average smaller than those 
of the springs. However, uncertainty in the estimation of the size of the 
capture zones for deeper boreholes (more than 100 m) in the hilly and 
plateau zones is expected to be relatively higher due to the lack of sufficient 
information on hydrogeological characteristics. 
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Figure 6.1: Circular and uniform-flow-delineated ca pture zones around the monitoring 
stations. 

6.4.2. Multiple regression 

The multiple regression analysis was conducted on the nine variables listed 
in Table 6.2. After running the regression model, three variables were 
included in the model for the circular and the uniform-flow capture zones. 
From 55 monitoring stations, four were removed from the dataset based on 
the outlier analysis for both the circular capture zones and the uniform-flow 
delineated capture zones. These outliers are water stations for which nitrate 
concentrations are in the high range (larger than 100 mg/L). The estimated 
nitrate concentrations were related to the measured nitrate concentrations, 
resulting in a R2 of 0.53 and a RMSE of 16.36 mg/L for the circular capture 
zones (Fig. 6.3(a)), and a R2 of 0.63 and a RMSE of 15.80 mg/L for the 
uniform-flow capture zones (Fig. 6.3(b)). The resulting qr coefficients 
estimated with their 95% confidence intervals for the circular and the 
uniform-flow methods are represented in the Figure 6.4. The main variables 
explaining nitrate concentrations in the multiple regression model are LU01 
(qr=0.022), LU02 (qr=0.135), LU05 (qr=0.336) when using the circular capture 
zones; and Slope (qr=0.008), LU02 (qr=0.161), and LU05 (qr=0.395) when 
using the uniform-flow capture zones. 
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Figure 6.2: Comparison of the nitrate concentration s estimated by the multiple 
regression method to the measured nitrate concentra tions for (a) the 
circular capture zones and (b) the uniform-flow-del ineated capture zones. 
The continuous line represents the 1:1 line and the  dashed lines represent 
the first-order polynomial fit with 95% confidence interval limits. 

 

 

Figure 6.3: {| coefficients estimates with their 95% confidence i ntervals resulting from the 
multiple regression model using (a) circular and (b ) uniform-flow delineated 
capture zones. 
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6.4.3. Regression tree 

The analysis was conducted on the nine variables listed in Table 6.2. From 
the 55 water stations, 12 were removed from the dataset based on the 
outlier analysis for the circular capture zones and 15 for the uniform-flow 
capture zones. Most of these outliers are water stations with high nitrate 
concentrations (> 100 mg/L). The classification and regression tree was 
applied to the dataset and the estimated nitrate concentrations were 
compared to the measured nitrate concentrations resulting in a R2 of 0.89 
and a RMSE of 16.17 mg/L for the circular capture zones and in a R2 of 0.94 
and a RMSE of 6.35 mg/L for the uniform-flow capture zones (Fig. 6.5). 

 

Figure 6.4: Comparison of the nitrate concentration s estimated by the regression tree 
method to the measured nitrate concentrations for ( a) the circular capture 
zones and (b) uniform-flow-delineated capture zones . The continuous line 
represents the 1:1 line and the dashed lines repres ent the first-order 
polynomial fit with 95% confidence interval limits.  

Figure 6.6 represents the regression tree based on the circular and the 
uniform-flow-delineated capture zones. The most important explanatory 
variable, when considering the uniform-flow capture zones is the percentage 
of surface water in the capture zone around the monitoring station (LU05), 
and the threshold value is 0.9%. For a low percentage of surface water (< 
0.9%), the mean groundwater nitrate concentration is 118 mg/L, and for a 
high percentage of surface water (> 0.9%), the tree shows that the 
percentage area of service land in the zone around the water station (LU02) 
has a significant impact on the nitrate concentration in groundwater. Indeed, 
at high values of LU02 (> 19.2%), the mean nitrate concentration is 138 
mg/L while at low values it depends on the percentage of mixed forest in the 
capture zone (LU06), and the threshold value is (1.1%). For the following 
stages, the mean nitrate concentration depends on the percentage of forest 
(LU06) and the percentage of service land (LU02). When the area of service 
land in the capture zone is high (> 10.5%) the mean nitrate concentration is 
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24 mg/L while at low service-land area (< 10.5%) the mean nitrate 
concentration is decreasing and dependent on the depth to the water table 
at the monitoring station; it also depends on the area of residential land in 
the capture zone around the monitoring station. On the other hand, when the 
area of forest is high (> 0.3%) the mean nitrate concentration is 86 mg/L and 
for low forest area the mean nitrate concentration depends on the other 
variables like the area of residential land and the altitude, as shown on the 
tree (Fig. 6.6(a)). 

The regression tree based on the circular-delineated capture zones (Fig. 
6.6(b)) indicated that the most important explanatory variables for 
groundwater pollution by nitrate are: the slope, the depth to the water table 
at the monitoring station, the area of surface water, and the area of 
residential land in the capture zone around the monitoring station. 
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Figure 6.5: Regression tree for the dataset collect ed in (a) uniform-flow and (b) circular 
capture zones. 
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6.4.4. Evaluation of model performance  

Environmental variables have an impact on the Kinshasa groundwater 
nitrate pollution, as demonstrated by the statistical modeling. The regression 
tree models using the circular and the uniform-flow capture zones (Fig. 6.5) 
resulted respectively in a R2 of 0.89 and 0.93. The validity of these two 
models was evaluated using FITEVAL and independent data collected 
during the 2013 – 2014 surveys. Results are presented in Figure 6.6. 

 

 

Figure 6.6: Goodness-of-fit evaluation for the regr ession tree model for dataset collected 
in (a) circular capture zones and (b) uniform-flow capture zones.  
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The results obtained from the two models yielded different model 
performance ratings. The regression tree model for data collected in the 
circular capture zones spans from an unsatisfactory to a good prediction of 
the groundwater nitrate concentrations (NSE = 0.486 [-0.085 to 0.799]) 
within the observed value range (Fig. 6.6(a)). The scattered data follow the 
1:1 line, but the plot scale of observed vs. estimated values is substantially 
reduced. On the basis of the qualitative goodness-of-fit, the model 
performance is considered unsatisfactory. 

Figure 6.6(b) illustrates the results of the regression tree model for data 
collected in the uniform-flow capture zones. The fit spans from unsatisfactory 
to very good prediction of groundwater nitrate pollution (NSE = 0.803 [0.286 
to 0.939]). The model performance is significant even though there is a 
probability of obtaining a NSE < 0.65 (33.8%). The performance is 
considered to be good on the basis of the qualitative goodness-of-fit. 

6.5. Discussion 

The mean surface areas of the capture zones delineated on the basis of the 
circular and the uniform-flow methods are very similar. However, the 
delineation of capture zones using the uniform flow is rather uncertain for 
deep boreholes in the hilly and plateau zones, due to the uncertainty 
associated with the mean hydrogeologic characteristics of the aquifer. The 
circular method tends to overestimate the contribution of the downgradient 
area and to underestimate the contribution of the upgradient area within the 
capture zone. The uniform-flow delineation method (based on the 
conceptual groundwater flow model) provides a more realistic delineation of 
the capture zones. It can, therefore, improve the prediction of nitrate 
concentrations and the determination of the potential environmental 
attributes explaining the groundwater pollution. Indeed, hydrological 
characteristics play an important role in the nitrate contamination of 
groundwater (Lichtenberg and Shapiro, 1997). Mattern et al. (2009) showed 
that delineating capture zones based on the piezometric gradient improved 
significantly the nitrate prediction quality as compared to simple circular 
capture zones centered on the monitoring stations. However, the application 
of this method requires that hydrogeological properties should be available 
for a given study area. 

The multivariate statistical analysis confirmed that the nitrate pollution 
pressure on the groundwater in the study area cannot be attributed to a 
single environmental factor. Different influence factors should be combined 
with estimates of nitrogen-loading sources to assess the aquifer vulnerability 
to nitrate pollution (Nolan, 2001). 

Considering the uniform-flow capture zones, the regression tree model 
classifies and identifies the main factors explaining the groundwater nitrate 
pollution in Kinshasa region better (R2 = 0.94, RMSE = 6.35) than the 
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multiple regression model (R2 = 0.63, RMSE = 15.80). On the other hand, for 
circular capture zones, the regression tree improved the prediction of 
groundwater pollution compared to the multiple regression (R2 = 0.89 and 
RMSE = 16.17 versus R2 = 0.53 and RMSE = 16.36). Furthermore, the 
regression tree models allow capturing complex non-linear interactions and 
local effects by partitioning the dataset into homogeneous clusters, while 
multiple regression models represent only linear relationships within the 
global dataset. Other studies have demonstrated the superiority of the 
regression tree approach for predicting groundwater nitrate concentrations 
as compared to multiple regression models (Mattern et al., 2009; McLay et 
al., 2001). 

Both the regression tree and the multiple regression model suggest that the 
main important explanatory variables of the high nitrate concentrations in the 
Kinshasa groundwater body are the area of surface water (LU05), the 
service land (LU02), the residential land (LU01) in the capture zone around 
the water station, the slope, and the depth to water table at the water station. 
In previous studies, it has already been demonstrated that groundwater 
nitrate pollution in the study area is significantly correlated to the depth to 
groundwater, the topography, and the land use. Indeed, the study area is 
characterized by poorly regulated urban planning, very fragmented land use, 
development of urban agriculture using fertilizers and manures, and absence 
of proper sewage and sanitation systems. The combination of these different 
environmental attributes contributes to the groundwater nitrate pollution in 
the study area. Agriculture activities are known worldwide to yield high 
nitrate concentration (Kaown et al., 2007), and various organic compounds 
used in agriculture are all potential sources of nitrate contamination (Spruill 
et al., 2002; Widory et al., 2004). On the other hand, the area of forest in the 
capture zone and the depth to water table result in low level of groundwater 
nitrate pollution. However, forests in the study area are converted into other 
land uses due to the high demographic pressure. 

The prediction of nitrate pollution in the Kinshasa groundwater body was 
better with the regression tree model for both the uniform-flow and the 
circular capture zones than with the multiple regression model. This was 
consistent with the observations during the model identification phase. This 
validity was statistically demonstrated using an objective goodness-of-fit 
performance test on an independent observation dataset. However, the 
performance of the model may be influenced by other factors, such as land 
use change that occurred during the two experimental surveys and missing 
values for water stations that currently do not operate. It may, therefore, be 
expected that a better model can be identified if all the data are integrated 
into the model identification stage. In future studies, strategies should be 
developed allowing for an upgrade of the statistical models when new data 
become available and prediction of nitrate pollution of the groundwater body 
using a time-related dynamic data assimilation framework. 
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6.6. Conclusion 

Major environmental attributes explaining nitrate pollution in the Kinshasa 
groundwater body were identified by modeling observed nitrate 
concentrations in terms of environmental variables of the capture zones of 
groundwater monitoring stations. Two multivariate statistical modeling 
methods were compared: the multiple regression model and the regression 
tree model. Both statistical models were developed using the land use, 
depth to the water table, altitude, and slope in the capture zone of the 
monitoring stations as predictor variables. The capture zones were 
delineated using a simple circular approach and a uniform-flow method 
based on the WhAEM2000 conceptual model. 

Results show that the nitrate pollution models based on capture zones 
delineated by the WhAEM2000 method outperform as compared to the 
models based on the circular delineation method. Capture zones delineated 
by conceptual models such as WhAEM2000 can be useful for developing 
groundwater protection programs.  Results also showed that the regression 
tree modeling approach is more convenient than the multiple regression 
approach. The validation of this model based on the goodness-of-fit 
performance and an independent dataset of observed groundwater nitrate 
concentrations proved its performance to explain the groundwater nitrate 
pollution in the study area. However, model performance is influenced by the 
wider range of groundwater nitrate concentrations and the missing values for 
currently non-operational water stations. 

Results have demonstrated that groundwater nitrate contamination can 
originate from several sources and that a statistical model can be a useful 
tool to identify and classify major variables explaining groundwater pollution, 
and thus aid groundwater quality management. Groundwater nitrate pollution 
is however not only a spatial but also a temporal process; and nitrate is not a 
conservative tracer since its concentration can be affected by complex 
biogeochemical processes, in particular, redox chemistry. In addition, 
groundwater measurement stations are typically scarce and sparsely 
distributed overs space in the study area, which can result in large 
uncertainty. This suggests that in future studies, other more robust 
approaches should be used, like isotopic techniques and the Bayesian data 
fusion method, to overcome these uncertainties (Mattern et al., 2012; Widory 
et al., 2013; Xue et al., 2012). 
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7.1. Outline 

Regional-scale mapping of groundwater quality in data scarce environments 
is a challenging task. In this chapter, we map the groundwater contamination 
by nitrate in the groundwater body of the Kinshasa city (DR Congo) using a 
Bayesian Data Fusion (BDF) framework. First, nitrate concentrations were 
measured at 100 monitoring stations irregularly distributed within the 
growing Kinshasa city areas and were interpolated using ordinary kriging. 
Second, a statistical-based regression tree model was identified and used to 
predict monitored nitrate data in terms of generic available land attributes 
(land use, depth to the water table, topography, and altitude). Finally, these 
two information sources on nitrate contamination were optimally combined 
into a single map using BDF, thereby weighting the kriged and regression 
tree estimates in terms of their associated uncertainties. The results show 
the considerable improvement of the quality of fused map as compared to 
the original maps, demonstrated by the lower uncertainties of the fused map 
compared to the uncertainties of the kriged or regression tree based 
contamination map. 

7.2. Introduction 

Groundwater is one of the most important water resources for global drinking 
water supply, and the protection of its quality is therefore at stake. Nitrates 
have become one of the most common problematic and widespread 
potential contaminants of groundwater in many parts of the world (Almasri, 
2007), and human activities are of major concern as these activities can 
affect the groundwater quality.  In the region of Kinshasa, the capital of the 
DR Congo, many groundwater stations are locally contaminated by nitrates. 
This exerts a potential hazard to human health when this water is used for 
drinking water supply. 

