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Abstract: Groundwater pollution risk modelling is an important asset to improve groundwater
management and protection. In this study, we assess the temporal dynamics of groundwater
pollution risk at the continental scale, using the DRASTIC model. The approach was developed using
continental-scale data on soil properties, topography, land use, geology, hydrogeology, and climate
with a resolution of 15 × 15 km2. We compared continental-scale groundwater pollution risk for
the years 1990, 2000, and 2010. The results showed significant inter-annual variations of the spatial
distribution of pollution risk. Changes were mainly concentrated in the area of the Nile Delta, around
the Lake Victoria, in North Africa, and in coastal West Africa (predominately in Nigeria). We found
that the increase in pollution risk was mainly related to the increase in the population density in these
regions. The proposed methodology for modelling the temporal dynamics of groundwater pollution
risk could support the monitoring of the Sustainable Development Goal 6, which focus in particular
on the preservation of the freshwater resources against future threats.

Keywords: groundwater pollution; vulnerability; temporal dynamics; risk modelling; DRASTIC;
pan-African scale; Sustainable Development Goal

1. Introduction

While groundwater represents 15% of total renewable water resources in Africa, an estimated of
75% of the population relies on it as their main source of drinking water [1]. However, degradation
of groundwater by overexploitation and contamination is a serious water resources problem in
Africa [2,3]. Many unprotected groundwater resources are vulnerable to non-point source (NPS)
contamination [4]. In such a context, a set of pollution risk assessment methods have been developed
to estimate the potential for NPS groundwater pollution and to identify primary factors influencing the
contamination level. According to Quevauviller [5], a key step in assessing pollution risks is based on
the analysis of the groundwater vulnerability (i.e., ease with which groundwater may be contaminated).
It provides a method for evaluating the sensitivity of groundwater to contamination and for providing
scientifically defensible information for decision-makers. More than a hundred methods for assessing
the vulnerability of groundwater pollution have been developed around the world [6]. Classically,
these methodologies rely on a “static” hypothesis that groundwater pollution risk does not change
significantly over time [7]. One of the traditional groundwater vulnerability models is the DRASTIC
model [8,9]. The DRASTIC model has proven to be particularly useful for large-scale (regional to
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continental) assessments and has been applied all across the world to delineate vulnerability [10].
However, Honnungar [10] addressed the limitations that arise due to spatial and temporal variability
of input (data and resolution), data processing methods (sampling and interpolation methods),
subjectivity in assigning weights and ratings by decision-makers, non-integration of intrinsic and
specific vulnerability, and non-linear relationships between the hydrogeological parameters. In addition
to these limitations, groundwater vulnerability assessments inevitably lead to uncertainties [11].
Loague and Corwin [12] observed that assessments of groundwater vulnerability at the regional
scale classically rely on soil, climate, and chemical data that are extremely sparse and uncertain.
Murat et al. [13] also highlighted the complexity and subjectivity of the monitoring of uncertainty.
However, to overcome some limitations of the DRASTIC method, the Analytic Hierarchy Process
(AHP), a flexible and convenient multicriteria decision method proposed by Saaty [14], could be
used to derive ratings and weights of the DRASTIC model parameters. Despite the limits of the
DRASTIC model, Ouedraogo et al. [15] successfully applied it to map the pan-African groundwater
pollution vulnerability.

Groundwater vulnerability and pollution risk are strongly dependent on climate [16]. As stated
by Li and Merchant [17], a warming climate, for example, could alter the vulnerability of shallow
aquifers by affecting depth of the water table and recharge [18–20]. Ducci [21] showed that patterns of
regional groundwater pollution vulnerability vary between drought, average, and wet periods. In this
regard, it is important to introduce the time component in the assessment of groundwater vulnerability
and pollution risk.

In recent years, some studies have attempted to integrate the temporal dimension to
investigate groundwater vulnerability evolution under varying environmental conditions and climate
change [6,22–28]. For instance, Dennis and Dennis [23] introduced temporal dynamics in the DART
(Depth to water-level change, Aquifer type (storativity), Recharge and Transmissivity) vulnerability
method to investigate climate change impact on groundwater vulnerability for South-African aquifers.
Stevenazzi et al. [26] focussed in their pollution risk assessment on the relation between temporal
changes in groundwater contamination and land use. Others compared vulnerability maps elaborated
for different years, which highlights the key factors in the aquifer vulnerability variation [6,29].

