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Abstract 

Groundwater is a common drinking water resource worldwide. Understanding the distribution patterns of its chemical 

constituents is crucial for prioritizing sustainable management strategies. This study aims to present a holistic understanding of 

the spatial distribution of the physicochemical quality of groundwater in the Plateaux Region of Togo. A hydrochemical database 

of over 900 borehole water samples was compiled and integrated into GIS tools along with geological, hydrological, soils, land 

use and land cover, and other ancillary data. Comparison tests, global and local spatial autocorrelation, and hot spot analysis were 

performed at a confidence level of 95%. The results showed that groundwater is generally fresh and slightly acidic. Our results 

stress the importance of controlling physiographic features on groundwater quality. The Kruskal-Wallis test revealed statistical 

differences (p < 0.05) among physiographic groups for each groundwater quality parameter. The spatial statistics highlight the 

spatial dependence in the data and substantial variability in the chemical composition of groundwater due to association with 

physiographic features. In general, mountainous forest zones with higher rainfall recorded the predominance of lower 

conductivity values and less contamination in groundwater, probably due to the high rate of groundwater recharge and fast fluxes 

or circulation driven by topographic gradients. In contrast, those in the south, the center, and sometimes in the east and north 

present a substantially more advanced mineralization. The High-High clusters are similar and developed southwestward. 

Fluoride hot spots are associated with groundwater alkalinization in the North and granitoids displaying high-K calc-alkaline 

magnesian series in the southwest. The hotspots for nitrate concentrations are located at the southeast and northeast ends of the 

Region due to the affluence of contamination sources and the aquifer vulnerability. This study appears significant as a relevant 

contributing tool for the sustainable management of groundwater resources in the region. 
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1. Introduction 

As an easily accessible and relatively stable water resource, 

groundwater is the world's population's primary drinking 

water source. Also, it provides water for industries, irrigation, 

and ecosystem equilibrium. However, groundwater quality 

and use may vary at local or regional scales due to the varia-

tion of natural and anthropogenic drivers [1]. Its chemical 

composition is related to the global water cycle and the 

characteristics of aquifers and landscapes. A better under-

standing of groundwater response to environmental factors is 

required to improve the decisions and management options 

regarding groundwater quantity and quality-related issues 

[2-4]. 

Physiographic variables like topography, drainage, and 

slope can affect groundwater occurrence and quality [5]. 

During the last decades, GIS technology has been applied in 

groundwater studies to present the spatial distribution of the 

presence or absence of trends in groundwater quality variables 

[6]. Gao et al. [7] have used geospatial analysis to evaluate the 

patterns of iodine distribution in drinking water and their 

association with geological factors in Shandong Province, 

China. Tu and Xia [8] used spatial statistics to examine the 

relationships between land use and water quality in eastern 

Massachusetts, USA. Koh et al. [9] determined the relation-

ships between groundwater quality and various parameters 

such as topography, hydrology, and land use across Jeju Is-

land, South Korea. One of the geospatial analysis tools for 

spatial pattern identification is the spatial clustering method 

using the Getis-Ord Gi∗ statistics to examine hot spots and 

cold spots representing the statistically significant clusters of 

high and low data values, respectively [10-15]. This approach 

can be helpful, especially for regions with considerable spatial 

complexity in natural and anthropogenic conditions. Global 

and local autocorrelations were also used to identify the de-

gree of correlation of a variable with itself over space [15, 16]. 

Spatial autocorrelation analysis is used to assess a variable's 

correlation with the spatial location of the variable, which is a 

match between location similarity and attribute similarity [16]. 

Local autocorrelation examines how similar or dissimilar 

values are within a specific neighborhood or local area, while 

global autocorrelation assesses the overall pattern and struc-

ture of spatial relationships across the entire dataset [17]. 

Understanding these concepts is crucial in spatial analysis as 

they help identify patterns hidden in aggregated data [11]. 

The Plateaux Region is one of the five administrative re-

gions of Togo. It has remarkable socio-economic potential, 

and the development of water resources for drinking, domes-

tic uses, agriculture, and industries plays an important role. 

However, one of the significant issues in developing water 

resources is the quality of the water supplied. The spatially 

varying distribution of chemical concentrations associated 

with complex environmental and anthropogenic factors 

challenges groundwater management in the Plateaux Region 

[18, 19]. Good water quality ensures better health for the 

population. At the same time, the sustainability of ground-

water resource exploitation depends heavily on management 

focused on the integrity of resources and the ecological bal-

ance or ecosystem stability. Therefore, it is necessary to un-

derstand the factors controlling water quality and its rela-

tionship with aquifers and local physiographic conditions. In 

this context, we applied Moran’s I indices and the Getis-Ord 

Gi∗ statistics to examine the spatial variation of groundwater 

quality and to explore the spatial relationship with physio-

graphic factors in the Plateaux Region of Togo. This study 

appears helpful in presenting a holistic understanding of the 

spatial distribution of groundwater quality and its correlation 

with physiographic features in the study area. 