Groundwater can only be  optimally used when the quantity and the quality 
are properly assessed (Balakrishnan et al., 2011). Groundwater quantity and 
quality, however, are space-time dynamic which complicates the 
groundwater assessment. The quality of the assessment is constrained by 
the limited number of existing observation data that are typically scarce and 
sparsely distributed in time and space (Candela et al., 2007). Mapping 
groundwater quality is often one of the viable means of providing inputs to 
groundwater management, thereby extrapolating local and discrete time 
observations continuously in space (Li and Heap, 2014; Singh, 2014; Singh 
et al., 2010). Groundwater quality mapping can be build based on point data 
interpolation or predictions using either deterministic or stochastic simulation 
models. The final quality of the predicted map will depend on the quality of 
the underlying dataset (number of point data, their space-time resolution…) 
and the adopted mapping technique. 
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Classical mapping of groundwater quality is based on spatializing of local 
data sites using geostatistical interpolation techniques, such as voronoi 
tessellation, inverse distance weighting or kriging. These techniques have 
been used worldwide to assess the spatial variability of the groundwater 
quality (Baalousha, 2010; Fetouani et al., 2008; Hu et al., 2005; Mehrjardi et 
al., 2008; Nas and Berktay, 2008; Sanchez-Martos et al., 2001; Uyan and 
Cay, 2010). For instance, Hu et al. (2005) and Nas and Berktay (2008) used 
ordinary kriging to map the spatial variability of nitrate concentrations for 
assessing the groundwater quality. To improve the classical interpolation 
techniques, different approaches have been introduced, such as the 
uncertainty assessment and the integration of temporal variability. Focusing 
on the context of groundwater contamination by nitrate, Cinnirella et al. 
(2005) have introduced the probabilistic approach to analyzing the spatial 
variability and uncertainty of groundwater nitrate concentrations at local sites 
in the Po catchment (Italy) using geostatistical sequential Gaussian 
simulation technique. Mattern et al. (2008) used the Bayesian Maximum 
Entropy as a formal spatial modeling framework allowing an introduction of 
the temporal variability and the sampling rate in the spatial mapping of 
groundwater contamination by nitrate in the Brussels sands aquifer 
(Belgium). 

The geostatistical methods are generally known to be optimal when the 
dataset are normally distributed with no significant spatial variation, and the 
accuracy of the interpolation decreases rapidly with the distance to the 
monitoring sites (Li and Heap, 2011). Consequently, the mapping of a 
variable of interest, such as groundwater nitrate concentrations, using 
classical geostatistical interpolation techniques will have limited practical 
utility in regions where the spatial-time resolution of monitoring data is low. 
This is particularly the case for the Kinshasa groundwater body, as with 
many other groundwater bodies in developing countries. In such cases, 
auxiliary information that is related to groundwater quality, such as the land 
use/cover, can be integrated with the classical geostatistical interpolation 
techniques in a data fusion framework. 

Data fusion is a generic expression that conveys the idea of combining at 
best information coming from different sources into a single final prediction in 
order to achieve improved accuracy and better inferences (Bogaert and 
Fasbender, 2007). In principle, it is expected that fusion of multiple sources 
of information provides significant advantages over single data source 
estimation strategies. The use of data fusion techniques is not restricted to 
environmental sciences, it covers a wide variety of applications with a 
diversity of objectives, such as mining, robotics, medical imagery or 
military/civil engineering (Bogaert and Fasbender, 2007; Fasbender et al., 
2008b; Mattern et al., 2012). 

Bayesian approaches are very popular for achieving data fusion. Bayesian 
fusion techniques have provided convenient solutions to various problems 



Chapter 7. Using BDF for mapping groundwater quality  

102 

 

(Fasbender et al., 2008b). As one of these applications, Bogaert and 
Fasbender (2007) have proposed a general Bayesian Data Fusion (BDF) 
formulation specially designed for spatial prediction problem. The main 
advantage of the Bayesian approaches is to set the problem of data fusion 
into a proper probabilistic framework. These approaches have been applied 
to various problems such as environmental modeling, hydrology and remote 
sensing images processing (Fasbender et al., 2008b). Mattern et al. (2012) 
have applied for the first time the BDF approach for the spatial mapping of 
groundwater contamination by nitrate in the Brussels sands aquifer, by 
combining groundwater monitoring data with a statistical groundwater 
contamination model. Results showed that the uncertainty in the final map 
was smaller than the uncertainties estimated from the interpolated 
monitoring data map or the statistical-based contamination model map. 

The aim of the present study is to map the groundwater contamination by 
nitrate in the groundwater body of the growing Kinshasa city using the 
Bayesian Data Fusion approach as a formal framework. This unconfined 
groundwater body hosted in the quaternary sand and the cretaceous 
sandstones is vulnerable and affected by nitrate pollution from 
anthropogenic activities. The prediction of the groundwater contamination by 
nitrates is needed to support the implementation of groundwater 
management and development program, facing thereby the fast increase of 
drinking water demand of the Kinshasa city. 

The BDF framework, as applied in (Mattern et al., 2012), is implemented in 
this study based on groundwater nitrate concentrations measured at 
different monitoring points. Firstly, the point data of groundwater nitrate 
concentrations are interpolated on a regular grid at the interested area scale 
by the ordinary kriging technique. With this method, the uncertainty on the 
prediction depends partly on the quality of the dataset and the respective 
geometry of the groundwater sites. Consequently, the uncertainty on the 
predictions is expected to be larger in those parts where point data are 
scarce and sparse. Secondly, the groundwater nitrate concentrations are 
predicted with a regression tree statistical model. The prediction uncertainty 
with this model depends both on the uncertainty of underlying predictor 
variables such as depth to the water table, topography or land use, and the 
model uncertainty. Thirdly, the groundwater nitrate concentrations estimated 
by the ordinary kriging interpolation method are combined with those 
obtained from the statistical model into a single prediction map. The BDF 
approach is used to map the groundwater nitrate contamination spatial 
variability in the study area with its estimated uncertainties. 
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7.3. Materials and methods 

7.4.1. Groundwater nitrate dataset 

In this chapter, only water stations located in the Kinshasa city and its 
extensions are considered. A total of 100 water stations encompassing 
boreholes, wells, and springs were used (Fig. 7.1). In this subset, the 
average groundwater nitrate concentrations over two survey periods (2013 
and 2014) showed a large spatial variability with values ranging from 0.5 to 
160.27 mg ����/L; the mean and standard deviation are respectively equal 
to 30.57 and 42.20 mg ����/L. 

 

Figure 7.1: Location of the study area and groundwa ter monitoring stations. 

7.4.2. Kriging 

Kriging is a generic name for a family of stochastic spatial prediction 
techniques used in geostatistics for estimating random attributes, such as 
groundwater nitrate concentrations. It presents the possibility of interpolation 
the values of the primary attribute at unmeasured locations, and the 
estimation of the uncertainty or error associated with a predicted value at the 
unmeasured location. The kriging techniques incorporate the spatial 
dependence of the data in its estimation process through a variogram or a 
covariance function. The variogram function yields the average dissimilarity 
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between locations separated by different intervals of distance. The kriging 
technique is an exact interpolation estimator used to find the best linear 
unbiased estimate since it must have a minimum variance of estimation error 
(Ahmadi and Sedghamiz, 2007). Kriging is optimal when data are normally 
distributed and stationary (the mean and the variance do not vary 
significantly in space). Among the different kriging techniques, ordinary 
kriging is the most robust and the one commonly used in practice. It is based 
on the assumption that the mean is constant but unknown, and that there 
are enough observations that yield pairs for which a variogram can be 
calculated. Detailed descriptions of kriging techniques can be found in 
Goovaerts (1997) and Webster and Oliver (2007). 

For this study, ordinary kriging was performed using groundwater nitrate 
concentration data considering a regular grid of 50 m x 50 m. 

7.4.3. Regression tree 

The regression tree, also known as a binary decision tree, uses binary 
recursive partitioning whereby the data of the primary variable are 
successively split along the gradient of the explanatory variables into two 
descendant subset or nodes (Li and Heap, 2008). The algorithm works out 
which of the variables explains the largest variance in the response variable, 
then determines the threshold value of the explanatory variable that best 
partitions the variance in the response such that it minimizes the sum of the 
square deviation from the mean in the separate part. The process is 
repeated for each of the new branches until there is no residual explanatory 
power, according to the limitation imposed by the user. The mean value and 
the standard deviation of the variable in each terminal node can then be 
used to map the predicted attribute across the region of interest. The major 
advantages of the regression tree techniques are that they are non-
parametric and, as a consequence, Gaussian distribution assumption of the 
predictor variables does not need to be satisfied. They have no need for 
prior data transformation or elimination of outliers. They can incorporate 
categorical data and they allow possible complex interaction between the 
predictor variables to be represented without the assumption of linearity 
(Elith et al., 2008). 

In this study, a regression tree model is developed for the prediction of 
groundwater nitrate concentrations in the Kinshasa city groundwater body, 
according to a regular grid of 50 m x 50 m. The regression tree model uses 
the explanatory variables listed in Table 7.1. These analyses are performed 
in MatlabTM through the statistical toolbox, using the “classregtree” function. 
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Table 7.1: Description of the variables used in the  regression tree method 

Variables description  Variable ID  
Depth to the water table at the prediction point (m) 
Slope at the surface of the prediction point (%) 
Altitude at prediction point (m) 
Area of urban and peri-urban land (a) 
Area of services land (cemetery) (a) 
Area of arable land (agriculture) (a) 
Mixed forest area (a) 
Savannah, grass, and/or shrub area (a) 
Surface-water area (a) 

Depth 
Slope 
DTM 
LU11 
LU12 
LU21 
LU31 
LU32 
LU41 

(a) Expressed as the percentage of the land use class in a 300 m radius around the prediction 
point. 

7.4.4. Bayesian Data Fusion (BDF) 

The BDF in the context of spatial prediction of environmental variable aims 
at reconciling several information sources, which are all related to a same 
variable of interest, into a unique prediction framework based on a simple 
error model and the use of Bayes’ theorem. This approach relies on the 
hypothesis that the spatial component (i.e. the prior distribution) can be 
decomposed from the other information sources (i.e. the likelihood function); 
and subsequently, the different information sources can be assumed 
independent, conditionally to the true underlying variable. This implies in the 
Bayesian framework that the likelihood function can be decomposed in a 
product of conditional distributions. The Bayes’s theorem can thus be 
applied a second time in order to express the posterior distribution of a given 
variable a+, given the other secondary variables h$ either as a function of the 
conditional distribution a+/h$ or h$/a+. For a detailed description of BDF 
approach, the reader is directed to Bogaert and Fasbender (2007), 
Fasbender et al. (2008) and Fasbender et al. (2008b). 

In the context of the spatial prediction of groundwater nitrate, the general 
BDF formulation has been simplified, when it is assumed that the 
distributions of errors obtained by the kriging and the statistical model are 
Gaussian (Fasbender et al., 2008b; Mattern et al., 2012). In such cases, the 
final predicted groundwater mean nitrate concentration ~' and its variance �'� are given by the following equations: 

�~' = ������ + �4�4� − �������'��'� = � ���� + ��4� + �������        (7.1) 

where ~o, ~, and ~+ are the means associated with the kriging prediction, 
the statistical model prediction and a “rough” estimation of the local mean 
obtained from the inverse distance method, respectively; and where �o�, �,� , 
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�+� are the variances associate with the kriging prediction (defined as the 
variance of prediction �]-a�%&,+ − a+/, where a�%&,+ is the predicted value 
and a+ the observed value), the variance associated with the statistical 
model prediction (defined as the variance of the data at the end of each 
branch of the regression tree) and the sill of the semi-variogram, 
respectively.    

7.4.5. Comparison of methods 

In order to evaluate the accuracy of the groundwater nitrate prediction maps 
and to elucidate their inherent errors, a “leave-one-out” cross-validation 
approach (Kleijen, 1999) was performed. The following indicators, hereafter 
expressed by their respective equations, were used for accuracy 
assessment: the root mean square error (RMSE), and the coefficient of 
determination (R2). 

�^�� = ���∑ -��$ − �$/��$��   

�� = 1 − ∑ -#��#��/��∑ -#��#�/��         (7.2) 

where Q is the number of observations, �� is the mean value across all 
observations y� and y�� are the predicted values. 

These quality indicators are, however, suited to evaluate the accuracy of the 
prediction for the whole dataset at the study area scale. Local improvements 
of the prediction mapping have to be brought out from the maps of 
uncertainties. 

All analyses in this study were performed in MatlabTM R2014a, using the 
geostatistical BMElib package (Christakos et al., 2002). Data preparation 
and final results presentation were carried out in ArcGISTM 10.2. 

7.4. Results 

7.4.1. Prediction of the groundwater quality using the ordinary kriging 

The experimental semi-variogram is computed (Fig. 7.2) using the 
groundwater nitrate concentrations. An exponential model is chosen with 
nugget effect, theoretical variance and range equal to 10 mg2/L2, 3000 
mg2/L2 and 25000 m, respectively. This high-range value is reflecting the 
spatial dependence of the groundwater nitrate concentrations considering 
the scarce monitoring stations network. In addition, the strong variability 
around the fitted model can be due to the large distance lag and the irregular 
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spatial location geometry of the monitoring stations in the study area. The 
kriged groundwater nitrate concentration map, shown in Fig. 7.3(a), confirms 
the strong variability of nitrate contamination, in agreement with the large 
spatial distribution of nitrate concentrations and the irregular sampling 
stations network. About 88.81% of the study area has a kriged groundwater 
nitrate concentration lower than the standard limit of 50 mg ����/L for 
drinking water, while nitrate concentrations exceeding 100 mg/L are 
observed in the urban and peri-urban parts, and in the alluvial plain. The 
prediction errors of the kriged groundwater nitrate concentrations rises up to 
66 mg/L in bordering areas where there are no monitoring stations; and it is 
minimum at the location of the monitoring stations (Fig. 7.3(b)). 