In this study, we assess the temporal dynamics of groundwater pollution risk at the scale of
the African continent. In particular, we seek to develop a modelling approach to improve our
understanding of the link between groundwater pollution risk and time-dependent drivers of this
pollution risk such as land use. Accounting for the temporal dimension of groundwater pollution risk
will facilitate the transfer of knowledge and information to decision-makers and is considered essential
for the monitoring of groundwater systems, as for instance suggested in the Sustainable Development
Goal (SDG) 6 monitoring strategy.

2. Material and Methods

2.1. Groundwater Vulnerability Modelling Framework

Regional-scale groundwater vulnerability assessment models based on multi-criteria
decision-making (MCDM) approaches have been widely used to define intrinsic aquifer
vulnerability [10]. A well-known MCDM approach for aquifer vulnerability delineation is the
DRASTIC approach [9] put forth by the United States Environmental Protection Agency (USEPA).
The Composite DRASTIC (CD) index, proposed by Secunda et al. [30], is an adaptation of the DRASTIC
vulnerability index with the addition of a new parameter to define the risk associated with land use
(L). In this study, we used a multiplicative approach to combine land use with DRASTIC and to assess
pollution risk as in [31]. According to Baghapour et al. [32], this method allows achieving greater
accuracy in the estimation of the nitrate pollution risk. The method uses the following equations to
assess pollution risk:

VI = DwDr + RwRr + AwAr + SwSr+ TwTr + IwIr + CwCr (1)
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DVI = VI × LU (2)

where VI is the dimensionless DRASTIC Vulnerability Index; D (Depth to groundwater), R (Recharge),
A (Aquifer type), S (Soil media), T (Topography), I (Impact of vadose zone) and C (hydraulic
Conductivity) are the acronyms of the seven parameters contributing to groundwater vulnerability.
Furthermore, subscripts r and w are the corresponding ratings and weights. In Equation (2), DVI is the
Dynamic Vulnerability Index, which is dimensionless, and LU refers to the potential risk associated
with land use. The higher the DVI, the greater the groundwater pollution risk. Each DRASTIC
index parameter of Equation (1) was assigned ratings and a numerical weighting to reflect its relative
importance in estimating groundwater pollution potential. According to Baghapour et al. [32], a relative
numerical weight from 1 to 5 is given to each parameter, with numbers 1 and 5 representing the
least and the most effective, respectively. Table 1 shows typical weights assigned to each parameter,
following guidelines as given in the DRASTIC documentation [8]. We considered constant the weights
for assessing the temporal dynamic pollution risk as mentioned by Ehteshami et al. [33]. Table 2 shows
for each DVI parameter the designated rating and the corresponding factor ranges. They vary from 1
to 10, with higher values describing greater pollution.

Table 1. Weight values for the DRASTIC parameters [11].

Symbol Parameter Weight

D Depth to Water 5
R Net Recharge 4
A Aquifer media (type) 3
S Soil media (type) 2
T Topography 1
I Impact of vadose zone (type) 5
C Hydraulic Conductivity 3

Hence, we deployed the general modelling framework as illustrated in Figure 1, which is an
adaptation from Huang et al. [34]. It shows the combined interactions of climate and land use change
on groundwater vulnerability and pollution risk.
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Figure 1. Impact of climate change, land use change, and environmental factors on groundwater
(modified from [34]).

In general, land use and land cover are major attributes determining specific vulnerability and
pollution risk. In this regard, due to the difficulty to build dynamic land use and land cover data sets,
we used the normalised density of Population (P) as a proxy for land use. This is consistent with our
previous study showing that population density is one of the most relevant factors that explain the
nitrate contamination at the African scale [35].
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Table 2. Weight, range and rating of the DRASTIC parameters and land-use parameter (based on [15,36]).