2. Study Area 

The Plateaux Region has an area of 16,800 km2 and is lo-

cated between longitudes 0°31 and 1°40 E and latitudes 6°29 

and 8°20 N (Figure 1). Its population is approximately 

1,640,000 inhabitants [20]. The population is essentially rural 

and lives in rain-fed agriculture. The main food crops are 

maize, yam, cassava, rice, beans, peanuts, and soya. The 

annual rainfall varies from 1800 to 1000 mm eastward (Figure 

2b). Regarding temperatures, the eastern part is the warmest, 

with average annual temperatures around 27°C compared to 

25°C in the west [21]. The Plateaux Region is characterized 

by a topographic contrast between the east, a lowland area, 

and the west, a highland area with scattered hills and moun-

tain ranges of varied lengths and heights (Figure 1). 

The Plateaux region of Togo is entirely covered by the 

rocks from the zones of the Pan-African Dahomeyid belt 

(Figure 2). The external zone is represented by the schists, 

quartzites, and mica schists of the Atacora structural unit 

(USA) and the granitoids of the Amlamé-Palimé Pluton 

(PAP). The suture zone is represented by the ultrabasic and 

basic massifs of the Atakpamé-Agou axis to the south and the 

metadiorites of the Mono-Anié-Akaba complex to the north. 

The internal zone of the Pan-African Dahomeyid belt is es-

sentially composed of a variety of migmatite sandwiched in 
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micaceous gneisses at the edge of the suture zone and dioritic 

gneiss to the east of the study area. These gneisses contain 

granitic intrusions, often appearing along the shear axes 

where mylonites are developed [22, 23]. 

 
Figure 1. Map showing the study area localization, relief, and boreholes. 

3. Material and Methods 

3.1. Data Used 

A hydrochemical database was constituted from over 900 

boreholes water sampled and analyzed between 2007 and 

2016 for physicochemical variables (pH, EC, TDS, F-, Ca2+, 

Mg2+, Na+, K+, 𝐻𝐶𝑂3
−, Cl, 𝑁𝑂3

−
 and, 𝑆𝑂4

2−), using standards 

methods. The coordinates of these points were obtained from 

the Plateaux Region Board of Water Resources and during 

field investigations. Each water point is associated with the 

canton in which it is circumscribed (Figure 1). Only cantons 

with at least three (3) water points are considered. The median 

concentrations of the major constituents are then calculated 

for each canton. The general state of land use and land cover 

(Figure 2c) is extracted from the African land use database 

from Globcover images from the European Space Agency 

(ESA) [24]. These data and the geological [23], pedological 

[25], and rainfall [26] maps (Figure 2) are integrated into a 

GIS to extract each point and canton's physiographic or 

geo-environmental features. 

3.2. Comparison Test 

Using the STATISTICA software, the nonparametric 

Kruskal-Wallis test with a 95% confidence level is applied to 

study the relationship between groundwater quality variables 

and the features of physiographic groups presented in Table 1 

and Figure 2. 
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Figure 2. Maps of the study area showing (a) Geological setting (Adapted from Sylvain et al., 1986). External Zone (1: Schists, 2: 

Quartzomicaschists, 3: Quartzites, 4: Pluto of the Amlamé-Palimé axis); Suture zone made up of basic and ultrabasic massifs (5: Atakpa-

mé-Agou complex, 6: Mono Anié-Akaba complex) Internal zone (7: Granitic gneiss, 8: Migmatites, 9: Dioritic gneiss, 10: Orthogneiss and 

Granitoids, 11: Paragneiss and meta-arenites, 12: Mylonites, 13: Crystalline dolomites) and surface formations (14: Alluvium and laterites) (b) 

Isohyets of Mean Annual Rainfall, (c) Land use and land cover, and (d) soil types (1: Ferruginous with concretions and cuirasses, 2: Juxta-

position of ferruginous soils with concretions and cuirasses and ferruginous soils with deep pseudogley, 3: Juxtaposition of ferruginous and 

ferralitic soils with concretions and cuirasses, 4: Erosion soils Lithosols, 5: Modal ferralitic, 6: Temporarily moist vertisols, 7: Hydromorphic 

soils). 
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Table 1. Features in the considered physiographic groups. 

physiographic groups Features Assigned code 

Geological features 

USA schist 1 

USA Quartzites and micaschist 2 

Granitoids of the Palimé-Amlamé Pluton 3 

Basic and ultrabasic massifs of the Atakpamé-Agou complex 4 

Basic and ultrabasic massifs of the Mono Anié-Akaba complex 5 

Central granitic gneiss 6 

Migmatites 7 

Oriental dioritic gneiss 8 

Oriental orthogneiss and granitoids 9 

Paragneiss and meta-arenites 10 

Hydroclimatic domains / 

Rainfall amount (mm) 