Kriged groundwater nitrate concentrations are compared to the measured 
values by a “leave-one-out” cross-validation (Fig. 7.4) resulting in a R2 and a 
RMSE equal to 0.37 and 33.85 mg/L, respectively. The low data values of 
nitrate concentrations (< 50 mg/L) roughly scatter around the 1:1 line, while 
for high data values the scatter around this line becomes larger. The 
resulting low prediction quality can be explained by the very low density of 
the sampling stations network, the irregular geometry of their spatial 
locations, the non-normal distribution of the data, and their large variance. 
Accordingly, the prediction is inaccurate in bordering areas located far away 
from the monitoring stations. 

 

Figure 7.2: Experimental and exponential semivariog ram of groundwater nitrate 
concentration mean values calculated from 2013 and 2014 surveys 
measurements. 
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Figure 7.3: Prediction of the groundwater nitrate c oncentrations using ordinary (a) and 
the associated prediction error (b). The monitoring  stations are symbolized 
by circles in (a). 
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Figure 7.4: Comparison of the kriged groundwater ni trate concentrations to the 
measured groundwater nitrate concentrations. The co ntinuous line 
represents the 1:1 line. 

7.4.2. Prediction of the groundwater quality using the regression tree 

model 

7.4.2.1. Regression tree model development 

The regression tree model is constructed using the groundwater nitrate 
concentrations measured at 100 monitoring stations. The environmental 
attributes that are included in this regressions tree model are listed in Table 
7.1. Figure 7.5 represents the results of the regression tree based on the 
circular capture zone (300 m of radius) centered on the monitoring station. 
The model shows highly complex interactions patterns, suggesting that the 
observed nitrate level in groundwater results from a complex combination of 
the explanatory variables, rather than a single variable result. The most 
important explanatory variable is the percentage of surface water in the 
capture zone around the monitoring station (LU41), and the threshold value 
is 1.3%. For a high percentage of surface water (> 1.3%), the mean 
groundwater nitrate concentration is 108 mg/L, and for a low percentage of 
surface water (< 1.3%), the tree shows that the percentage of the urban land 
area (LU11) in the capture zone around the monitoring station has a 
significant impact on the nitrate concentration in groundwater and the 
threshold value is 33.9%. For the following stages, the mean nitrate 
concentration depends on the depth to the groundwater table (Depth) and 
the percentage of agriculture land (LU21). When the depth to the water table 
is low (< 48.4 m), the mean nitrate is 10.6 mg/L, while at high depth (> 48 m) 
the mean nitrate is dependent on the percentage of agriculture land (LU21) 
and the percentage of urban and peri-urban land in the capture zone around 
the monitoring station. On the other hand, when the percentage of 
agriculture land is high (> 54%), the mean nitrate concentration is 126.0 
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mg/L, and for low agriculture area, the mean nitrate concentration is 
decreasing and dependent on the other variables like the altitude at the 
monitoring station (DTM), the topography (Slope) and the forest area, as 
shown on the tree (Fig. 7.5). 

The regression tree is applied to the dataset and the estimated nitrate 
concentrations are compared to the measured groundwater nitrate 
concentrations resulting in a R2 of 0.71 and a RMSE of 22.4 mg/L (Fig. 7.6). 

 

Figure 7.5: Regression tree for the dataset. At the  end of each branch, the first value is 
the mean nitrate concentration; the second value is  the number of samples 
and the third value is the standard deviation. Lege nd is listed in Table 7.1.  

 



Chapter 7. Using BDF for mapping groundwater quality  

111 

 

 

Figure 7.6: Comparison of the nitrate concentration s predicted with the regression tree 
model to the measured nitrate concentrations. The c ontinuous line 
represents the 1:1 line. 

7.4.2.2. Prediction of the groundwater quality  

Using the regression tree model, groundwater nitrate concentrations are 
predicted on a regular gridded dataset using the variables listed in Table 7.1. 
About 87.4% of the study area has predicted groundwater nitrate 
concentration lower than 50 mg/L (Fig. 7.7(a)). The highest nitrate 
concentrations are observed in the urban and peri-urban parts of the study 
area, in the north alluvial plain. The lower nitrate concentrations are 
observed in the southwest and the east parts. The associated prediction 
error of the regression tree model is still larger, ranging from 1.85 mg/L to 
57.63 mg/L. 
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Figure 7.7: Prediction of the groundwater nitrate c oncentration using the regression tree 
model (a) and the associated prediction error (b). The monitoring stations 
are symbolized by circles in (a). 
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7.4.3. Prediction of the groundwater quality using Bayesian Data 

Fusion 

To implement the BDF framework, the results of the ordinary kriging and the 
regression tree model are combined based on the weighting according to 
their prediction errors. When using BDF, it is expected that the nitrate 
concentration predicted by kriging will be preferred at locations where the 
kriging prediction error is smaller than the prediction error of the regression 
tree model, and vice-versa. Even if the nitrate concentrations near the 
monitoring stations are well predicted by the kriging map, the resulting BDF 
map is generally very closer to the map produced by the regression tree 
model considering its relatively lower prediction errors. The comparison of 
the nitrate concentrations estimated by the BDF with the measured values 
has resulted in a R2 of 0.68 and a RMSE of 24.1 mg/L (Fig. 7.8). From the 
groundwater quality map predicted by BDF, about 90.6% of the study area 
has predicted nitrate concentration lower than the standard limit of 50 mg/L 
(Fig. 7.9(a)), and the prediction error ranges from 1.95 to about 50 mg/L (Fig 
7.9(b)). The high nitrate concentration values are observed in the north part 
representing the densely urban and peri-urban areas.  

 

Figure 7.8: Comparison of the groundwater nitrate c oncentrations predicted by BDF to 
the measured nitrate concentrations. The continuous  line represents the 1:1 
line. 
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Figure 7.9: Prediction of the groundwater nitrate c oncentration using the BDF (a) and the 
associated prediction error (b). The monitoring sta tions are symbolized by 
circles in (a). 

  



Chapter 7. Using BDF for mapping groundwater quality  

115 

 

7.5. Discussion 

The spatial BDF framework (Bogaert and Fasbender, 2007) as used in 
Mattern et al. (2012), is  applied to the case study of the Kinshasa city 
groundwater body (DR Congo) for mapping the groundwater quality. Nitrate 
concentrations measured at 100 monitoring stations irregularly distributed 
are spatialized with two different approaches: the ordinary kriging and the 
statistically based regression tree model. A comparison of the prediction 
nitrate maps obtained by these two approaches shows that the uncertainties 
are lowest near the monitoring stations and largest far away for the kriging 
prediction, while for the regression tree model the prediction uncertainties 
are relatively homogenous and depend largely on the fragmented land use 
patterns. In addition, kriging is an exact prediction (Ahmadi and Sedghamiz, 
2006), i.e. the predicted concentration value at the measured point location 
is equal to the measured value, while the regression tree model only predicts 
an expected value at a given location on the map. Combining the 
groundwater nitrate concentrations predicted by both kriging and regression 
tree approaches using the BDF framework permits to reduce the associated 
prediction uncertainties in the final prediction map. 

When considering the quality of the maps, the map predicted by the kriging 
approach is influenced not only by the density and the geometry of the 
monitoring stations network but also by the statistical characteristics of the 
dataset (normality, variance). In areas with low density of sampling stations 
and/or local extreme high or low concentrations, the prediction could be 
wrong, and responsible of the global poor coefficient of determination. 
However, these prediction results can make sense in the BDF framework 
since they have to be weighted with the predictions made by the regression 
tree model (Mattern et al., 2012). On the other hand, the map predicted by 
the regression tree is affected by the impact of the explanatory variables in 
the defined capture zone around the monitoring station. The resulting map 
aspect from the regression tree model is highly related to the land use 
patterns which is the principle explanatory variable. Thus, the regression 
tree model could further be enhanced by integrating other environmental 
variables related to groundwater contamination (Mattern et al., 2012). It 
could also be enhanced by considering the groundwater flow direction when 
designing the shape of the capture zones around the monitoring stations 
(Almasri, 2007; Kihumba et al., 2015). It can be also mentioned that nitrate is 
non-conservative, and thus its fate in groundwater is affected by complex 
interacting processes which should not be neglected. The BDF prediction 
map leads to more satisfactory results, considering the lower uncertainties 
than those resulted from the kriging or the regression tree model prediction 
and the calculated statistics (Table 7.2). 

The BDF predicted regional mean value of nitrate concentrations is about 
19.79 mg/L. This level of nitrate concentrations, above 18 mg/L, reflect that 
groundwater in the Kinshasa city is impacted or contaminated from 
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anthropogenic activities (Nolan et al., 2002). The high nitrate concentration 
values are observed in the urban and peri-urban in the north parts. The 
south and east parts are characterized by low values. 

Table 7.2: Summary statistics of prediction maps by  the three models 

Model  Min.  Max.  Mean  STD 
Kriging  
Tree model 
BDF 

0.41 
1.09 
1.42 

160.73 
158.84 
172.46 

20.08 
22.83 
19.79 

25.30 
26.71 
25.04 

To evaluate the performance achieved by the kriging and the regression tree 
models compared to that of the BDF, the quality indicator based on the 
difference between resulting maps were calculated. It should be mentioned 
that this indicator is only valid at the regional scale and could not be useful to 
assess detailed improvements achieved at the local scale. Large differences 
can be observed between kriged nitrate concentrations and predicted 
concentrations by BDF (Fig. 7.10(a)) ranging nearly -5 to 10 mg/L. 
Furthermore, Figure 7.11(a) shows that BDF reduces the uncertainty on the 
nitrate prediction up to 60 mg/L in the bordering areas not covered by 
monitoring station network. 

Figure 7.10(b) shows that the differences between nitrate concentrations 
predicted by the regression tree model and concentrations predicted by BDF 
range between nearly -3 to 8 mg/L. Large differences are located in the land 
use classes with significant impact on predicted nitrate and not covered by 
monitoring stations, as the weight given to the regression tree model 
predictions in the BDF process is higher than the weight of the predictions by 
the kriging model. However, BDF reduces the uncertainty up to about 50 
mg/L in the region with scarce monitoring stations, compared to the 
regression tree (Fig. 7.11(b)). The prediction errors by BDF are reduced 
compared to both predicted errors by kriging and regression tree model, 
which are however of the same order of magnitude. Thus, BDF generates a  
groundwater nitrate map (Table 7.2) with relatively low associated prediction 
uncertainties (Bogaert and Fasbender, 2007; Mattern et al., 2012). 
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Figure 7.10: Difference between nitrate concentrati ons predicted by kriging and BDF (a) 
and between the regression tree model and BDF (b). 
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Figure 7.11: Difference between kriging prediction errors and BDF prediction errors (a) 
and between the regression tree prediction errors a nd BDF prediction errors 
(b).  
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7.6. Conclusions 

Regional-scale modeling of nitrate contamination in data-limited 
environments is a challenging task. In this study, groundwater contamination 
by nitrate in the groundwater body of the Kinshasa city (DR Congo) is 
mapped using the Bayesian Data Fusion framework. We combine two 
information sources obtained from ordinary kriging and the regression tree 
models. First, nitrate concentrations measured at 100 monitoring stations 
are interpolated using the ordinary kriging approach. Considering the 
irregular, scarce and skewed distribution of monitoring data, the resulted 
kriging predictions have large uncertainties, particularly in the areas with low 
monitoring stations density. 

The statistical-based regression tree model is used in a second step to 
predict nitrate contamination. The predicted nitrate concentrations and the 
resulting uncertainties are highly related to the land use patterns which is the 
principle explanatory variable. 

Finally, the nitrate concentrations estimated by the ordinary kriging and 
those estimated by the regression tree model are combined in a single final 
map using the Bayesian Data Fusion framework by weighting these 
estimates in terms of their associated uncertainties. The results show that 
BDF improves the quality of the final groundwater quality map and reduces 
the associated uncertainties compared to both the kriged and regression 
tree maps. 

The BDF, as implemented in this case study has demonstrated its potential 
to integrate multiple information sources in a spatial mapping context. The 
BDF spatial prediction of nitrate concentrations shows a high risk of nitrate 
contamination in the northern alluvial plain of the study area. However, the 
quality of the predicted BDF map is dependent on the quality of the primary 
information sources. The final map is considered a basic tool, allowing 
groundwater managers to design and implement groundwater development 
programs. 
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8.1. Outline 

We assessed nitrate transport through the vadose zone of the Kinshasa 
aquifer. We estimated cumulative nitrate leaching at a given depth in the 
vadose zone by means of nitrate resin traps. We estimated the vertical travel 
time for nitrate through the vadose zone. We show that nitrate is transported 
through the vadose zone with a variable pore-water velocity. Human 
activities on the land surface are considered as major sources of nitrate in 
the vadose zone. With the estimated vertical travel time, we show that nitrate 
transport from the land surface can reach the Kinshasa groundwater body 
between 9 and 167 years. These results are the first indication of nitrate 
transport through the vadose zone for supporting future land use planning 
and groundwater protection development in the Kinshasa region. 

8.2. Introduction 

Groundwater in the region of Kinshasa is becoming an increasingly 
important resource for potable water supply. Thus, many drillings have been 
implemented, particularly in the peripheral areas, to exploit groundwater for 
the development of drinking water facilities. Groundwater quality in the 
region is now showing evidence of anthropogenic impacts in the urban and 
peri-urban areas, including an increase in nutrients, such as nitrate. Nitrate 
contamination is indeed considered to be a good indication of anthropogenic 
pollution (Ako et al., 2011; Almasri, 2007; Almasri and Kaluarachchi, 2004; 
Murgulet and Tick, 2009). Elevated nitrate concentrations in drinking water 
can cause health problems (Camargo and Alonso, 2006; Wolfe and Patz, 
2002). As such, the World Health Organization (WHO) has set the maximum 
allowable nitrate concentration in drinking as 50 mg ����/L (WHO, 2011). In 
the Kinshasa region, the nitrate problem is directly linked to the rapid 
expanding residential areas where urban facilities are poorly developed 
(Kayembe et al., 2009) and the intensification of peri-urban agriculture. 