Rating Depth to
Groundwater (D) (m)

Net Recharge
(R) (mm/yr) Aquifer Media (A) (Type) Soil Media (S)

(Type)
Topography (T)

(%)
Impact of the Vadose

Zone (I) (Type)

Hydraulic
Conductivity (C)

(m/day)

Land Use (D)
(People/km2)

Weight: 5 Weight: 4 Weight: 3 Weight: 2 Weight: 1 Weight: 5 Weight: 3 Weight: 1

1 >250 0–45 - Clay >18 - <0.010 0–50

2 100–250 - - - - - 0.010–0.038 50–100

3 50–100 45–123

Acid plutonic rocks
Clay loam

12–18 - - 100–150
Intermediate plutonic rocks

Basic plutonic rocks
Silty clay loam

Metamorphic rocks

4 - - -
Sandy clay

-

Acid plutonic rocks

0.038–0.127 150–200
Intermediate plutonic rocks

Sandy clay loam Basic plutonic rocks
Metamorphic rocks

5 25–50 - - Loam 8–12 - - 200–250

6 - 123–224 Siliciclastic sediments Sandy loam - Siliciclastic sediments 0.127–0.345 250–300

7 - - - Loamy sand - Unconsolidated sediments 300–350

8 7–25 224–355 Unconsolidated sediments - 4–8 Water bodies 0.345–0.569 350–400

9 - >355
Acid volcanic rocks

Sand 2–4

Acid volcanic rocks

- 400–450
Intermediate volcanic rocks

Intermediate volcanic rocks
Basic volcanic rocksBasic volcanic rocks

10 0–7 -

Mixed sedimentary rocks

- 0–2

Mixed sedimentary rocks

>0.569 >450Carbonate sedimentary rocks
Carbonate sedimentary

rocks

Evaporites
Evaporites
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2.2. Data Sources

To estimate the dynamic aspect of groundwater pollution risk at the continental scale of Africa,
we used several data (such as soil type, topography, land use/land cover, geology, depth to groundwater,
recharge) with various spatial resolutions and grouped them into two categories, i.e., static and dynamic
parameters. All data were converted to a reference spatial resolution of 15 × 15 km2. We obtained
the dynamic groundwater risk map, after classifying and assigning relative ratings and weights,
and then overlaying the individual maps in a geographical information system (ArcGIS Desktop
10.4TM, ESRI Inc., Redlands, CA, USA).

2.2.1. Dynamic Parameters Mapping

This section summarizes the changing of groundwater net recharge and density of population,
which is considered here as land use proxy. For both dynamic parameters, maps were realized using
data from Girard [36] for three specific years, i.e., 1990, 2000, and 2010.

Net Recharge (R) Affected by Climate Change

Net Recharge, R, is the amount of water of surface water that infiltrates to the ground and reaches
the groundwater level. It acts as a principle vehicle for transporting pollutants to the water table
through the leaching process.

Climate change will alter the hydrological cycle, including spatial and temporal changes in
precipitation and evaporation [34]. A number of investigations such as in [37,38] suggested that climate
change will affect directly groundwater recharge. Due to lack of dynamic data of recharge evolution at
the African scale, the simple relation shown in Equation (3) was used to infer groundwater recharge
trends in response to climate change:

R = P − ET − Q (3)

where R is the recharge (mm), P is the total precipitation (mm), ET is actual evapotranspiration (mm),
and Q is the runoff in mm. These factors used to prepare recharge map data were extracted from Global
Land Data Assimilation System Version 2 (https://earthdata.nasa.gov/). The recharge map ratings
(Figure 2) were assigned values following the classification in Table 2.
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Figure 2. Rating of recharge (R) map in Africa for 1990, 2000, and 2010.

The standard classification of the recharge map is similar for the tree years. Africa has areas with
low net recharge rate (<50 mm/year), for which a rating of 1 is assigned, and areas with high recharge
ranges (>225 mm/year), particularly in Central Africa and a portion of western Africa, for which

https://earthdata.nasa.gov/
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a rating of 9 is assigned. We observe an average variation of the recharge between 2000 and 2010.
For example, the spatial and temporal variations can be observed near the Lake Victoria and Ethiopia
in East Africa and Morocco in North Africa.