1800-1600 in western highland 1 

1600-1400, from the Atacora mountains to the basics and ultrabasic complex 2 

1200-1400 central plain 3 

1000-1200 Savana areas in the south-eastern and north-eastern edges 4 

Soils 

Ferruginous with concretions and cuirasses 1 

Juxtaposition of ferruginous soils with concretions and cuirasses and ferruginous soils 

with deep pseudogley 
2 

Juxtaposition of ferruginous and ferralitic soils with concretions and cuirasses 3 

Erosion soils Lithosols 4 

Modal ferralitic 5 

Temporarily moist vertisols 6 

Hydromorphic soils 7 

Land use land cover 

(LULC) 

Forest in the west mountainous areas 1 

Clear forest, agroforestry, and crop mosaics in the south-eastern 2 

degraded forest and crop mosaics 3 

Crops, shrub-grass, and woodland savannah 4 

 

3.3. Spatial Statistics 

The spatial autocorrelations statistics were examined to 

determine the similarities and patterns in the spatial distribu-

tion of the median chemical composition of groundwater 

quality assigned as attributes to the cantons of the study area. 

A holistic analysis of the patterns displayed by cantons allows 

for describing the relationship with physiographic features. 

The selected techniques include the global Moran’I index for 

autocorrelation analysis, the local Getis-Ord Gi* statistics for 

hotspot analysis, and the Anselin Local Moran's I index for 

cluster and outlier analysis [27]. The following references [16, 

17, 27, 28] provide the details of these spatial statistics. 

Global Moran’s index 

Moran’s Index is the more popular test statistic for spatial 

autocorrelation. Global Moran’s I examines whether a spatial 

correlation exists over an entire region. It assesses the overall 

pattern and structure of spatial relationships in the dataset and 

is calculated based on Equation (1). 

       (1) 

Where n is the number of cantons in the whole region, xi 

and xj are the attributes values of features i and j,  the mean 

of x, and wij an element of spatial weights matrix w, is the 

n n

i j

2n n n

i j i

ij i jn
I=

ij i

w (x -x)(x -x)

w (x -x)

 

  

x
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spatial weight between features i and j. 

The value of Moran’s I varies between 1 and -1. spatial 

random distribution is indicated by p-value > 0.05 and an 

index value to nill. When p-value < 0.05, positive values of 

Moran’s I indicate a positive spatial correlation that is a 

clustering tendency, and the closer to 1, the higher the spatial 

agglomeration; negative values indicate a negative spatial 

correlation that is a dispersion tendency, and the closer to -1, 

the greater the spatial difference. 

Getis-Ord Gi* statistics 

Local autocorrelation examines similar or dissimilar values 

within a specific neighborhood or local area. Its understanding is 

crucial in spatial analysis as it helps identify patterns hidden in 

aggregated data. Local Getis-Ord Gi
* statistics, also named hot 

spot analysis, identify if low or high values of an attribute are 

spatially clustered and create cold spots or hot spots, respectively. 

The Getis-Ord Gi
* index is obtained using Equation (2). 

               (2) 

Where n is the number of cantons in the whole region, xj is 

the attribute value of feature j, wij an element of spatial 

weights matrix w, is the spatial weight between features i and 

j, and d is the estimated range of observed spatial autocorre-

lation. 

For each polygon, a z-score value is calculated along with a 

p-value to assess the statistical significance of the results. The 

results are rendered as a map of the% confidence level of 95%. 

A high positive z-score and a p-value < 0.05 indicate spatial 

clustering of high values representing a hot spot, whereas 

having a low negative z-score with a small p-value reveals 

spatial clustering of low values referring to the presence of 

cold spots. Both situations reflect a positive spatial autocor-

relation. When p-values > 0.05 or Z-score values are near zero, 

the results are not statistically significant, meaning there is no 

indication of clustering, as the process might be random. 

Anselin Local Moran's I index 

Anselin Local Moran’s I statistic refers to cluster and out-

lier analysis of local autocorrelation. The cluster and outlier 

analysis is similar to that of hot spot analysis. Both find local 

clusters of high and low values, but a cluster and outlier 

analysis also identifies local outliers or features that differ 

significantly from their neighbors [17]. 

             (3) 

The notations are the same as for Equation (1), but the 

corresponding values are from the local neighboring region. 

With the local Moran’s I statistic analysis, five categories of 

local spatial autocorrelation can be distinguished. Two of 

these are spatial clusters, including high values surrounded by 

high values (High-High), and low values surrounded by low 

values (Low-Low) types. Two are spatial outliers, including 

high values surrounded by low values (High-low) and low 

values surrounded by high values (Low-high). The last type is 

spatial randomness, without significant spatial patterns at the 

corresponding weight matrix. 