The vadose zone, is a key component of the groundwater system, as it is 
involved in many hydrological processes such as infiltration, evaporation, 
groundwater recharge, soil moisture storage, and soil erosion (Nielsen et al., 
1986). The vadose zone bounds ground surface and groundwater table and 
controls thereby the flux of water, matter, and energy between the 
atmosphere, land surface, and subsurface water bodies. It can be 
considered as a buffer zone protecting the groundwater. Thus, the properties 
of the vadose zone strongly control groundwater pollution. To prevent 
excessive leaching of nitrate and its arrival in the groundwater, it is essential 
to investigate and quantify the mechanisms controlling nitrate transport in 
the vadose zone  (Almasri, 2007; Turkeltaub et al., 2016). 

In order to support decision-makers in the implementation of optimal options, 
in terms of land use management and policy development for groundwater 
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quality protection, knowledge of the contaminant travel time through the 
vadose zone media into the groundwater is needed. The travel time consists 
of three main component (Meals et al., 2010): (i) time for a land use to have 
effect; (ii) time of the effect to be delivered to the groundwater; and (iii) time 
for the groundwater body to respond to the effect. This chapter deals with 
the second of this travel time components. It assumes that land use change 
has occurred, and it starts to have an impact on the groundwater quality. 
This time can be considered as the response time for a local change in land 
use to be delivered to groundwater (Wilson et al., 2014). 

In this chapter, we assess nitrate transport through the vadose zone of the 
Kinshasa aquifer. The approach developed in this study is to estimate the 
vertical travel time of a particle (i.e. nitrate) to be transported from the 
surface land to the uppermost part of groundwater, on the basis of 
recharging rainfall. The groundwater body of the Kinshasa region is 
vulnerable to anthropogenic activities considering that the aquifer is 
unconfined and hosted in Quaternary sands and Cretaceous sandstones. 
The soil types are formed by sandy soils characterized by low water 
retention capacity. Also, the groundwater effective recharge due to rainfall is 
relatively high in the west, higher than in the east plateau (Ndembo et al., 
2013). In addition, the urban and peri-urban areas are poorly developed and 
characterized by the absence of sanitation system and waste management 
infrastructures. Estimating the vadose zone transport of nitrate, between the 
initiation of a pollution process at the land surface and its final effect in the 
aquifer could support decision-makers for planning the development of 
alternative groundwater management options. 

8.3. Materials and methods 

8.3.1. Sites location 

For this study, we selected seven experimental sites with contrasted land 
uses/covers around the Kinshasa region (Fig. 8.1). The site 7 is 
characterized by agroforestry activities and very low population density and 
located in the east Kwango Plateau. The sites 1 to 5 are located on 
agriculture lands in the west and southwest peri-urban areas characterized 
by relatively high population density, fragmented land use combining human 
settlements and agriculture activities, and poor sanitation infrastructures. 
The last site 6 is located in agriculture land in the northeast part. At each 
location, field measurements were conducted, soil samples were collected, 
and laboratory measurements were made on samples taken at different 
depths. The groundwater quality at the selected sites is characterized by 
locally high nitrate concentrations (Table 8.1). 
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Figure 8.1: Map of the Kinshasa region with indicat ed position and aerial photograph 
(Source: Google EarthTM) of the experimental sites.   

Table 8.1: Depth to water table and average groundw ater nitrate concentrations for 
different sites  

Site  Depth to water (m)  NO3
- (mg/L)  

1 
2 
3 
4 
5 
6 
7 

122 
51 
28 
35 
22 
7 
134 

20.04 
93.18 
19.51 
5.03 
85.48 
29.35 
0.5 

The time for nitrate transport through the vadose zone to reach the water 
table depends on a number of factors including the drainage rate through the 
soil profile, the depth to the water table, the water content of the unsaturated 
zone, the physical properties of the unsaturated zone, and different chemical 
attenuation processes that can occur. In this study, we developed a 
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simplified approach to estimate travel times following three steps. First, we 
assessed nitrate concentration of the recharge water in the vadose zone. 
Second, we assessed the drainage through the vadose zone based on 
measured climate data and estimated vadose zone water storage. Third, we 
estimated travel time to water table based on the estimated groundwater 
depth and estimated drainage. 

8.3.2. Measuring vadose zone hydraulic properties 

We determined the soil particle size composition on 10 g disturbed 
subsamples taken from mixed soil samples collected at each site, between 0 
to 30 cm. we destroyed organic matters using ���� solution before the soil 
was sieved and settled it in a -�]���/� solution, used as dispersing agent. 
We considered three texture classes: sand (50 – 2000 µm), silt (2 – 50 µm), 
and clay (< 2 µm). 

We also took undisturbed soil samples on three sites (3, 5 and 7) using 100 
cm3 cylindrical steel rings (Kopecky rings) for determining the soil moisture 
retention curve. We determined the soil moisture retention curves on three 
soil samples collected at three profiles (0 – 30 cm, 30 – 60 cm, and 60 – 90 
cm). For low suction, we used a sandbox apparatus, for the high suctions we 
used low- and high-pressure chambers. The weight difference, at each 
matrix suction level, allows calculating the soil water content. We measured 
the bulk density on the 100 cm3 soil cores, which were dried 24 hours at 
105°C. 

We modeled the soil water retention characteristics �-ℎ/ and the hydraulic 
conductivity function, _-ℎ/ by means of the Mualem – van Genuchten model 
(van Genuchten, 1980; Mualem, 1976): 

_-ℎ/ = _%_@-ℎ/   ℎ < 0 

_-ℎ/ = _%    ℎ >= 0      (8.1) 

_@-ℎ/ = ���-�!/9�F���-�!/9�4�����-�!/9�4 �⁄        (8.2) 

�� = 0���;�2��;= = ����-�!/9�4        (8.3) 

� = 1 − ��          (8.4) 

where ℎ is the pressure head [L], �� is the effective saturation [-], � [L3L-3] is 
the volumetric water content, �@ and �% are the residual and saturated water 
content, � [-] , Q [-] and C [L-1] are the fitting parameters of retention curve, 
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_% [LT-1] is the saturated hydraulic conductivity, _@ is the relative hydraulic 
conductivity [-], _-ℎ/ is the unsaturated hydraulic conductivity [LT-1]. The 
model requires values for _%. These values were estimated in each site 
based on soil textural class and bulk density using the pedo-transfer 
functions that are standard available in the HYDRUS 1D model (Simunek et 
al., 2005). 

Vertical drainage of water through the soil profile is a primary driver of travel 
time through the vadose zone to the water table. We inferred the long-term 
soil drainage rate through the soil profile from a daily soil moisture balance. 
This long term drainage rate can then be used as an input data for 
estimating the drainage time through the vadose zone to the water table for 
a given pore-water content. We estimated the soil drainage using the 
following relation (Eq. 8.5): 

 + = ∑-¡-&/�¢-&//&          (8.5) 

where � is daily precipitation depth [L], � is potential evapotranspiration 
depth [L],  + is the soil drainage or land surface recharge rate [LT-1], and S is 
time [T]. We used the annual average rainfall (1,500 mm) and 
evapotranspiration depth (1,104 mm) from a long data series (30 years) of 
climate data collected in Ndjili station. We calculated the mean pore-water 
velocity was described as (Eq. 8.6): 

£ = ¤��¥¦          (8.6) 

where £ is the water-pore velocity [LT-1], and �§¨ is the water at field 
capacity [L3L-3]. We considered the water at field capacity for coarse-
textured soil equal to the soil water content at -10 kPa or -0.10 bar as 
inferred from the from the water retention curve. The travel time is then 
calculated at each site assuming that the vadose zone profile is 
homogeneous, the recharge rate and water-pore velocity are constants, and 
that the passage of water received from soil drainage moves to the aquifer 
by piston flow using the relation (8.7): 

© = �"          (8.7) 

where © is the estimated travel time [T], and ª is the distance to the water 
table [L]. 
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8.3.3. Designing and installation of passive ion ex change resin 

cartridge 

We installed passive ion exchange resin cartridges in the vadose zone of the 
selected sites to assess cumulative nitrate leaching in recharging water. 

We selected the anion exchange resin (Purolite A-520E) to fill the cartridge. 
This resin is specially designed for the removal of nitrate in water purification 
systems (Nur et al., 2015). Technical details of the ion exchange resin are 
summarized in Table 8.2.  We filled the PVC cartridges (7.14 cm of inner 
diameter and 11.0 cm in height) with the ion exchange resin with about 269 
g of wet weight resin per cartridge (Fig. 8.2). We covered the top side of 
cartridges with a nylon membrane mesh, the bottom was closed and 
connected to a pipe filled with fiberglass wicks (100 cm of total length), to 
apply a suction at the bottom. Water draining through the bottom of the PVC 
cartridge was led to a collecting reservoir bottle (of approximately 50 cm3 of 
capacity) allowing to determine the drainage volume. The reservoir bottle 
was vented by a small-diameter tubing to the atmosphere. We installed two 
cartridges at each experimental site, at 100 cm of depth. The cartridges 
remained on the site for the duration of 1 year (from February 2014 to March 
2015). 

After one year, we collected the resin cartridges for chemical analyses in the 
laboratory. We separated each one of the cartridges into two equal parts 
from which we took subsamples (two per each part) of about 15 g. we dried 
the samples for 24 hours at 65°C for nitrate measurements. To extract 
nitrate ions from the resin, we placed each subsample into a 250 ml bottle 
and we shake the sample for 2 hours in 100 ml of 0.5 �]TP used as 
extracting solution. Finally, we filtered the extracted solutions and we kept 
the extraction cold until analysis. We carried out the chemical analysis of 
nitrate (in mg ����/L) using a colorimetric VISOCOLOR test kit. 

Table 8.2: Technical details of the Purolite A520Ea  

Product information   
Polymer Structure  
Appearance  
Functional Group  
Ionic Form as Shipped  
Total capacity (min.) 
Moisture Retention 
Particle Size Range 
<300 µm (max.) 
Uniformity Coefficient (max.) 
Specific Gravity   
Shipping Weight (approx.) 
Temp Limit, Cl- Form 

Macroporous polystyrene crosslinked with 
divinylbenzene 
Spherical beads 
Type 1 Quaternary Ammonium 
Cl- 
0.9 meq/ml (19.7 Kgr/ft3) (Cl- form)  
50 - 56 % (Cl- form)  
300 - 1200 µm  
1 % 
1.7  
1.07 
675 - 705 g/l (42.2 - 44.1 lb/ft3) 
100°C (212°F)  

a Information provided by the manufacturer (Purolite Ltd, USA) 
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Figure 8.2: Schematic picture of the design of the passive ion exchange resin cartridge. 
Insert: a photo from the installed cartridge. 

8.4. Results and discussion 

8.4.1. Description of physical properties of the to psoil at different sites 

Table 8.3 represents the values of the soil particle size, the USDA soil 
textural composition and the bulk density of soils at each one of the 
experimental sites. Soils from the seven sites are classified into three soil 
textural classes: sandy, loamy sand and sandy loam. 

Table 8.3: Some physical properties of topsoil at d ifferent experimental sites 

Site  Particle size (%)  Textural 
class (USDA)  

Bulk density 
(gcm -3) Sand  Silt  Clay  

1 83.40 0.40 16.20 Sandy loam 1.49 
2 90.60 1.29 8.11 Sand 1.50 
3 89.60 0.60 9.80 Loamy sand 1.68 
4 92.33 1.37 6.30 Sand 1.55 
5 92.61 1.35 6.04 Sand 1.58 
6 85.95 3.82 10.23 Loamy sand 1.54 
7 84.52 1.97 13.51 Loamy sand 1.65 

8.4.2. Soil moisture retention curve 

Moisture retention curves on three sites (3, 5 and 7) were measured on 
samples taken in three profiles at each site in 3 replicates in each profile. A 
total of 27 samples were measured, representing 9 samples for each site 
and 3 samples for each profile. Figure 8.3 shows the data obtained in this 
study for each one of the three experimental sites. The largest variation is 
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observed between the samples from the three sites after pF 2 (-100 cm of 
pressure head) observing high water content for samples from site 7 (in 
green). 

 

Figure 8.3: Soil moisture retention data obtain in three sites (3(red), 5(blue), and 
7(green)). 

8.4.3. Estimation of travel time through the vadose  zone 

8.4.3.1. Soil hydraulic properties 

Table 8.4 shows the estimated values of soil hydraulic properties at each 
experimental site. Results show high variability of hydraulic property values 
between the sites. The saturated hydraulic conductivity -_%/ range from 
70.47 cmd-1 to 404.70 cmd-1 at different sites. The average _% value is of 
227.85 cmd-1. Based on the water balance, values of measured water flux at 
100 cm of depth are less than the saturated hydraulic conductivity of soils. 

Table 8.4: Estimated soil hydraulic properties 

Site  «¬  
(cm 3cm -3) 

«  
(cm 3cm -3) 

®  
(cm -1) ¯ °  

(cm/d) 
1 0.0670 0.4060 0.0249 1.7406 99.41 
2 0.0586 0.3955 0.0289 2.5064 328.40 
3 0.0558 0.3404 0.0288 2.1308 147.47 
4 0.0561 0.3775 0.0297 2.7801 404.70 
5 0.0552 0.3676 0.0299 2.7951 394.48 
6 0.0562 0.3848 0.0300 2.0015 150.07 
7 0.0574 0.3533 0.0284 1.7214 70.47 
Average 0.0580 0.3750 0.0287 2.2394 227.85 
STD 0.0041 0.0231 0.0018 0.4579 143.13 
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8.4.3.2. Vadose zone travel time 

The input data (soil drainage, water at field capacity and pore-water velocity) 
used to calculate the vertical travel times are presented in Table 8.5. The 
soil drainage represents a regional average value, and water at field 
capacity refers to typical values by soil texture classes.  

Table 8.5: Input data for calculation of vertical t ravel time 

 ±² (cm/d) «³´ (cm 3/cm 3) µ (cm/d) 
Sand  0.108 0.10 1.10 
Loamy sand 0.108 0.22 0.50 
Sandy loam 0.108 0.37 0.30 

Table 8.6 represent the calculated vertical travel time at each site. The 
estimated travel time values at different sites are highly variable and range 
between 9 to 167 years. The values of the vertical travel times have to be 
taken as first indicative given the low quality of data used and the designed 
assumptions for its calculation (homogeneous soil profiles, constant mean 
pore velocity, homogeneous _%). As a practical implication of the vadose 
zone nitrate transport, the susceptibility of groundwater quality to human 
activities impact on the land surface is largely dependent on the depth to 
groundwater which constitutes one of the significant variables controlling the 
contamination loading. Therefore, appropriated land use planning, and 
waste management infrastructure needs to be implemented in order to 
protect the groundwater quality, particularly in the plain area. 