Density of Population (P)

The second dynamic factor was the density of Population (P). The population density is
commonly represented as the number of people per square kilometers (people/km2). According to
Alemayehu et al. [39] who analysed the case of Addis Ababa, Ethiopia, the impact of the human
population on surface and groundwater is increasing with the development of industry and population
size. These authors affirm that the state of groundwater contamination in this city is similar to the
reality of large cities in many developing countries. The level of groundwater contamination tends to
rise with the increasing human population, particularly in urban areas, and the low level of economic
development. Indeed, a recent study carried out by Lapworth et al. [40] showed that faecal waste is
the largest source of contamination in urban (and rural) groundwater, in particular where there is
high-density housing with poor and/or inadequate sanitation facilities and treatment of faecal waste.
These authors observed that this situation is common in low-income areas of most major and growing
urban centres in Africa. Therefore, the “P” factor represents the distribution of potentially causative
agents, considering that groundwater pollution is mainly human-caused. Data on population density
at the African scale for the years 1990, 2000, and 2010 were developed by Socioeconomic Data and
Applications Center (SEDAC) and prepared in a raster grid by Girard [36] (Figure 3). This factor was
assigned ratings from 1 to 10. Ratings were obtained from a previous study [36,41] and adapted for
our study area.
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2.2.2. Data of Static Parameters

Depth-to-water-table, (D), is the depth to the aquifer from the ground surface, determines
the medium depth through which pollutants travel before reaching the aquifer [42]. In general,
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the vulnerability for pollution decreases with D. Furthermore, with climate change over time, depth to
water level in Africa is not static. However, in our case study, due to the absence of groundwater level
variation between the three considered years, we assumed that the parameter D is “static”. The D map
used is from Ouedraogo et al. [15]. The assigned D ratings vary between 1 and 10, according to the
classification of Table 2. Due to the importance of this factor in groundwater vulnerability to pollution,
we decided to show explicitly the map of this static parameter (Figure 4).

The aquifer type or aquifer media is also considered a static variable. Aquifer media, A, refers
to the saturated zone material properties and controls the pollutants permeability and attenuation
processes [39]. In this study, information of aquifer media used was derived from Ouedraogo et al. [15].
The ratings of the A map were set according to the classification of Table 2.

For implementing the pollution risk model, we further assessed soil characteristics, topography
(slope), the characteristics of the vadose, and the hydraulic conductivity at the pan-African scale.
Soils serve as the dominant sink for retention of pollution [43] and impact the leaching of pollutants
to deeper horizons. For this study, the soil map of Africa was inferred from the data processed by
Ouedraogo et al. [15]. Slope affects the likelihood that a contaminant deposited on the land surface will
infiltrate through the soil [17]. Low slope of area tends to retain water for longer periods, which allows
a greater recharge of water and a greater potential for contaminant migration. The slopes were derived
from the data processed by Ouedraogo et al. [15]. Impact of the vadose zone, I, is a layer in between
the aquifer and the soil zone [26]. The vadose zone properties determine the attenuation behavior
of the materials that are located above the groundwater table and below the soil. The vadose zone
is also where processes of biodegradation, neutralization, mechanical filtration, chemical reactions,
volatilization, and dispersion may occur [9]. This study used the vadose zone parameter developed by
Ouedraogo et al. [15]. Hydraulic conductivity is a property of an aquifer that describes the ability of
water to move through the aquifer [32]. An aquifer with high conductivity is vulnerable to substantial
contamination as a plume of contamination can move easily through the aquifer [44]. Hence, areas
with high hydraulic conductivity values are more susceptible to contamination. We used the hydraulic
conductivity map developed by Ouedraogo et al. [15].

All these factors were considered static in this study.
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The DRASTIC index from each input layer was multiplied by the respective weight of the layer,
see Equation (1). Then, the Dynamic Vulnerability Index formula, see Equation (2), was applied in
ArcGIS Desktop 10.4TM (Spatial Analyst tool) to map the dynamic pollution risk for the three selected
years (1990, 2000, and 2010).