The spatial statistics tools of ArcGIS 10.7 software served 

as the platform for implementing the spatial autocorrelation 

analysis using canton polygon features and applying contigu-

ity edge conceptualization, euclidean distance method, and 

row standardization since data refer to polygons. The result's 

reliability is supported by the number of canton polygons 

(total of 78), which is higher than the minimum of 30 spatial 

objects required for such analysis. [27]. 

4. Results and Discussion 

4.1. Variation of Groundwater Quality Across 

Physiographic Groups 

The descriptive statistics of hydrochemical parameters are 

presented in Table 2. Based on WHO guideline values [29] on 

the suitability of water for drinking purposes, the physicochem-

ical quality of water is essentially limited by pH, 𝑁𝑂3
−, Mg2+, F-, 

K+, TDS, Ca2+, Na+, Cl- and 𝑆𝑂4
2−

 in 21, 22, 11, 9.5, 9, 8, 7, 4, 2, 

and 1% of groundwater samples (Table 2). Most of the variables 

presented high coefficients of variation reflecting the variation of 

groundwater quality over the study area, probably in a relation-

ship with the combined effect of various geo-environmental 

features. This is supported by the Kruskal-Wallis test, revealing 

statistical differences (p < 0.05) among physiographic groups for 

each groundwater quality parameter (Table 2). 

Table 2. Results of the chemical composition of groundwater and nonparametric Kruskal-Wallis test. 

 

Descriptive statistics p-values from Kruskal-Wallis test 

mean Min Max SD 
CV 

(%) 

WHO 

standards 

% out of per-

missible limits 
Geology Soil 

Rain-

fall 

LUL

C 

pH 6.8 3.4 8.3 0.6 8.8 6.5-8.5 21 <0.01 <0.01 <0.01 <0.01 

EC 693 14 5010 468 67.5 
 

- <0.01 <0.01 <0.01 <0.01 

ijj*

i
n

j=1

j
G =

j

(d)xw

x





2n

i

n
ijji j

=
i

i

wn(x -x) (x -x)
I

(x -x)




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Descriptive statistics p-values from Kruskal-Wallis test 

mean Min Max SD 
CV 

(%) 

WHO 

standards 

% out of per-

missible limits 
Geology Soil 

Rain-

fall 

LUL

C 

TDS 514 20 3798 357 69.5 50-1000 8 <0.01 <0.01 <0.01 <0.01 

Ca2+ 50.9 0.8 436 37.3 73.3 100 7 <0.01 <0.01 <0.01 <0.01 

Mg2+ 26.5 0.5 161.1 19.5 73.6 50 11 <0.01 <0.01 <0.01 <0.01 

Na+ 56.8 0.5 621 50.6 89.1 150 4 <0.01 <0.01 <0.01 <0.01 

K+ 6.3 <DL 32.5 4 63.5 12 9 <0.01 <0.01 <0.01 <0.01 

𝐻𝐶𝑂3
−  285.1 3.6 939.4 154.8 54.3 

  
<0.01 <0.01 <0.01 <0.01 

Cl- 51.6 <DL 1253.2 84.2 163.2 250 2 <0.01 <0.01 <0.01 <0.01 

𝑆𝑂4
2− 30.7 <DL 980.5 82.3 268.1 400 1 <0.01 <0.01 <0.01 <0.01 

𝑁𝑂3
− 39.4 <DL 626.9 80.3 203.8 50 22 <0.01 <0.01 <0.01 <0.01 

F- 0.72 <DL 2.4 0.48 67.2 1.5 9.5 <0.01 <0.01 <0.01 <0.01 

 
Figure 3. pH relationship with physiographic features. The notations are described in Table 1. 

The pH of the groundwater samples ranged from 3.4 to 8.3, 

with a mean value of 6.8, suggesting acidic to slightly alkaline 

groundwater in the region. Other studies revealed the domi-

nance of acidic groundwater in basement aquifers over West 

Africa, such as in Eastern Senegal [30] and southwest Nigeria 

[31]. The pH relationship with physiographic features is pre-

sented in Figure 3. 

Groundwater is more acidic in the western part of the study 

area, particularly in the erosion soils Lithosols (Figure 3a) and 

quartzites and micaschist (Figure 3d) domain with a median 

value of around 6. These areas receive high rainfall amounts 

(Figure 3b). The relationship of groundwater pH with LULC 

features (Figure 3c) shows an association of acidic ground-

water with forest and agroforestry zones. In contrast, the 

median pH values are circumneutral in degraded forests, 

shrub-grass savannahs, and crop mosaics. Acidic groundwater 

in forest and vegetation-dominated areas is also associated 

with high rainfall areas. The main proton source is the CO2 

release in root and soil zones that are in equilibrium with the 

shallow groundwater table [32], maintaining the release of 

carbonic acid in groundwater through CO2 dissolution ac-

cording to Equation (4). 
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CO2(g) + H2O  H2CO3(groundwater)        (4) 

Due to organic matter decomposition and other acidifying 

processes such as nitrification, acidic pH values are also 

present in shrub-grass savannah and crop mosaics. Still, most 

of the points are located in the study area's western part, 

suggesting the additional impact of surrounding forest and 

vegetation areas. The highest pH values indicating neutral to 

slightly basic groundwater, with a median of around 7.0, are 

found geologically in the basic and ultrabasic massif com-

plexes. The alkaline pH of groundwater is usually found in 

ultrabasic massifs due to the serpentinization of ultrabasic 

rock, which involves the release of hydroxide ions into 

groundwater conditions at ambient temperature in 

open-system conditions close to the atmosphere [33, 34]. 