Table 8.6: Calculated travel time at different site s 

Site  Travel time 
(year) 

1 111.4 
2 139.7 
3 34.9 
4 95.9 
5 60.3 
6 8.7 
7 166.9 
Average  88.3 
STD 56.8 

8.4.4. Nitrate concentrations trapped by ion exchan ge resin cartridges 

Two subsamples of the resin of about 15 g of wet weight were taken from 
each one of the cartridges to measure nitrate trapped during one year of 
experience. The mean nitrate concentration of each cartridge was then 
reported to the total mass of ion resin in the cartridge (average of about 269 
g). Table 8.7 represents the results expressed in terms of mass of trapped 
nitrate per mass of ion resin in the cartridge. The nitrate concentrations 
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trapped by 269 g of ion exchange resin during one year range from 112.08 
mg to 168.13 mg of nitrate with an average of 160.28 mg. These results 
reflect the land use types in the areas around experimental sites. It has to be 
noted that most of the experimental sites are located near agriculture lands 
and that the trapped nitrates are related to the vertical recharging water. 
High nitrate concentrations are observed on the sites 4 and 3 located on the 
intensive agriculture lands for vegetable production and using organic matter 
and chemical fertilizer. Nitrate concentration is also high on the site 7 located 
in the east plateau where agroforestry activities are developed. Results 
confirm the usefulness of ion exchange resin for assessing cumulative 
nitrate concentration in recharging water through the vadose zone. 

Table 8.7: Nitrate concentration trapped by ion exc hange resin at different sites 

Site  NO3
- (mg/g) 

1 112.08 
2 134.50 
3 161.40 
4 168.13 
5 134.50 
6 145.71 
7 156.92 
Average  160.28 
SD 19.36 

8.5. Conclusion 

Knowledge of vadose zone travel time and the fate of nitrate between the 
land surface to the water table is important as a support tool for land use 
planning and groundwater management. In this study, we estimated the 
vadose zone vertical travel time and assessed the cumulative nitrate 
concentration in the vadose zone recharging water for groundwater 
protection to contamination in the Kinshasa groundwater body. The 
estimation of the vadose zone travel time consists on the calculation of land 
surface recharge with a simple approach, and the calculation of vadose zone 
travel time taken for the water and nitrate to penetrate into the uppermost 
aquifer layer. The cumulative nitrate concentration in the recharging water 
was measured by ion exchange resin for a period of one year. 

Results show that land use types and human activities on the land surface 
determine the fate of nitrate in the vadose zone recharging water and that 
ion exchange resin could be a useful approach for long-term monitoring of 
contaminant in vadose zone recharging water. The estimated vertical travel 
times from the land surface to the water table are variables (9 to 167 years) 
and dependent on the depth to groundwater at each site.  

These results have to be considered as the first indication of the potential 
vadose zone transport of nitrate, considering the quality of data used and the 
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designed assumptions for this study. This suggests that future studies based 
on numerical approaches at the region scale, and taking into account lateral 
flux should be implemented. Protection of groundwater from potential 
pollution originating human activities has to include effective and continuous 
monitoring of the vadose zone. 
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9.1. Summary 

Groundwater is a major natural resource that sustains life and development 
on Earth. Knowledge of the groundwater quality is a prerequisite for 
understanding the impacts of human activities on the groundwater quality 
and give ground for designing appropriate strategies for sustainable 
groundwater development. In this thesis, we studied groundwater pollution 
by nitrate at the regional scale of the Kinshasa sedimentary groundwater 
system (DR Congo). 

The general objective was to assess groundwater pollution by nitrate in the 
Kinshasa groundwater system based on an integrated approach combining 
physicochemical, isotopic and modeling analyses. 

Our first main objective was to assess the groundwater contamination at the 
Kinshasa regional scale by an integrated approach combining 
hydrogeochemical fingerprinting with isotopic multi-tracers (�, �, 
 and �), 
and a Bayesian stable isotopes mixing model. The study was conducted on 
sparsely distributed groundwater stations used for water supply, and on 
selected surface water sampling points.   

We showed that anthropogenic activities severely accelerated the nitrate 
contamination in groundwater considering the lack of appropriated sanitation 
infrastructures and waste management. The dominant processes governing 
the groundwater mineralization are associated, first, with mixing processes 
involving water-rock interaction and anthropogenic impact. Nitrate acts as 
one of the major ions determining the mineralization and reflects the spatial 
urbanization dynamics. Second, the groundwater mineralization is 
associated with the geochemical processes, involving groundwater 
acidification in regards to the geological setting. 

The application of nitrogen and oxygen isotopic ratio values in nitrate 
revealed a global south to north variation gradient in agreement with the 
hydrochemical spatial distribution. The analysis showed that “manure and 
sewage”, “soil �” and “���� in fertilizers” are the major potential sources of 
nitrate in groundwater. Outputs from a Bayesian mixing model based on 
nitrogen and oxygen isotopes of nitrate showed that this model cannot 
separate clearly between “manure and sewage”, “soil nitrogen” and “���� in 
fertilizers” as possible nitrate sources. However, the model allowed the 
following relative ranking of possible nitrate sources in groundwater: 
“Manure and sewage”, “Soil nitrogen” and “���� in fertilizers”.  

We found that the combination of hydrogeochemical characteristics and 
isotope multi-tracers gives an insight for separating between manure and 
sewage sources and understanding complex mixing processes affecting ���� concentration. Results indicated that denitrification occur in some 
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extent for sampling stations in the vicinity of the Congo River. Otherwise, for 
groundwater stations in the vicinity of polluted urban streams, 
contaminations could occur through interaction with polluted surface water 
and could result in high nitrate contamination. Boron isotopes provided 
significant discriminating contrast between manure sources (poultry, animal 
and/or probably human) characterized by high ����/intermediate-
/high � 
�� ; and sewage sources characterized by intermediate-����/intermediate-
/low to high � 
�� . Strontium isotopes elucidated the complex mixing 
processes controlling groundwater nitrate in the study area which are 
involving water-rock interactions, surface-groundwater interactions and/or 
anthropogenic pollution.  

Our second main objective was to assess groundwater pollution at the 
Kinshasa regional scale by predicting and mapping the nitrate concentration. 
The analysis was based on data collected since 2008 (Ndembo, 2009) and 
also data collected as part of this thesis (2013 and 2014). 

We assessed the groundwater vulnerability to pollution by combining an 
indicator model (DRASTIC model) with nitrate. We found that the 
groundwater intrinsic vulnerability assessed using the original generic 
DRASTIC model was inconsistent with observed groundwater nitrate 
contamination. Thus, we proposed to calibrate the DRASTIC model by 
modifying the factor ratings and weightings based on observed groundwater 
nitrate data. The simplified resulting model considered four parameters 
(depth to groundwater, soil type, topography and hydraulic conductivity) to 
assess the groundwater intrinsic vulnerability. To map the specific 
vulnerability, we added the contaminant loading to the model, on the basis of 
the land use types, which improved the correlation between the vulnerability 
indices and nitrate concentrations. As a way to validate this pollution risk 
map, observed nitrate concentrations from another survey (2008) were 
compared to pollution risk indices showing a good degree of coincidence. 
The results showed that very high risk to nitrate pollution corresponds to the 
urban area in the northwest part.  

We also studied the correlation of groundwater nitrate concentrations with 
major environmental attributes including land use types and other 
hydrogeological variables in the capture zone around each monitoring 
station. A simple circular approach and a uniform-flow based method were 
used to delineate the capture zone that could probably have an impact on 
the groundwater quality at the monitoring station. Two multivariate statistical 
methods were used (the multiple regression model and the regression tree 
model) to predict groundwater nitrate concentration in terms of land use, 
depth to the water table, altitude, and slope in the capture zone of the 
monitoring stations. We demonstrated that nitrate concentration in 
groundwater cannot be explained by one single variable but by the 
combined influence of factors governing nitrogen loading sources and 
aquifer susceptibility characteristics. However, the statistical model results 
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identified the topography, the residential area, the service land (cemetery, 
uncontrolled dumps), and the surface water land-use as major factors 
explaining nitrate occurrence in the groundwater. Furthermore, the results 
elucidated the sensitivity of the model performance towards the method of 
delineation of the capture zones. We showed that for pollution modeling at 
the monitoring points the capture zone shapes have to be designed based 
on a conceptual hydrogeological model rather than adopting arbitrary 
circular capture zones. When evaluation model performance, results showed 
on the basis of the goodness-of-fit performance analysis that groundwater 
nitrate concentrations are better predicted by the regression tree modeling 
than by the multiple regression approach. However, the typically scarce and 
sparsely distribution over space of groundwater measurement stations in the 
study area could result in large uncertainty. 

We also improved mapping of groundwater contamination by nitrate by 
combining two information sources obtained from the ordinary kriging and 
the regression tree models in a Bayesian Data Fusion framework. First, 
nitrate concentrations were predicted using the ordinary kriging approach. 
Considering the irregular, scarce and skewed distribution of monitoring data, 
the resulted kriging predictions have large uncertainties, particularly in the 
areas with low monitoring stations density. Secondly, the statistical-based 
regression tree model was used to predict nitrate contamination. The 
predicted nitrate concentrations and the resulting uncertainties were highly 
related to the land use patterns which constitute the principal explanatory 
variable. Finally, the nitrate concentrations estimated by these two 
approaches were combined in a single final map by weighting these 
estimates in terms of their associated uncertainties. The results showed that 
BDF improves the quality of the final groundwater contamination map and 
reduced the associated uncertainties compared to both the kriged and 
regression tree maps. However, the quality of the predicted BDF map is 
dependent on that of the primary information sources. BDF results showed 
that the predicted regional mean value of nitrate concentrations in 
groundwater is about 20 mg/L reflecting the contamination from 
anthropogenic activities (Nolan et al., 2002). 

Knowledge of the potential vadose zone transport of nitrate is important to 
support the development of appropriated strategies for sustainable 
management of groundwater resource. We made in this thesis a first 
estimation of the potential vadose zone transport of nitrate. The estimated 
vertical travel times of nitrate through the vadose zone are variable ranging 
between 9 to 167 years. Cumulative nitrate leaching trapped by ion 
exchange showed that about 169 mg of nitrate were transported through the 
vadose zone, which corresponds, for the sampled sites, to a mean loss of 
381 kg of ����/ha per year. These relatively high levels of nitrate are in 
accordance with the fragmented land use and depend on the intensity of 
agriculture activities. These results reflected that change in land use/cover 
on the land surface could rapidly affect the groundwater quality. 
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The DR Congo is facing a lack of adequate institutional capacities and 
coordinated policies for water resources management and development. 
Currently, a new Water Code based on the paradigm of Integrated Water 
Resource Management has been ratified (Loi n° 15/026 du 31 décembre 
2015 relative à l’eau). However, its implementation needs to be supported by 
scientific knowledge. In this thesis, we showed that groundwater quality in 
the Kinshasa region is deteriorating as in major African cities characterized 
by high population density and weak sanitation systems (Xu and Usher, 
2006), and that environmental characteristics (such as land use) changes at 
the land surface have a rapid impact on the groundwater quality. 
Furthermore, the estimated vertical travel time of contaminant in the vadose 
zone is relatively variable and can be accelerated by other processes, such 
as surface-groundwater interactions or sewer leakage. This should be taken 
into consideration when developing strategies for groundwater quality 
protection and management. However, the vadose zone nitrate transport 
results dependent on the quality of data and designed assumptions. Further 
studies are needed for more understanding of the potential vadose zone 
transport of contaminant. 

The produced maps of groundwater nitrate concentrations represent useful 
tools for decision-makers and organizations dealing with water development 
to implement regional management and protection strategies, and also to 
have a better insight on the actual qualitative state of the groundwater 
resource. These maps depend on the quality of the primary data, in 
particular, the space resolution of the monitoring stations. In the study area, 
the spatial resolution of the groundwater monitoring network is a limiting 
factor. Based on the results of this thesis efforts have to be made for 
designing a better monitoring program of groundwater quality at regional 
scale. We showed that other information related to the nitrate concentration, 
such as the land use/cover, can improve the predicting groundwater 
contamination. In addition, ion exchange resin can be useful for assessing 
the cumulative nitrate leaching in the vadose. 

From statistical models, we have shown that residential area and surface 
water land-use classes are the main factors explaining nitrate occurrence in 
the groundwater. In addition, on the basis of physicochemical and isotope 
analysis, we have found that high groundwater nitrate concentrations are 
retrieved in the urban area and in the alluvial plain and that manure and 
sewage are major sources of this contamination. Furthermore, we have 
highlighted that interaction between surface water and groundwater 
contributes to processes that control nitrate fate in groundwater. We 
suggested the need of an appropriate sanitation and waste management 
systems for groundwater quality protection. Also, other studies are needed 
for better understanding surface and groundwater interactions effects on 
groundwater contamination. 
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9.2. Future perspectives 

This thesis has made a contribution towards understanding groundwater 
contamination by nitrate in the Kinshasa groundwater system. Such 
contribution can be of great use in supporting the development and 
protection of groundwater resource. However, several limitations have been 
highlighted. 

The groundwater monitoring network was scarce encompassing 
groundwater station used for water supply (boreholes, wells, and springs) 
and not suitable for environmental monitoring. Increasing the monitoring 
station density and the frequency of groundwater quality survey taking into 
account the seasonality may provide significant information for identifying 
contaminant sources and understanding major processes controlling nitrate 
in groundwater as a part of the nitrogen cycle. 

The study area is characterized by fragmented land use, lack of 
appropriated sanitation and waste management systems. The assessment 
of nitrate concentration in the vadose zone recharging water, in addition to 
groundwater and surface monitoring, can bring valuable benefits for 
understanding processes that control nitrate transport from its sources at the 
land surface to the upper part of the aquifer. 