3. Results and Discussion

3.1. Dynamic Maps of the Groundwater Pollution Risk

The results of the spatial pattern of the Dynamic Vulnerability Index (DVI) are presented in
Figure 5. It is important to keep in mind that the DVI index is a continental index and that it should be
used to identify areas that will be negatively impacted by land use change with respect to groundwater.
The risk index indicates the relative level of susceptibility to groundwater pollution. The pollution risk
index is divided into five equal classes ranging from very low to very high. The DVI exhibits significant
space and temporal variability. Areas of high vulnerability are shown in red, while areas of low
vulnerability in green. We observe that pollution risk is significant in North Africa, West Africa (mainly
Nigeria), the Lake Victoria or Great Lakes Regions in East Africa, Horn of Africa (Ethiopia), and the Nile
Delta in Egypt. This is consistent with the previous findings in [15]. The maps elucidate the important
effect of P on pollution risk, which is consistent with previous studies [2,35,45]. The highest values are
located in the Western part of Africa (Nigeria). When looking at the temporal dynamics, we observe
that the pollution risk increases in the highly vulnerable areas. Lapworth et al. [40] showed that risk of
groundwater pollution is directly related to population density, which increases with the population
growth in urban areas. As mentioned above, Lapworth et al. [40] demonstrated that the greatest
nitrate contamination was in groundwater sources in settlements with extremely high population
densities (over 40,000 people per km2). Many authors affirm that informal settlements are associated
with high levels of nitrate, nitrite, and organic compounds [46–48]. For example, in the city of Harare
(Zimbabwe), rapid urbanisation and the lack of low-cost accommodation have led many people to
settle (formally or otherwise) on previously land in Epworth, south-east of the city [49]. Half of the
population of Epworth makes use of the groundwater resources for their domestic water supply.
This number increases as high as 77% in the most recently settled area. According to Love et al. [50],
the Epworth settlement thus showed major problems with high levels of nitrogen (representing nitrates)
and coliform bacteria in groundwater. This is a cause for concern, since the area has a high water
table and high population density, leading to an elevated risk of contamination for shallow wells
supplying half the population of the settlement with water [51]. Urban growth exhibits high rates
in parts of East and West Africa. Urban low-income population growth is very high [40]. However,
while the evidence indicates that the lower-income households are substantially more vulnerable to
anthropogenic impacts on water quality [52], few studies have specifically examined the extent to
which groundwater quality trends impact the poor and their wellbeing [53]. By studying recently
groundwater and poverty in sub-Saharan Africa, UPGro [52] argues in their report that: “a greater
vulnerability is likely for several reasons. Firstly, the poor are less likely to have access to treated,
piped water and hence more likely to rely on shallow groundwater for drinking. Secondly, the urban
poor are more likely to live in densely populated areas, where sanitation and waste disposal are
inadequate, and contamination risks are highest. This is evidenced by the study of Sorensen et al. [53],
which notes that groundwater contamination was most extensive in areas of low cost housing. Thirdly,
low-income groundwater users are more likely to have poorly constructed wells, with inadequate
or absent protection measures and rudimentary lifting devices. Fourth, the poor are less likely to
undertake household water treatment.” Furthermore, according to Jourda et al. [54], among the major
threats to the urban aquifer in Abidjan, there is the absence of an institutional framework. With respect
to the desert of Sahara, due to low population density and agricultural land use, we observed a low
pollution risk.
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The relative risk with respect to a reference year is given in Figure 6. The figure illustrates a
significant increase in pollution risk for the Sudan-Sahel belt of Africa and around the Great Lakes
Region between 1990, 2000, and 2010. Furthermore, the difference of groundwater pollution risk
between the three years is given in Figure 7. This figure confirms the findings in Figure 6.
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Table 3 shows the percentage of area per class of pollution risk. These results indicate an increasing
trend from low to very high pollution risk during the period of 20 years (i.e., 1990 to 2010). The values
in this Table 3 confirm that the pollution risk for groundwater in Africa increased to some extent from
1990 to 2010. For example, the percentages of area classified as high pollution risk were 0.55%, 0.87%,
and 1.26% for the years 1990, 2000, and 2010, respectively; and the percentages of area classified as
very-high pollution risk were 0.29%, 0.48%, and 0.76% for the years 1990, 2000, and 2010, respectively.
These data demonstrate that the surface of pollution risk follows an increasing trend.