The electrical conductivity varied from 14 to 5010 µS/cm 

with a mean value of 693 µS/cm, suggesting fresh ground-

water dominance. The relationship with physiographic fea-

tures (Figure 4) reveals that areas with the predominance of 

low conductivity (< 1000 µS/cm) values are associated with 

erosion soils lithosols, modal ferralitic and the juxtaposition 

of ferruginous and ferralitic soils with concretions, and cui-

rasses soil types (Figure 4a). In general, mountainous forest 

zones with higher rainfall recorded the predominance of lower 

conductivity values in groundwater (Figure 3b), probably due 

to the high rate of groundwater recharge and fast fluxes or 

circulation driven by topographic gradients [35, 36]. This 

restricts the extent of water-rock interactions and solutes 

acquisition by groundwater. Based on the geology, ground-

water presents lower mineralization in the western Atacora 

Structural Units. It is higher in the basic and ultrabasic massifs 

of the Atakpamé-Agou complex, the migmatites, and the 

orthogneiss formations. TDS and all ions except nitrate and 

fluoride relationships with the physiographic features (not 

shown) follow that of the electrical conductivity. All the pa-

rameter's median values increase with the decrease in rainfall, 

suggesting a contrast between dilution and evaporation effects 

on groundwater quality [37]. Higher Na+ median concentra-

tions are observed in granitic gneiss, migmatites, orthogneiss, 

granitoids, and paragneiss formations, probably due to the 

dominance of minerals such as plagioclase, amphibole, py-

roxene with Na-rich end members [38]. The occasional high 

mineralization (> 2000 µS/cm) of groundwater is predomi-

nant in the migmatite formations (Figure 4d). Previous results 

in the region indicated that, in the central granitic gneiss, 

migmatites, and orthogneiss formations, the sandy weathering, 

flat slope, and savannah vegetation type favor water enrich-

ment with solutes and a rapid transfer of ions to groundwater 

than in other parts of the study area where the weathering 

profile is deeper and clayey [39]. 

 
Figure 4. EC relationship with physiographic features. The notations are described in Table 1. 

Nitrate is one of the main groundwater pollutants with 

deleterious human health risks. High nitrate concentrations in 

groundwater can cause methemoglobinemia or induce several 

types of cancer [29, 40]. Nitrate concentration varied from the 

detection limit to 626.9 mg/L, with a mean value of 39.4. The 

relationship with physiographic features (Figure 5) differs 

from the other ions, probably due to different sources and 

biogeochemical processes. 
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Figure 5. 𝑁𝑂3

−
 relationship with physiographic features. The notations are described in Table 1. 

Groundwater is less contaminated in areas with higher rain-

fall (Figure 5b). Based on soil types, the median concentration 

is lower than 2 mg/L in the ferruginous with concretions and 

curasse domain, and the higher median value of around 25 

mg/L is in areas covered by a juxtaposition of ferruginous soils 

with concretions and cuirasses and ferruginous soils with deep 

pseudogley soil types (Figure 5a). These later soil types result 

from the rise of the water table. The agroforestry and crop 

mosaics are associated with higher nitrate contamination 

among LULC features (Figure 5c). Therefore, groundwater 

might become more vulnerable to anthropogenic contamination 

from the surface in these areas where manure and synthetic 

fertilizers are widely used [21]. Differences in nitrate concen-

tration can mirror land use changes, and the main anthropo-

genic drivers of LULC changes include deforestation, expan-

sion of agriculture, conversion of land to pasture, agriculture, 

and urbanization. Around agricultural livestock-keeping fields 

of Babati town, in Tanzania, farming activities and animal 

husbandry were depicted as a lead cause of nitrate enrichment 

in groundwater and surface water [41]. Nitrate can also origi-

nate from atmospheric deposition, but in areas similar to the 

study area, their contribution is usually at a lower rate com-

pared to manure, sewage, and fertilizers [19, 42]. 

The geological formation exerts a substantial relationship 

with nitrate contamination. Nitrate concentration is lower than 

10 mg/L in the basic and ultrabasic complex, probably due to 

local physiographic constraints on anthropogenic impact. 

These concentrations reflect background concentration with 

limited human activities influence. Similar concentrations were 

observed in the basic and ultrabasic massifs domain in the 

northern part of the country [43]. The western Atacora Struc-

tural Units, Palimé-Amlamé Pluton, and central gneiss con-

centrations are higher but predominantly lower than 50 mg/L. 