The interaction between surface water and groundwater has been identified 
as one of the processes controlling nitrate fate in groundwater. A better 
seasonal monitoring of surface water and groundwater may improve 
knowledge about processes that control nitrate transformation through this 
interaction and the risk of contamination from urban polluted streams. 

Isotope multi-tracers and Bayesian stable isotope mixing models have 
proven their usefulness for identification and quantification of nitrate sources. 
However, long and highly spatial resolution data series based on seasonal 
monitoring of surface and groundwater geochemical properties 
(physicochemical, nitrogen and oxygen isotopes in nitrate, and other co-
migrating isotopes) and clear characterization of potential nitrate source 
materials could increase understanding the fate of nitrate in groundwater. 
Furthermore, a clear differentiation between sources of nitrate originating 
from fecal contamination is of particular importance, as the risk to human is 
usually considered higher from human fecal contamination (sewage) than 
from animal fecal contamination. Other potential tracers such as chemical 
markers (pharmaceuticals and food additives) and microbial indicators could 
be used to clearly differentiate sewage and manure sources of nitrate 
contamination. To design and develop such monitoring program will require 
the participation of the regional policy and all the actors involved in the water 
sector.  
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This study has shown that groundwater nitrate concentrations could be 
predicted on the basis of other environmental variables such as land 
use/cover. Using high spatial resolution satellite images of different periods 
may improve knowledge about the impact of land use dynamic on 
groundwater quality. 



 

140 

 

Appendices  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

141 

 

Appendix A 

Results of hydrochemical and isotopic analyses for 
groundwater and surface water samples collected in 
the 2013, 2014 and 2015-2016 survey campaigns 

Table A.1: Geographic coordinates of sampling stati ons 
Code Site Longitude Latitude Type 

F1 Monkole 15.2856 -4.4248 Borehole 

F11 St Athanase 15.4125 -4.4306 Borehole 

F14 CMSCJ 15.2716 -4.3557 Borehole 

F15 Kinkole Regideso 15.5143 -4.3225 Borehole 

F16 Centre Elikya Kimbanseke 15.3698 -4.4358 Borehole 

F19 Tondisa Ebale 15.4181 -4.4445 Borehole 

F2 Communaute des lycees 15.2908 -4.4545 Borehole 

F23 Temoins de Jehovah 15.5719 -4.6043 Borehole 

F25 St Joseph 15.3403 -4.3664 Borehole 

F28 UPEP Mpasa 15.4881 -4.3695 Borehole 

F29 Mont Tabore 15.3068 -4.4298 Borehole 

F3 Canisius 15.2884 -4.4532 Borehole 

F30 Centre de Santé Gild 15.3021 -4.4208 Borehole 

F31 Tchad 2 15.3300 -4.4305 Borehole 

F32 Tchad 1 15.3158 -4.4197 Borehole 

F33 Masika_Bambila Tchad 15.3373 -4.4458 Borehole 

F34 Mandela 15.3248 -4.4373 Borehole 

F35 Département 15.3286 -4.4368 Borehole 

F36 Sœur Claretaine 15.2931 -4.4650 Borehole 

F37 ASUREP Kimbunda 15.4173 -4.4469 Borehole 

F38 Kikimi REGIDESO 15.4138 -4.4353 Borehole 

F39 Nzengi 15.3115 -4.4499 Borehole 

F4 Ste Marie de Kinsantu 15.2870 -4.4438 Borehole 

F40 Tobatela 15.3209 -4.4256 Borehole 

F41 St de dernier jour 15.3200 -4.4251 Borehole 

F42 Diageo 15.3765 -4.4390 Borehole 

F43 ASUREP Mangana Mabinda 15.3804 -4.4377 Borehole 

F44 ASUREP Bolingo 15.3779 -4.4390 Borehole 

F45 Sœur CARMEN SALLES 15.3442 -4.4246 Borehole 

F46 ASUREP Mbuala 15.3809 -4.4533 Borehole 

F47 ASUREP Révolution 15.3846 -4.4599 Borehole 

F48 ASUREP Esanga_Talangai 15.3726 -4.4606 Borehole 
Continued on next page… 

 



 

142 

 

Table A.1 – Continued   

Code Site Longitude Latitude Type 

F49 ASUREP Kamba Mulumba 15.3974 -4.4426 Borehole 

F5 Monastère 15.3007 -4.4204 Borehole 

F50 ASUREP Ngiesi 15.3987 -4.4426 Borehole 

F51 Pongo 15.5314 -4.3283 Borehole 

F52 Bahumbu_UE 15.5324 -4.3325 Borehole 

F53 RVA_UE 15.5100 -4.3419 Borehole 

F54 Makanza_UE 15.5122 -4.3447 Borehole 

F55 ONG Tshika 15.4890 -4.3747 Borehole 

F56 ASUREP Mimpa 15.5046 -4.3991 Borehole 

F57 ASUREP Inzolo Nsele Bambou 15.5960 -4.1984 Borehole 

F58 ASUREP Mikonga_EFOBANQUE 15.4797 -4.3754 Borehole 

F6 Mbanza Lemba 15.3159 -4.4199 Borehole 

F8 Don Bosco Kibwala 15.2145 -4.3759 Borehole 

F9 Bondeko 15.3298 -4.3521 Borehole 

P11 Koweit Lutendele 15.2031 -4.3786 Well 

P14 Koweit Monastère 15.2049 -4.3816 Well 

P15 Masatu Ngaba 15.3224 -4.3869 Well 

P16 Dwala 15.3125 -4.3847 Well 

P17 Fayala 15.3245 -4.3703 Well 

P18 De la rivière 15.3268 -4.4180 Well 

P19 Manzanza Cecomaf 15.3689 -4.4344 Well 

P20 Coopec Makin 15.3638 -4.4278 Well 

P21 Ngafura Maluku 15.5572 -4.0481 Well 

P22 Madiko Maluku 15.5636 -4.0475 Well 

P23 Mulele_Terrain 15.5660 -4.0479 Well 

P24 Mangala 15.5621 -4.0494 Well 

P25 Mandungu_Terrain 15.5546 -4.0520 Well 

P26 Ciforco Maluku 15.5514 -4.0587 Well 

P27 Canaan1 15.5634 -4.2025 Well 

P28 Canaan2 15.5648 -4.2036 Well 

P29 Canada 15.5178 -4.3511 Well 

P30 CS Mongata 16.3153 -4.5423 Well 

P31 CS Kinzono 16.2639 -4.3739 Well 

P9 ITAV Vundulu 15.2102 -4.4404 Well 

S1 RSMI 15.2949 -4.4624 Spring 

S10 Molimo 15.3036 -4.4271 Spring 
S11 Kemi 15.3111 -4.4122 Spring 

Continued on next page… 
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Table A.1 – Continued  

Code Site Longitude Latitude Type 

S12 Bumbu 15.2752 -4.4198 Spring 

S13 Matete 15.3204 -4.4200 Spring 

S16 Mitendi 15.2097 -4.4908 Spring 

S17 Zamba Kinkole 15.5043 -4.3478 Spring 

S2 Ba Tonneaux 15.2886 -4.4651 Spring 

S20 Mayi ya malemba 15.4762 -4.3792 Spring 

S23 Mission 15.2672 -4.3674 Spring 

S24 La Boye 15.2100 -4.3819 Spring 

S26 Mayi ya mabanga 15.3706 -4.4353 Spring 

S3 Minkeni 15.2891 -4.4661 Spring 

S30 Ntsialu 16.1982 -4.3230 Spring 

S31 Ibi 16.1248 -4.3257 Spring 

S32 Longange 15.5490 -4.0612 Spring 

S33 Mampu 16.3999 -4.3350 Spring 

S35 Olangi 15.4897 -4.3693 Spring 

S36 Mvomvanga 15.3702 -4.4348 Spring 

S39 Manzanza 15.2067 -4.4440 Spring 

S4 MB 15.3145 -4.4468 Spring 

S40 Ba Tonneaux 1 15.2867 -4.4679 Spring 

S41 Matete 2 15.3199 -4.4194 Spring 

S42 Kopo 15.2041 -4.3857 Spring 

S43 Bayanzi 15.3198 -4.4293 Spring 

S44 Nzonza 15.2344 -4.4204 Spring 

S45 Arche Petro Congo 15.3678 -4.3808 Spring 

S46 Nzadi  15.3206 -4.3906 Spring 

S47 Bakwange  15.3109 -4.3864 Spring 

S48 Mokoko 15.3242 -4.3651 Spring 

S5 Libanga 15.3316 -4.4329 Spring 

S50 Lac mavallée 1 15.2807 -4.4928 Spring 

S51 Lac mavallée 2 15.2816 -4.4925 Spring 

S52 Likinda route Maluku 15.5720 -4.2063 Spring 

S53 Papa André 15.3180 -4.4447 Spring 

S54 Libanga 2 15.3212 -4.4431 Spring 

S55 Kitadi 1 15.2439 -4.4708 Spring 

S56 Kitadi 2 15.2446 -4.4696 Spring 

S6 Kwambila 15.3316 -4.4329 Spring 

S7 Amala 15.2544 -4.4293 Spring 

S8 Mungul 15.3186 -4.3914 Spring 

S9 Matondo 15.2952 -4.4169 Spring 
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Table A.2: Hydrochemical results of the 2013 survey  campaign 
Sample 
ID 

T 
(°C) pH EC25°C 

(µS/cm)  
DO 
(mg/L)  

Ca2+ 
(mg/L) 

Mg2+ 
(mg/L)  

Na+ 
(mg/L)  

K+ 
(mg/L) 

HCO3
- 

(mg/L) 
Cl- 
(mg/L)  

SO4
2- 

(mg/L) 
NO3

- 
(mg/L)  

SiO2 
(mg/L)  

Fe 
(mg/L)  

Mn 
(mg/L)  

Sr 
(mg/L)  

Al  
(mg/L)  

F1 28.1 4.09 97.1 0.19 2.60 0.44 5.65 1.12 0 4.43 1.12 30.10 11.14 - 0.03 0.03 0.78 

F14 39.4 4.32 90.1 2.63 3.35 0.77 4.63 3.81 0 6.09 0.42 27.60 19.54 0 0.04 0.03 0.21 

S9 27.7 4.44 212 0.22 10.11 1.30 15.79 5.90 0 20.56 2.28 75.28 6.32 - 0.06 0.07 0.95 

F15 27.2 6.21 34.3 2.49 1.25 0.37 2.60 2.45 6.10 3.95 3.03 2.60 14.01 - 0.01 0.01 0.01 

F16 23.8 6.88 23 1.80 0.80 0.50 0.29 4.01 25.32 0.31 0.84 1.53 36.69 - 0 0.01 - 

F2 24.4 4.32 78.5 2.20 1.54 0.40 4.54 2.39 0 5.79 0.55 19.64 11.44 0.01 0.07 0.01 0.46 

F23 27.5 7.73 175.7 1.35 20.78 2.64 9.55 5.51 197.34 2.86 1.39 0.75 25.89 - 0.14 0.07 0.01 

F25 27.5 7.37 158.6 0.15 23.84 2.90 4.93 4.40 101.57 0.44 0.81 1.43 26.57 - 0.16 0.10 - 

F28 21.1 4.3 170.8 3.46 8.23 1.14 10.42 6.28 0 14.03 3.51 52.14 7.83 0.03 0.03 0.06 0.99 

F3 25.5 4.1 98.4 0.16 1.81 0.56 6.45 1.79 0 6.49 2.21 25.96 11.91 0.02 0.04 0.01 0.87 

F4 25.5 4.57 37 1.47 0.81 0.30 1.70 0.75 0 1.48 0.82 10.31 11.70 - 0.02 0.01 0.15 

F5 27.4 4.37 66.1 0.17 3.40 0.67 2.39 1.78 0 3.20 1.09 22.98 8.51 - 0.02 0.02 0.35 

F6 28.5 3.9 263 0.15 11.83 1.27 13.96 5.63 0 17.00 3.90 89.95 12.79 0.02 0.09 0.06 2.19 

F8 28.4 6.75 108.3 1.07 11.68 2.10 6.87 2.30 62.22 1.25 1.08 4.06 37.97 - - 0.04 - 

F9 26.1 4.88 461 3.39 33.74 2.29 30.19 13.10 0.61 33.43 19.39 158.84 9.47 0.01 0.16 0.20 0.54 

P11 29.5 5.68 18.7 2.73 0.45 0.09 1.50 0.97 0.92 0.57 1.74 4.39 9.94 - 0.01 0 - 
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Table A.2 – Continued 

Sample 
ID 

T 
(°C) pH EC25°C 

(µS/cm)  
DO 
(mg/L)  

Ca2+ 
(mg/L)  

Mg2+ 
(mg/L)  

Na+ 
(mg/L)  

K+ 
(mg/L)  

HCO3
- 

(mg/L)  
Cl- 
(mg/L)  

SO4
2- 

(mg/L)  
NO3

- 
(mg/L)  

SiO2 
(mg/L)  

Fe 
(mg/L)  

Mn 
(mg/L)  

Sr 
(mg/L)  

Al  
(mg/L)  