Table 3. Percentage of area per class of pollution risk.

Pollution Risk Class

Year/Period Very Low Low Moderate High Very High

1990 91.98% 5.5% 1.66% 0.55% 0.29%
2000 81.63% 6.49% 2.50% 0.87% 0.48%
2010 86.79% 7.94% 3.22% 1.26% 0.76%

3.2. Novelty of the Study

The novelty of our study lies in the spatial and temporal scale of application. According to our
knowledge, this is the first study that assesses the temporal dimension of groundwater vulnerability at
the pan-African scale. Indeed, mapping of hydrogeological attributes at the global scale was initiated
by many multi-lateral (and mainly United Nations (UN) supported) projects, such as International
Groundwater Resources Assessment Centre (IGRAC) initiated by the United Nations Educational,
Scientific and Cultural Organization–International Hydrological Programme (UNESCO-IHP). However,
no compilation of these hydrogeological attributes for vulnerability against pollution has been published
so far. Many previous products in this domain have been developed but merely focused on quantitative
aspects, such as the groundwater map [55–57], the drought vulnerability map for Africa [58], and the
global map of vulnerability to floods and droughts [59]. Only recently, water quality aspects
were addressed at these large scales as illustrated by Ippolito et al. [60], who have developed a
global pesticide runoff vulnerability map with a generic indicator model. Concerning groundwater
pollution, issues were addressed for specific pollutants such as fluoride and arsenic contamination in
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groundwater [61,62]. However, no general vulnerability map was already available excepted by the
authors in Ouedraogo et al. [15]. With this new study, we fill the existing gap in temporal dimension for
the assessment of groundwater vulnerability at the continental scale. We believe that this vulnerability
map can be very useful for rural and urban development planning. Indeed, the information on
vulnerability can help identify those locations that deserve particular protection in urban and rural
development projects and programs in Africa.

3.3. Limitations of the Study

Introducing the temporal dimension to assess trends in groundwater vulnerability is an innovative
approach to study the pollution risk. In this study, we modelled the temporal dynamics of the
groundwater pollution risk at the African scale in terms of a set of explaining natural and anthropogenic
factors. Both dynamic and statistic factors were integrated in a linear multi-criteria decision-making
(MCDM) model to estimate groundwater vulnerability and pollution risk. However, according to Li and
Merchant [17], it is recognized that the actual physical processes leading to groundwater contamination
are not necessarily linear and often involve complex mechanisms such as pollutant transport,
dilution and dispersion, adsorption, and chemical and biological transformation. Furthermore,
Ouedraogo et al. [63] demonstrated that the best statistical model to explain groundwater nitrate
contamination at the African scale is a nonlinear model. Indeed, the linear model used in this study
can also over- or underestimate groundwater pollution risk as already stated by Li and Merchant [17].
According to these two studies by Li and Merchant [17] and Ouedraogo et al. [63], the linear modelling
approach has a significant advantage as it simplifies complex groundwater contamination processes and
can facilitate rapid regional evaluation based on well recognized key environmental and anthropogenic
factors. Thus, using a linear model to estimate groundwater vulnerability to pollution presents some
limits. To overcome some limitations of the DRASTIC model, the AHP method [14,64,65] could be
explored as a perspective to improve this first attempt to produce a dynamic pollution risk map in
Africa. As noted previously by Li and Merchant [17], the groundwater pollution risk maps developed
at a regional scale cannot be used to interpret incidences of actual local groundwater contamination.
Therefore, the groundwater pollution risk maps developed also for this research are intended for
continental use or sub-regional use (e.g., Economic Community of West African States (ECOWAS),
region) and can therefore not be used for local groundwater contamination assessment.