From the migmatites to oriental dioritic gneiss domains, the 

non-outlier's maximal concentration is around 200 mg/L (Fig-

ure 4d). Generally, groundwater under no or minor human 

influence recorded Nitrate-nitrogen lower than 3 mg/L equiv-

alent to nitrate concentrations of 13.7 mg/L [44]. The region's 

eastern part appears more vulnerable to anthropogenic con-

tamination, probably due to higher human activity pressure, 

water table rise, and sandy weathering profile [18]. The eastern 

plain has a long history of cotton cultivation, with increasing 

land area and use of fertilizers [21, 45], as well as the arrival of 

cattle from Sahelian countries [46]. The main transhumant 

corridor presented in Figure 2c describes the uncontrolled 

disposal of animal wastes in addition to those of local pastoral 

activities. It is known that the crops directly use less than 50% 

of the mineral or organic fertilizer nitrogen [47]. Thus, a large 

proportion of nitrogen gets mineralized in soil and reaches 

groundwater via leaching, reflecting legacies of long-term 

contamination from manures and synthetic fertilizers [47-49]. 

Another critical parameter of groundwater quality is Fluo-

ride, a geogenic pollutant reported in groundwater in different 

countries, particularly in Africa, Asia, and Europe [50]. 

Higher fluoride provinces in Africa include countries sharing 

the East African Rift Valley [51, 52] and West African coun-

tries like Ghana, Nigeria, Côte d’Ivoire, Niger, Mauritanie, 

and Senegal [51, 53, 54]. Although fluoride is an essential 

trace element required for humans, fluoride optimal doses fall 

within a narrow range of 0.7 to 1.2 mg/L, benefiting teeth and 

bones' formation, maintenance, and favorable health [51]. It 

has severe human health implications, such as dental caries if 

drinking water levels are below 0.5 mg/L or dental and skel-

etal fluorosis if drinking water levels exceed 1.5 mg/L [29, 51, 

53, 55]. In this study, concentrations varied from the detection 

limit to 2.4 mg/l with a mean value of 0.72 mg/L. About 9.5% 
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of samples exceeded 1.5 mg/L and 38.4% below 0.5 mg/L. 

These results indicate potential fluoride-related health risks in 

the study area. In general, in the case of raw groundwater 

consumption without artificial fluoridation of water supplies, 

lower fluoride in drinking water is compensated by intake 

from food and the use of fluorinated toothpaste [50]. The 

relationship of fluoride with physiographic features is pre-

sented in Figure 6. 

 
Figure 6. Fluoride relationship with physiographic features. The notations are described in Table 1. 

The median concentrations above 0.5 mg/L are mainly asso-

ciated with ferruginous and ferralitic soils with concretions and 

cuirasses, temporarily moist vertisols, and hydromorphic soil 

types (Figure 6a). In the highland and higher rainfall domain, 

corresponding to the Atacora Structural Units, concentrations 

were lowest below 0.5 mg/L. Concentrations were also low in 

the paragneiss and meta-arenites domain (Figure 6d). The pri-

mary geogenic sources of fluoride in groundwater are F-rich 

minerals such as fluorite, fluorapatite, villiaumite, sellaite cryo-

lite, topaz, and bastnaesite [52]. In the basement aquifer, fluoride 

sources are related to the weathering of F-bearing minerals such 

as hornblende, biotite, amphibole, and muscovite, which are 

abundant in the study area rocks [23, 38, 56]. 

The median concentrations above 0.5 mg/L are associated 

with lower rainfall regions (Figure 6b) and savannah, shrub, 

and crop mosaic landscapes (Figure 6c). A decrease in 

groundwater fluoride with increasing altitude and rainfall was 

also observed in the northwest part of the Indo-Gangetic Basin 

[57]. Most of the fluoride pollution-prone zones are located in 

regions with arid and semi-arid climatic conditions through the 

evaporation process [50, 57]. Other factors affecting fluoride in 

groundwater are related to alkalinity and pH. Groundwater's 

alkaline nature favors hydroxide ions exchange with F-bearing 

minerals or compounds or fluoride adsorbed on the aquifer 

matrix. The examination of Figures 1 and 6 allows for detecting 

that physiographic features groups with fluoride median con-

centrations above 0.5 mg/L are associated with pH median 

values of around 7.0. This is consistent with the optimal pH (7 

to 8) for releasing fluoride from muscovite and biotite [58]. 

4.2. Spatial Statistics 

Table 3. Results of the global spatial autocorrelation. 