P14 27 4.63 27.3 4.60 0.90 0.16 1.49 0.33 0 1.35 1.20 7.15 8.45 - 0.01 0.01 - 

P15 27 7.08 389 2.50 24.12 2.83 34.23 21.59 173.24 51.21 13.80 27.24 15.61 - 0 0.20 - 

P16 26.8 6.09 920 2.80 57.48 7.18 66.66 55.80 15.25 88.25 48.46 283.99 6.06 - 0.07 0.34 0.01 

P17 26,6 7.9 455 2.36 51.02 3.47 27.97 20.61 391.01 26.20 27.93 10.20 31.53 - - 0.37 0.01 

P18 26.3 5.48 970 1.78 59.31 6.79 79.22 48.80 15.25 109.03 80.92 205.54 6.68 - 0.04 0.29 0.02 

P19 25.7 6.85 306 1.18 17.33 2.41 27.54 13.96 45.45 37.55 3.94 68.65 6.34 - 0 0.12 0.02 

P20 28 4.24 474 4.32 22.26 3.63 34.53 23.43 0 43.95 3.93 160.27 8.77 0.01 0.06 0.15 2.17 

P21 26.3 4.7 316 3.32 13.38 3.08 25.26 13.57 0.61 28.44 0.52 111.35 12.02 - 0.18 0.09 1.35 

P22 27.6 6.11 22.9 2.16 2.36 0.10 1.46 0.37 15.86 2.19 1.23 1.27 11.80 - 0.02 0.01 - 

P26 27.6 6.71 184.3 2.28 15.78 1.24 12.58 3.64 41.79 13.56 0.27 55.38 9.73 - 0.14 0.10 - 

P29 38.4 6.98 61.8 2.64 7.14 0.57 1.96 2.33 34.77 0.67 0.46 14.70 7.13 - 0.01 0.08 0.01 

P9 26.7 6.67 40.9 2.62 6.38 0.19 0.44 0.61 16.47 0.64 3.18 2.58 2.14 - - 0.06 - 

S1 26.3 4.19 63.7 0.17 1.40 0.35 3.45 0.49 0 3.50 0.46 17.04 10.87 0.01 0.02 0.01 0.39 

S10 37.5 4.77 44.4 0.15 1.87 0.44 2.35 0.72 0 1.81 1.50 16.24 6.46 0.01 0.04 0.02 0.67 

S11 37.6 6.25 21 0.12 1.09 0.21 0.65 2.00 9.15 1.55 0.44 - 4.56 0.13 - 0.01 - 

S12 26.6 6.19 120.8 0.40 6.55 0.77 12.18 3.20 10.98 9.10 0.96 38.10 6.54 - 0.04 0.05 - 

S13 29.9 4.38 356 0.13 18.04 1.95 24.51 15.70 0 30.07 4.24 131.04 10.55 0.06 0.07 0.11 2.47 

Continued on next page… 

 



 

146 

 

Table A.2 – Continued 

Sample 
ID 

T 
(°C) pH EC25°C 

(µS/cm)  
DO 
(mg/L)  

Ca2+ 
(mg/L) 

Mg2+ 
(mg/L) 

Na+ 
(mg/L)  

K+ 
(mg/L) 

HCO3
- 

(mg/L) 
Cl- 
(mg/L)  

SO4
2- 

(mg/L)  
NO3

- 
(mg/L)  

SiO2 
(mg/L)  

Fe 
(mg/L)  

Mn 
(mg/L)  

Sr 
(mg/L)  

Al  
(mg/L)  

S16 27.5 5.36 11.9 0.19 0.91 0.08 0.31 0.40 2.14 0.75 1.26 2.06 10.88 - - 0 - 

S17 26.2 6.53 19.9 1.43 1.32 0.35 1.97 0.26 19.52 1.20 0.14 1.33 6.83 0.01 - 0.01 0.03 

S2 25.6 4.62 20.8 0.16 0.37 0.11 0.81 0.10 0 0.95 0.61 4.86 10.87 - - 0 0.11 

S20 27.6 6.34 48.3 1.03 2.15 0.35 4.73 2.24 49.41 7.32 1.75 6.51 7.57 0 0.02 0.02 0.02 

S23 28.7 3.85 192.5 4.15 4.04 1.12 13.42 3.20 0 10.89 0.65 64.58 10.84 - 0.08 0.03 1.50 

S24 27.3 6.06 6.1 5.11 0.29 0.03 0.66 0.09 1.53 0.76 0.52 1.21 9.57 0.03 - 0 0.01 

S26 26.9 6.57 614 1.21 28.26 5.41 50.37 43.79 6.41 65.38 30.87 146.64 7.33 - 0.03 0.19 0.01 

S3 26.3 5.87 31.2 0.32 1.62 0.42 3.32 0.41 9.15 2.38 0.37 3.86 10.50 0.07 0.02 0.01 - 

S32 27 4.4 29.9 2.78 0.46 0.16 1.21 0.26 0 1.54 0.72 5.76 11.41 - 0.04 0 0.14 

S35 27.8 5.25 89.8 1.79 5.04 0.81 6.18 3.58 25.01 6.89 2.32 28.86 6.84 0.01 0.03 0.04 0.23 

S36 25.9 6.08 427 1.76 20.13 3.62 37.92 27.58 28.98 48.64 14.90 117.64 5.38 - 0.02 0.14 0.02 

S38 28.2 7.14 679 1.20 56.46 5.55 48.26 38.06 227.53 58.92 21.90 144.05 12.32 0 0.15 0.32 0.01 

S39 27.3 4.33 58.3 2.41 1.31 0.34 1.81 0.19 0 1.26 0.47 18.89 7.06 - 0.04 0.01 0.78 

S4 27.8 4.79 13.8 1.96 0.19 0.08 0.21 0.05 0 1.31 1.09 1.98 9.94 - - 0 0.26 

S40 26.1 4.25 56.7 0.26 0.71 0.48 1.63 0.86 0 1.61 0.43 18.60 13.71 - 0.10 0.02 0.95 

S41 28.4 4.36 111.6 0.15 3.27 0.59 10.05 2.63 0 8.76 0.85 37.67 9.06 - 0.05 0.02 0.52 

S42 28.4 5.57 22.8 4.65 0.75 0.19 2.60 0.54 1.83 2.14 0.60 5.42 13.21 - - 0.01 - 
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Table A.2 – Continued 

Sample 
ID 

T 
(°C) pH EC25°C 

(µS/cm)  
DO 
(mg/L)  

Ca2+ 
(mg/L)  

Mg2+ 
(mg/L)  

Na+ 
(mg/L)  

K+ 
(mg/L)  

HCO3
- 

(mg/L) 
Cl- 
(mg/L)  

SO4
2- 

(mg/L)  
NO3

- 
(mg/L)  

SiO2 
(mg/L)  

Fe 
(mg/L)  

Mn 
(mg/L)  

Sr 
(mg/L)  

Al  
(mg/L)  

S43 26.9 4.32 102.9 2.04 2.77 0.84 6.38 1.97 0 5.37 1.71 34.55 8.02 - 0.07 0.02 1.61 

S44 27.4 4.39 25.7 3.75 0.33 0.11 1.22 0.23 0 0.77 0.83 5.48 11.77 - 0.01 0 0.07 

S45 26.8 4.65 553 0.24 41.86 3.55 39.56 19.48 3.05 43.63 10.76 200.86 10.07 0.01 0.15 0.31 1.61 

S46 26.8 6.54 474 3.60 37.24 2.94 39.35 20.06 47.58 46.93 19.47 126.16 7.17 - 0.06 0.27 0.01 

S47 26.7 4.53 1020 2.60 56.84 6.94 67.96 53.72 0 110.54 5.25 339.67 10.31 0.04 0.18 0.36 3.43 

S48 27.5 4.74 547 2.77 21.80 2.88 51.69 32.18 1.22 59.98 41.82 127.84 3.83 - 0.03 0.11 0.53 

S5 28.6 4.26 42.8 2.10 0.63 0.21 2.09 0.30 0 0.93 0.71 12.63 10.29 - 0.02 0.01 0.24 

S50 27.5 4.48 21.2 2.95 0.29 0.11 0.34 0.37 0 1.98 0.60 1.59 11.43 - 0.01 0 0.09 

S51 27.7 4.64 28.3 2.97 1.19 0.25 0.42 0.18 1.83 0.47 0.36 9.28 11.22 0.01 0.05 0.02 0.36 

S52 28.1 6.8 32.2 1.56 4.04 0.69 0.68 1.01 24.10 0.76 2.75 1.81 8.47 - - 0.03 0.03 

S6 27.6 4.9 54.5 0.15 1.51 0.42 5.13 1.04 3.05 3.96 1.41 17.28 11.60 0.02 0.05 0.01 0.47 

S7 26.7 4.41 95.8 2.10 1.84 0.69 7.25 1.97 0 7.44 0.24 28.73 8.03 0 0.05 0.01 0.99 
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Table A.3: Hydrochemical results of the 2014 survey  campaign 

Sample 
ID 

T 
(°C) pH EC25°C 

(µS/cm)  
DO 
(mg/L)  

Ca2+ 
(mg/L)  

Mg2+ 
(mg/L)  

Na+ 
(mg/L)  

K+ 
(mg/L)  

HCO3
- 

(mg/L) 
Cl- 
(mg/L)  

SO4
2- 

(mg/L)  
NO3

- 
(mg/L)  

SiO2 
(mg/L) 

Fe 
(mg/L)  

Mn 
(mg/L)  

Sr 
(mg/L)  

Al  
(mg/L)  

F16 24.6 6.72 24.5 6.72 0.78 0.51 0.39 4.05 22.88 0.34 0.75 1.04 35.86 - 0.01 0.01 0 

F19 28.8 5.51 23.2 - 0.84 0.05 1.60 0.11 0 0.49 1.28 5.03 10.76 0.01 0.04 0.01 0.03 

F2 28.7 3.98 97.3 - 1.60 0.43 4.59 1.02 0 4.83 - 20.44 11.16 0.09 0.04 0.02 0.58 

F28 29.7 4.37 186.5 4.4 9.2 1.34 12.11 6.48 0 16.03 3.99 54.22 7.48 0.05 0.04 0.07 1.05 

F29 - 6.54 84.8 - 1.57 0.32 2.04 1.26 63.20 2.06 0.61 12.37 9.90 0.01 0.05 0.01 0.01 

F31 29.1 5.42 21.7 - 1.31 0.16 0.72 0.62 8.77 - 0.91 3.69 12.87 0 0.03 0.01 0 

F32 27.3 4.57 23.5 - 0.32 0.12 0.30 0.72 0 0.76 0.84 3.61 10.34 0.01 0.02 0.01 0.06 

F33 27.5 4.52 39.8 - 1.54 0.28 0.60 2.35 0 0.92 - 13.27 11.13 0.02 0.04 0.02 0.19 

F34 29.2 4.78 21.7 - 0.4 0.11 0.33 0.71 0 0.64 1.01 3.11 10.37 0.01 0.02 0.01 0.04 

F35 29.4 5.95 31.3 - 1.35 0.25 0.48 2.41 28.93 0.85 0.85 3.58 18.13 0.01 0.03 0.01 0.01 

F36 27.8 4.76 47.6 - 1.09 0.28 3.41 0.36 0 3.10 - 13.80 10.46 0.01 0.07 0.01 0.18 

F37 28.8 4.59 31 - 0.49 0.13 1.11 0.35 0 3.10 0.71 6.40 12.09 0.04 0.02 0.01 0.18 

F38 28.2 5.30 29.4 - 0.39 0.27 1.05 2.53 3.12 0.69 0.53 647 20.61 0 0.02 0.01 0.01 

F39 27.2 6.17 30.3 - 0.46 0.06 0.52 0.28 41.15 1.74 1.18 0.72 11.14 0.01 0.03 0.01 0.01 

F48 29.3 5.71 30.6 - 1.6 0.53 0.84 3.67 22.70 0.81 0.56 5.34 29.05 0 0.01 0.01 0.01 

F49 30.1 4.20 61.5 - 0.95 0.69 1.05 1.67 0 1.52 0.97 18.3 10.90 0.02 0.057 0.01 0.52 

P23 29.4 5.17 119.6 2.28 5.34 1.60 9.53 3.86 2.87 12.29 1.72 32.29 9.31 0.11 0.14 0.03 0.21 

Continued on next page… 
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Table A.3 – Continued  

Sample 
ID 

T 
(°C) pH EC25°C 

(µS/cm)  
DO 
(mg/L)  

Ca2+ 
(mg/L)  

Mg2+ 
(mg/L)  

Na+ 
(mg/L)  

K+ 
(mg/L) 

HCO3
- 

(mg/L) 
Cl- 
(mg/L)  

SO4
2- 

(mg/L) 
NO3

- 
(mg/L) 

SiO2 
(mg/L)  

Fe 
(mg/L)  

Mn 
(mg/L)  

Sr 
(mg/L)  

Al  
(mg/L)  

P24 27.3 5.80 90.3 4.42 6.95 0.66 7.11 2.46 38.24 11.86 3.45 8.77 10.43 0.01 0.05 0.03 - 

P25 28.3 5.03 95.2 5.21 5.28 0.77 7.39 3.18 1.72 7.75 - 30.24 10.78 - 0.05 0.04 0.09 

P26 28.9 5.64 232 3.25 18.78 1.63 20.3 6.02 44.10 20.88 0.77 74.60 9.87 - 0.34 0.11 - 

P27 29.9 6.09 161.6 3.04 9.41 1.22 13.01 8.39 23.36 17.78 1.74 47.05 6.72 - 0.03 0.05 - 

P28 29.1 6.78 71.7 5.11 9.44 0.50 3.06 1.03 66.31 1.59 0.75 11.65 10.27 - 0 0.04 0.05 

S8 26.3 4.73 174.4 0.14 10.75 1.09 12.21 4.8 0 12.20 4.20 63.55 8.25 - 0.06 0.08 0.81 

P30 27.7 5.42 53.2 1.63 3.56 0.82 2.04 2.53 3.36 1.57 0.28 20.38 4.56 0.01 0.03 0.02 0.07 

P31 26 5.59 43 4.26 1.29 0.41 2.90 4.53 8.61 5.35 - 8.11 3.60 0 0.01 0.01 - 

P9 28.1 3.83 527 6.05 17.17 3.68 39.3 19.05 0 45.08 0.99 167.72 10.29 0.01 0.15 0.10 4.46 

S1 27.1 4.06 70.6 5.54 1.57 0.40 4.01 0.53 0 3.53 - 18.00 11.07 0 0.02 0.01 0.4 

S10 30.1 4.4 62.2 - 1.87 0.40 4.69 2.58 0 2.37 2.55 19.18 7.47 0.01 0.03 0.01 0.45 

S13 27.4 4.44 416 3.68 20.86 2.19 34.12 16.76 0 34.52 3.93 161.24 11.11 0.07 0.08 0.11 2.68 

S16 27.6 4.56 23.3 1.28 0.19 0.06 0.3 0.39 1.39 0.49 1.15 1.38 10.96 - 0.01 0 0.03 

S17 29 4.81 86.4 1.98 4.25 0.80 5.98 2.78 0 5.51 1.89 25.96 7.46 0.01 0.04 0.03 0.35 

S2 26.5 4.18 44.6 5.49 0.46 0.27 1.49 0.73 0 1.07 - 11.23 12.72 0.01 0.05 0.01 0.44 

S23 27 4.03 195.5 5.66 3.99 1.12 15.01 3.52 0 10.40 0.50 60.22 11.48 0.04 0.08 0.03 1.60 

S24 22.4 6.4 13.3 11.4 0.23 0.04 0.7 0.083 3.28 0.52 0.28 0.07 10.07 0.04 0 0 0.04 

Continued on the next page… 
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Table A.3 – Continued  
Sample 
ID 