A low pollution risk observed on the maps does not mean that there is no risk of contamination;
it simply means that the geology and hydrogeology of the area provide more natural (or intrinsic)
protection to the groundwater resources in the given environment. One must look at the land use
activities and potential hazards associated with such activities to predict the likelihood of contamination.
However, these maps provide a preliminary assessment of the dynamic aspect of groundwater pollution
risk at the African scale and may also support risk assessment when combined with specific hazards.
Furthermore, the modelling results are also subject to the uncertainty from resampling of the relatively
coarse resolution climate data, natural factors, and anthropogenic data as mentioned already by Li and
Merchant [17]. In addition to climate change data uncertainties, other uncertainties are associated with
data sources, such as for example the depth to groundwater described by Bonsor and MacDonald [66].
Moreover, Loague and Corwin [12] highlighted that the utility of relatively simple vulnerability maps
produced at regional scales is undermined by significant uncertainties related to model and data
errors. In this regard, Honnungar [13] investigated the limitations that arise in MCDMs due to spatial
and temporal variability of input (data and resolution), due to data processing methods (sampling
and interpolation methods), due to subjectivity in assigning weights and ratings by decision-makers,
and due to non-linear relationships between the hydrogeological parameters. Thus, we acknowledge
that our continental-scale dynamic groundwater pollution risk presents also some limits. It is important
to keep in mind the data processing errors as reported in Murat et al. [13]. Errors refer to data handling
and integration such as format conversion, structure of data storage (raster/vector), geometric and
positioning system transformation, spatial analysis (buffering, overlaying), querying, updating, etc.



Water 2020, 12, 1406 12 of 16

The correlation between contamination (e.g., nitrate concentration) and the DRASTIC index could
be an indicator for the assessment of the method. A sensitivity analysis of the model parameters
could also be performed. The recharge data used in the analyses were taken from various sources,
which were conducted by different authors and, therefore, associated with different uncertainties.
A relatively simple equation was used to calculate the recharge map; this equation could certainly be
improved. Another limitation is the accuracy of the DRASTIC factors, such as depth to groundwater.

Finally, one limitation of DRASTIC concerns the intrusion of seawater, which constitutes a risk as
large as surface contamination. It would therefore be important to consider this seawater intrusion
effect in models used to evaluate the vulnerability of groundwater.

4. Conclusions

In this study, the DVI index was calculated and mapped at the African scale to identify areas that
experienced possible changes in groundwater pollution risk between 1990 and 2010. This mapping
approach was based on publicly available data. The results showed regions in Africa where groundwater
may represent a major threat due to the anthropogenic pressure changes over the three periods
considered. The level of pollution risk of African groundwater varies from very low to very high.
We observed that the spatial pattern of pollution risk at the pan-African scale has changed over the
period between 1990, 2000, and 2010. In other words, we found that the spatial distribution obtained
with the DRASTIC index in 1990 is very different from the spatial distribution obtained for 2000
and 2010. Groundwater vulnerability to pollution greatly varies across Africa. This variation was
clearly observed for example in North Africa, in the Nile Delta, and in West Africa. The zone with the
highest pollution risk at the scale of the continent is the Western Africa area, which is highly urbanized
and densely populated. These results suggested that with the growing population, who generates
rapid urbanization and increasing water demand, the groundwater vulnerability and pollution risk
would also increase. Furthermore, poverty and poor governance might increase the pollution risk
of groundwater.

Several limitations to the assessment of the dynamic vulnerability of groundwater can be
highlighted, such as the lack of information on the dynamics of the water depth at the continental
scale. However, as these maps are based on a limited set of data, they only allow a first interpretation
of the spatiotemporal evolution of groundwater in Africa, in terms of climate and land use change.
Vulnerability maps and groundwater pollution risk maps are essential tools for assessing land
management practices toward groundwater protection.

As more data become available over time (e.g., water level variations), these results may be
reassessed and updated for characterizing the dynamic aspect of African aquifers. Future work will
focus on developing and implementing an in situ data sampling strategy through Africa in order to
validate the model.

Despite its limitations, the proposed modelling approach allowed us to link groundwater
vulnerability with climate change and population density used here as a proxy for land-use change.
The simple DVI model allowed modelling the temporal dynamics of the pollution risk at the pan-African
scale using publicly available data. This can therefore provide an important tool for the sustainable
management of groundwater resources in Africa. The model could be used to monitor the achievement
of SDG 6 in Africa which includes a focus on preserving freshwater resources against potential future
threats. This research could also support groundwater managers and decision-makers at the African
scale such as the African Ministers Council on Water (AMCOW) in selecting prioritizing areas for
future groundwater monitoring and protection.
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