 

Global Moran’s I Z-scores p-value 

pH 0.43961 5.78538 0.00000 

EC 0.59389 7.67116 0.00000 

TDS 0.58269 7.56411 0.00000 

Ca2+ 0.49667 6.59995 0.00000 

Mg2+ 0.57201 7.23993 0.00000 

Na+ 0.56935 7.44679 0.00000 

K+ 0.56599 7.19623 0.00000 

𝐻𝐶𝑂3
− 0.49519 6.28615 0.00000 

Cl- 0.51860 7.49322 0.00000 

𝑆𝑂4
2− 0.55588 7.64082 0.00000 

𝑁𝑂3
− 0.24531 3.55776 0.00037 

F- 0.21402 2.84997 0.00437 

http://www.sciencepg.com/journal/wros


Journal of Water Resources and Ocean Science http://www.sciencepg.com/journal/wros 

 

11 

Table 3 presents the results of the spatial autocorrelation 

analysis of the median values of groundwater quality varia-

bles in the cantons in the study area. The z-scores are positive, 

and the p-values are statistically significant (p < 0.05), high-

lighting the spatial dependence or pattern in the data. Thus, 

the results unveil a significant spatial clustering of all the 

hydrochemical attributes. The dataset's spatial distribution of 

high and/or low values is more spatially clustered than ex-

pected if underlying spatial processes were random. Positive 

spatial autocorrelation dominated the whole study area. These 

results suggest a substantial variability in the chemical com-

position of groundwater due to a strong association with 

physiographic or geo-environmental features. 

This confirmed that most measured variables do not follow a 

normal distribution, and concentrations are lower than the mean 

values for more than 50% of the collected samples. Thus, the 

high concentrations of ions, particularly nitrate, indicated con-

tamination due to anthropogenic activities on a local scale. The 

central tendency values (e.g., mean) may not reflect the study 

area’s groundwater chemistry. Thus, a spatial variability map 

of hydrochemical parameters in groundwater is necessary for 

drinking water quality management, particularly in a 

large-scale area. It helps delineate different water quality areas 

for each chemical constituent and prioritize the action zones for 

groundwater protection and contamination mitigation. It also 

provides the database for future comparison. 

The results of the Anselin Local Morans I statistic exam-

ining the cluster and outlier analysis are resented in Figure 7. 

Figure 8 displays the median values in each canton and 

hotspot analysis results. 

 
Figure 7. Results of the cluster and outlier analysis. 
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Figure 8. Results of the hotspot analysis. CS = cold spot, and HS = Hot spot. 

The results show that groundwater in the western zone of 

the Region presents a significantly low mineralization (p < 

0.05). In contrast, those in the south, the center, and some-

times in the east and north present a significantly more ad-

vanced mineralization. The Low-Low clusters and cold spots 

for most chemical attributes are located west of the study area 

characterized by higher rainfall, lithosols, forest, quartzites, 

and micaschist rocks. This part of the study area corresponds 

to the headwaters, which are expected to be essential sources 

of high-quality water, diluting nutrients, and other contami-
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nants [59]. Similar low groundwater mineralization was found 

in the west Ghana border in these mountainous and forest 

lands, where recharge is as high as 20% of the precipitation 

[36]. 

Most cantons in the west of the Region have acidic 

groundwater with low pH values (< 6.5) (Figure 8a) and are 

aggregated at a confidence level of 95% as cold spots (Figures 

7a and 8a). The pH hot spots are found in the north between 

Atakpamé and Elavagnon and in the south in the Agou (Figure 

8a). They follow those in concentrations of bicarbonates 

(Figure 8h). The High-High cluster and hot spots for pH are 

located in the central part of the study area. The High-High 

clusters for EC, TDS, Na, and K are similar and developed 

southwestward (Figures 7b, c, f, and g). The hot spots re-

garding chloride and sulfate concentrations are in six cantons 

south of the Region. These are the cantons of Agotimé, 

Dzakpa, Amoussou Kopé, and Gadja in the prefecture of 

Agou and the cantons of Dalia and Atchavé in Haho along the 

transhumant corridor in the south (Figure 2c). Silicate min-

erals dominate the region. Thus, chloride and sulfate hot spots 

result from anthropogenic impacts such as sewage, domestic 

waste, agriculture, and livestock farming, which might exert 

control on the advanced evolution of groundwater chemistry 

[60]. This trend suggests that the high concentrations of these 

ions come from similar sources and factors in these cantons. 

Significant hotspots of chloride and sulfate concentrations 

appear to accompany those of sodium, potassium, and cal-

cium. They are located in plain areas. Since groundwater 

flows from the mountainous headwaters or Piedmont zone 

toward lower land areas [18], these groundwater samples 

might also represent groundwater characteristics in discharge 

areas, in addition to anthropogenic influence. This situation 

denotes the hydrochemical evolution of groundwater associ-

ated with minerals weathering and dissolution reaching the 

aquifers along the flow path. Na and K enrichment with 

groundwater mineralization depends on the intensifying sili-

cate minerals (for example, plagioclases, biotite, and amphi-

bole) weathering, calcite and dolomite precipitation, and 

cation exchange (Ca2+ + 2NaX→ CaX2 +2Na+) due to pro-

longed water-rock interactions along the flow path [39, 57]. 