T 
(°C) pH EC25°C 

(µS/cm)  
DO 
(mg/L)  

Ca2+ 
(mg/L)  

Mg2+ 
(mg/L)  

Na+ 
(mg/L)  

K+ 

(mg/L)  
HCO3

- 

(mg/L)  
Cl- 
(mg/L)  

SO4
2- 

(mg/L)  
NO3

- 

(mg/L)  
SiO2 
(mg/L)  

Fe 
(mg/L)  

Mn 
(mg/L)  

Sr 
(mg/L)  

Al  
(mg/L)  

S27 27.4 4.32 24.3 - 0.24 0.09 0.62 0.20 0 0.70 1.14 2.65 10.96 - 0.01 0 0.05 

S30 25.5 4.33 14.2 6.25 0.16 0.05 0.12 0.36 0 - 1.39 - 11.61 - 0 0 0.02 

S31 24.5 4.90 13.8 4.21 0.48 0.05 0.118 0.09 4.67 - 0.76 - 10.41 0.05 0 0 0.06 

S32 27.2 4.38 36.1 5.16 0.40 0.17 1.19 0.29 0 1.45 0.83 5.40 10.96 - 0.03 0 0.11 

S33 27.2 6.15 20.8 5.74 1.60 0.25 0.29 1.53 0.98 - 5.36 - 10.91 0.06 0.01 0.02 0.12 

S36 27 5.25 426 2.63 18.77 3.56 36.48 27.24 11.15 45.44 16.04 102.67 5.12 - 0.02 0.13 0.01 

S38 27.8 6.63 647 2.28 51.15 4.88 45.36 31.19 257.97 50.46 17.99 110.53 12.83 - 0 0.30 0 

S39 27.6 3.95 6.8 5.88 1.38 0.36 1.55 0.24 0 0.97 - 18.59 7.27 - 0.04 0.01 0.79 

S4 27.5 4.53 21.5 5.38 0.16 0.08 0.22 0.05 0 0.88 0.62 1.21 9.82 0 0.01 0 0.25 

S40 26.3 4.45 25.8 5.5 0.24 0.10 0.89 0.08 0 0.73 0.51 4.29 11.29 - 0.01 0 0.10 

S41 27 4.64 122.8 3.83 3.78 0.77 13.13 4.03 0 9.89 0.96 41.14 9.17 0 0.04 0.02 0.34 

S42 25.8 4.7 37.5 3.74 0.6 0.19 4.75 0.48 4.59 2.15 0.32 9.38 13.18 - 0.01 0.01 0 

S43 28.9 4.15 100.7 5.05 2.58 0.73 6.75 1.87 0 4.82 1.64 33.20 7.99 0.01 0.06 0.02 1.27 

S5 27.6 4.05 49.3 5.58 0.67 0.24 2.51 0.35 0 0.73 0.47 13.17 10.34 0 0.02 0 0.26 

S9 28.3 4.24 265 - 13.23 1.80 201 7.66 0 19.23 1.14 92.12 7.18 0 0.07 0.08 1.40 

F1 27.6 4.18 100.7 4.91 2.2 0.34 4.71 0.75 0 3.91 1.04 25.87 9.64 0.01 0.03 0.03 0.66 

F11 28.2 5.99 33.3 - 0.94 0.48 0.98 4.65 9.34 0.88 0.56 6.11 28.20 0.01 0.01 0.02 0.01 

Continued on next page… 
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Table A.3 – Continued  
Sample 
ID 

T 
(°C) pH EC25°C 

(µS/cm) 
DO 
(mg/L)  

Ca2+ 
(mg/L)  

Mg2+ 
(mg/L)  

Na+ 
(mg/L)  

K+ 

(mg/L)  
HCO3

- 
(mg/L)  

Cl- 
(mg/L)  

SO4
2- 

(mg/L)  
NO3

- 
(mg/L)  

SiO2 
(mg/L)  

Fe 
(mg/L)  

Mn 
(mg/L)  

Sr 
(mg/L)  

Al  
(mg/L)  

F14 27.8 4.91 72.4 4.95 2.79 0.82 4.47 3.68 - 4.41 0.40 22.69 21.38 0.01 0.03 0.02 0.21 

F15 29.9 5.41 38.8 6.66 1.36 0.41 2.86 2.62 10.82 4.18 2.90 2.49 13.33 0.01 0.01 0.01 0.01 

S8 26.7 5.00 202 4.28 13.37 1.35 15.21 5.77 0 12.76 4.89 71.68 8.03 0.01 0.07 0.09 0.63 

S7 28.2 4.21 103.2 4.94 1.94 0.75 8.83 2.51 0 7.61 - 32.12 7.31 0.01 0.04 0.01 0.94 

S6 29.7 4.76 59.4 4.88 1.57 0.49 5.48 1.20 0 4.02 1.36 18.45 11.06 0.02 0.04 0.01 0.64 

S53 27 4.93 27.5 6.08 0.66 0.13 0.52 0.15 3.20 0.67 0.83 3.75 10.97 - 0.01 0.01 0.10 

S54 27.4 4.14 63.1 5.58 0.61 0.17 4.92 0.27 0 3.31 0.64 16.33 8.76 0.01 0.02 0.01 0.52 

S55 26.8 4.49 24.7 - 0.20 0.07 0.68 0.21 0 0.91 1.05 1.72 10.95 - 0.01 0 0.03 

S56 26.6 4.41 25.1 - 0.20 0.08 0.51 0.16 0 0.82 0.84 2.21 11.07 - 0.01 0 0.06 
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Table A.4: Nitrogen and oxygen isotopes in nitrate results of the 2013, 2014 and 2015-
2016 survey campaigns 

Sample ID  Campaign  δ
15N (‰) STD δ

18O (‰) STD 

F25                 1 3.96 1.47 7.34 0.15 

F23                 1 3.50 0.03 -4.42 0.01 

F18                 1 1.05 0.78 0.60 0.07 

F16                 1 5.21 0.33 2.47 0.39 

S16                 1 4.04 0.32 5.74 2.50 

S17                 1 17.34 0.62 15.50 1.01 

P9                  1 5.06 0.07 5.76 1.65 

F15                 1 21.23 1.70 14.90 3.05 

S3                  1 13.77 0.39 16.61 0.07 

F8                  1 6.95 0.15 4.97 0.24 

P11                 1 5.63 0.47 3.66 2.27 

S2                  1 2.57 0.42 7.51 0.28 

P14                 1 6.90 0.36 7.03 2.32 

F4                  1 6.71 1.14 -5.09 0.68 

S5                  1 4.12 0.65 7.29 0.84 

F27                 1 4.32 0.23 4.47 1.07 

S6                  1 10.24 0.63 10.48 0.93 

S1                  1 6.82 0.29 5.06 1.09 

F2                  1 4.92 1.23 -2.78 1.27 

F5                  1 8.30 1.12 0.49 1.34 

F3                  1 6.65 0.70 1.72 1.95 

F14                 1 8.73 0.13 4.95 0.96 

F1                  1 7.91 0.81 5.66 2.69 

S12                 1 10.21 0.48 5.89 1.70 

F28                 1 10.96 0.26 8.52 0.51 

F26                 1 9.40 0.44 6.29 1.05 

S8                  1 8.11 0.19 4.24 2.15 

S23                 1 9.66 0.41 10.19 1.53 

P19                 1 14.45 0.04 6.50 1.70 

S9                  1 7.21 0.16 1.04 1.92 

F17                 1 11.83 0.25 -0.15 0.09 

Continued next page…  
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Table A.4 – Continued  

Sample ID  Campaign δ
15N (‰) STD δ

18O (‰) STD 

F9                  1 6.85 0.06 -2.41 1.25 

F6                  1 8.12 1.54 13.12 0.43 

S13                 1 8.85 0.40 4.27 0.00 

P20                 1 8.85 0.03 4.43 0.55 

S31 2 8.45 0.49 -2.70 2.70 

S16 2 5.07 0.68 1.05 0.92 

F8 2 9.97 0.09 3.75 2.51 

P14 2 7.42 0.75 2.19 1.64 

F11 2 7.72 0.67 5.62 0.62 

F4 2 7.71 1.24 4.32 0.31 

S2 2 8.08 0.10 6.61 1.64 

S5 2 5.64 0.26 5.04 1.92 

P11 2 8.69 0.66 9.51 5.02 

F5 2 8.42 0.30 0.57 0.08 

S1 2 8.61 0.38 3.79 1.30 

S6 2 11.63 0.36 9.13 1.09 

F2 2 6.23 0.03 1.98 0.93 

F14 2 10.19 0.07 5.66 1.92 

F1 2 7.18 0.99 5.12 1.86 

F28 2 12.48 0.29 10.48 1.19 

S23 2 11.85 0.40 13.60 0.25 

F9 2 9.04 1.01 2.72 3.13 

S8 2 11.94 0.60 12.43 0.27 

F42 2 11.88 1.09 9.65 2.85 

F6 2 9.76 0.32 3.76 2.54 

S9 2 10.37 0.90 3.93 3.54 

F41 2 11.21 1.22 9.05 0.82 

S13 2 10.99 0.63 8.53 0.46 

P9 2 11.04 0.05 5.39 0.33 

F8 3 9.64 1.05 4.31 1.75 

F11 3 2.05 0.12 3.05 0.19 

F4 3 6.93 0.38 3.25 0.02 

F36 3 5.94 0.14 2.36 0.02 

S5 3 -0.83 0.29 7.17 0.21 

Continued next page… 
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Table A.4 - Continued 

Sample ID  Campaign  δ
15N (‰) STD δ

18O (‰) STD 

F14 3 0.49 1.05 3.84 3.64 

P11 3 6.77 0.32 5.68 0.51 

S1 3 0.03 0.97 5.18 0.25 

S6 3 5.80 0.18 8.62 0.70 

F5 3 5.84 1.20 7.55 0.08 

F2 3 6.21 0.03 2.80 0.21 

F43 3 1.98 0.20 3.10 0.61 

F1 3 8.61 0.17 4.03 0.08 

F42 3 -0.16 0.46 3.46 0.37 

S23 3 4.43 0.52 -3.48 1.38 

F6 3 8.49 0.43 9.55 2.40 

S8 3 5.65 0.36 5.31 0.11 

F28 3 11.48 0.27 3.88 0.01 

F63 3 9.95 0.22 2.42 0.25 

F59 3 9.71 0.16 2.81 0.87 

F40 3 9.68 0.17 -3.74 0.91 

F45 3 8.87 0.23 -2.97 0.14 

F41 3 9.30 0.37 1.81 0.10 

F9 3 6.51 0.41 2.66 0.04 

R2 3 9.53 0.68 12.26 0.17 

R3 3 10.41 0.56 -0.82 2.53 

R4 3 6.75 0.67 4.61 0.70 

R1 3 - - - - 
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Table A.5: Boron isotope results of the 2014 survey  campaign 

Sample ID  B (µg/L)  δ
11B (‰) 

S31 0.77 18.63 

F23 18.00 19.06 

F25 14.00 16.13 

F16 3.50 23.83 

S16 1.70 31.59 

F8 6.10 33.08 

P11 0.92 2.87 

F11 2.60 15.50 

P14 0.78 12.24 

S2 1.10 28.33 

F4 1.70 14.75 

S5 1.20 36.43 

S1 1.20 25.22 

S6 3.30 28.20 

F5 2.00 45.53 

F2 2.40 29.22 

F14 3.30 41.11 

F1 1.60 33.86 

F28 5.60 42.56 

S23 2.40 41.31 

S8 9.50 14.55 

P19 12.00 30.89 

F42 1.20 20.55 

S9 3.60 49.34 

P9 2.10 49.28 

F6 2.80 53.08 

F41 1.60 33.69 

S13 3.70 43.21 

F9 10.00 20.31 
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Table A.6: Strontium isotope results of the 2015 – 2016 survey campaign 

Sample ID 87Sr/86Sr (‰) 2σ Sr (µg/g) 

F1 : Monkole 0.711004 5.6114E-05 0.0259 

F5 : Monastere  0.711738 4.4321E-05 0.0119 

F6 : Mbanza Lemba 0.712317 7.3952E-05 0.0270 

F8 : Don Bosco Kibwala 0.720959 4.5079E-05 0.0209 

F9 : Bondeko 0.708802 4.9936E-05 0.1714 

F28 : UPEP 0.709250 5.7298E-05 0.0741 

F36 : Soeur Claretaine 0.717585 5.2845E-05 0.0068 

F41 : Saint de dernier jour 0.711372 5.8214E-05 0.0667 

F42 : Diageo 0.714489 5.2298E-05 0.0285 

F43 : Mangamma Binda 0.720917 4.9641E-05 0.0297 

F59 : ASUREP Mbuku 0.713393 5.9088E-05 0.0258 

F63 : ASUREP Batumona 0.713206 6.1224E-05 0.0338 

S5 : Libanga 0.720174 7.0502E-05 0.0055 

S8 : Mungul 0.709939 4.4314E-05 0.0533 

S23 : Mission 0.714541 4.2756E-05 0.0205 

S31 : Ibi 0.711726 8.261E-05 0.0028 

R1 : Rivière Lukaya 0.715525 4.8535E-05 0.0092 

R2 : Fleuve Congo 0.718299 4.2502E-05 0.0111 

R3 : Rivière Yolo 0.708676 5.271E-05 0.2942 

R4 : Rivière Tshangu 0.714684 0.00021495 0.0076 
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