Ca, Cl-, and 𝑆𝑂4
2−

 present the High-High clusters in the same 

area with similar shapes (Figures 6 d, i, and j), probably due to 

salinity and calcium input from anthropogenic influences and 

subsequent carbonate precipitation processes. Magnesium 

and bicarbonate hot spots follow other ions but are repre-

sented with pH in the east and north (Figures 7a, e, and h). The 

pH and 𝐻𝐶𝑂3
−variations are generally due to the same geo-

chemical processes. Thus, these chemical parameters refer to 

the importance of the CO2-driven hydrolysis of ferromagne-

sian silicates as natural sources of groundwater alkalinity [60]. 

Long-term deforestation, overgrazing, and agriculture prac-

tices are the key anthropogenic factors controlling soil and 

groundwater alkalinization [61]. 

Fluoride hot spots correspond to high pH and 𝐻𝐶𝑂3
− ar-

eas in the northern part of the study area and to the Pali-

mé-Amlamé Pluton in the south-west, which consists of 

silica-rich to intermediate granitoids and enclaves of mafic 

igneous rocks and gneisses (Figures 8a, h, l). The granitoids 

display various facies from medium to high-K calc-alkaline 

magnesian series and are characterized by abundant horn-

blende, Na-rich feldspar, muscovite, biotite, and apatite [56]. 

Weathered basement aquifers with such mineralogical 

composition host an abundance of geogenic sources of flu-

oride and sodium, which is considered conducive to 

groundwater fluoride enrichment [62]. Several studies have 

demonstrated that high fluoride concentrations in ground-

water are associated with increasing sodium and alkalinity in 

groundwater and the interplay of Na+ release and Ca2+ re-

moval [50, 51, 54, 57]. 

The hotspots for nitrate concentrations are located at the 

southeast and northeast ends of the Region. Other cantons 

relocated to the rest of the Region also tend towards high 

vulnerability (median 𝑁𝑂3
−

 concentrations higher than 10 

mg/L) but do not constitute hot spots. The vulnerable zones 

are significantly associated with rainfall and the juxtaposition 

of meta-sedimentary formations with varieties of gneiss en-

closing a procession of granitic intrusions. The granitic and 

meta-sedimentary formations are characterized by less clayey 

alteration, thus favoring the formation of more or less sandy 

soils and significant leaching of contaminants from surface 

origin [39]. Granite intrusions can also cause fractures to open 

more widely, making the transfer of solutes more effective. 

Significantly vulnerable cantons have a land use intensity 

generally above 50%. This implies a high use of agricultural 

inputs or overexploitation of soils, leading to the loss of fer-

tility and capacity to store carbon and nutrients. Thus, a sig-

nificant part of anthropogenic nitrogen inputs would be 

leached into the groundwater. Examining the relationships 

between groundwater nitrate concentrations in drinking water 

and landscape characteristics, [48] identified three categories 

of critical correlated variables that are related to contamina-

tion source (manure, sewage, and high agricultural nitrogen 

inputs), soil vulnerability conditions (low soil organic carbon 

and high hydraulic conductivity), and transport mechanisms 

(rapid and high aquifer recharge and groundwater mixing). 

However, it should be noted that factors such as the posi-

tioning of the hydraulic structures with settlements and pas-

tures lands, the efficiency of the boreholes construction, and 

their maintenance could also significantly influence ground-

water contamination [63]. The elaboration of nitrate directives 

and their implementation with targeted strategies according to 

local conditions are required to reduce nitrate concentrations 

and hotspots [49]. 

5. Conclusion 

This study highlighted a significant variability in the 

chemical composition of groundwater depending on physio-

graphic or geo-environmental features related to geology, 

soils, rainfall, and LULC in the Plateaux Region of Togo, 
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using the cantons’ median concentrations of hydrochemical 

variables. It shows that water quality is limited by pH char-

acterizing acidic water, TDS values indicating defects or 

excess water mineralization, excessive nitrate concentrations 

due to anthropogenic impact, and fluoride contamination from 

both geogenic and anthropogenic sources. The canton median 

values of physicochemical parameters are generally distrib-

uted in significantly hot spot zones in the lowland plain and 

significantly cold spot zones in the mountainous and forest 

parts. The region's southwestern to northern part represents 

geological and alkalinization-driven fluoride contamination 

hotspot zones. Nitrate contamination spread over the study 

area, but the East and the North are the main hot spots of 

contamination. The spatial statistics indicate significant 

global and local autocorrelations but are not stationary, thus 

showing the need to develop management strategies specific 

to each part of the study area. This study applied a simplistic 

approach that suits the current way of managing drinking 

water supplied from village boreholes. However, other soci-

oeconomic and environmental factors must be considered to 

test the complexity of the basement aquifer vulnerability in 

the Plateaux Region of Togo. 
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