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Abstract

Water quality assessment is essential for its sustainable use. Therefore, this study evaluates the
quality of water resources in the Togolese portion of the Volta Basin by combining physicochemical
analyses, chemometric indices, and multivariate statistical methods. A total of 115 samples from
surface water, groundwater, and tap water were collected at the end of the rainy season (October
2024) and during the dry season (February 2025). Selected hydrochemical parameters have been
determined using standard methods. The Water Quality Index (WQI) and conventional
hydrogeochemical approaches have been applied to examine the health of groundwater resources
and the controlling drivers. The results revealed that surface waters experience low mineralization
during the wet season, whereas groundwater shows increased mineralization associated with
infiltration and mineral dissolution. The Water Quality Index shows that only tap water maintains
consistently potable quality, unlike surface water and groundwater, whose quality was unsuitable at
70% and 21%, respectively, during the rainy season, against 47% and 10% in the dry season.
Principal Component Analysis reveals three major gradients controlling water quality: natural
silicate and accessory minerals weathering, nitrogen-based anthropogenic inputs, and metal
contamination. Bivariate analysis indicates that mineralization is mainly controlled by silicate
weathering, carbonate dissolution, and ion exchange processes, while the low concentrations of CI-
and SO4* rule out any significant evaporitic influence. Irrigation indices indicate that most waters
are dominated by sodium and magnesium. Industrial stability indices highlight varying corrosion and
scaling risks by site and season. These findings provide essential insights for the sustainable and
integrated management of water resources in the Volta Basin.

Key words: seasonal water quality; water suitability; geochemical processes; hydrochemistry; Volta
Basin, Togo
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1. Introduction
Freshwater resources, which account for less than 3% of the global water reserves, are essential for
domestic, agricultural, and industrial development (Akhtar et al., 2021). However, their availability and
quality are increasingly threatened by climate change and human activities such as intensive agriculture,
rapid urbanisation, and the development of hydraulic and societal infrastructures (Burri et al., 2019; Xiao
et al., 2025). Population growth further exacerbates this pressure, leading to a marked deterioration in
water quality, particularly in developing countries, where water bodies are exposed to multiple sources of
contamination, most of the time related to anthropogenic activities (Akpataku et al., 2025a; Ouedraogo et
al., 2020; Segbeaya et al., 2019).

Overexploitation, agricultural practices, industrial discharges, and improper waste management are the
main drivers of groundwater quality deterioration. Due to connections between the environmental matrix
through the hydrologic cycle, it becomes difficult to protect water resources by stopping the migration of
contaminants from their sources to rivers and groundwater. Ensuring the quality of water resources is a
central challenge for sustainable development, particularly in Africa, where communities rely heavily on
groundwater and surface water to meet their daily needs and to achieve the Sustainable Development
Goals (SDGs) related to poverty reduction, public health, and the protection of aquatic
ecosystems(George-Williams et al., 2024; McClain, 2013). In this context, the long-term sustainability of
water quality depends on the implementation of transdisciplinary and transboundary actions, supported by
local and community participation and collaborative governance, to ensure equitable access to water
resources and the long-term protection of water quality (Burri et al., 2019; Ogbekene, 2025).

In West Africa, the Volta Basin represents a major hydrological system that supports millions of
inhabitants (GWP, 2019). It supports a complex interplay between growing water demands, climatic
variability, and the challenges of coordinating governance across multiple national borders (Owusu et al.,
2025). Assessing water quality in the Volta Basin is essential for resource development and sustainable
management, particularly in the Togolese part, where hydrogeochemical investigations are less
documented (Akpataku et al., 2025b) than in other parts, such as Ghana (Lartsey et al., 2024; Loh et al.,
2012; Sunkari et al., 2024).

Yet, water resources are increasingly exposed to anthropogenic pressures, including population growth,
expanding agricultural activities, and inadequate waste management in the basin. In northern Togo, there
is a rise in domestic and agricultural water demand, coupled with insufficient management of domestic,
urban, and industrial waste, as well as agricultural effluents (Barry et al., 2025). This can promote
excessive transfer of mineral and organic substances into surface and groundwater, compromising the
physical, chemical, and microbiological quality of water resources and thereby affecting drinking water
supply, agricultural and livestock production, and industrial use.

Assessing water quality in such a context requires comprehensive and robust analytical approaches that
capture the complexity of hydrochemical processes and the multiple constraints associated with water use
(Nosrati, 2017; Sodomon et al., 2025). Chemometric-based indices, such as the Water Quality Index
(WQI) for drinking purposes (Renu Nayar, 2020; Cadraku and Beqiraj, 2023; Kumar and Maurya, 2025)
and irrigation (Kumar et al., 2024; Rehman et al., 2024; Tegegne et al., 2023) and industrial suitability
indices (Dehghani et al., 2019; Kumar et al., 2024), provide powerful tools for transforming complex
datasets into meaningful classifications and management insights. When combined with multivariate
statistical techniques, these methods help assess water quality, pollution sources, hydrochemical
characteristics, and control, as well as the suitability and sustainability of water resources for various uses
(Patel et al., 2023). Their effectiveness for drinking has been demonstrated worldwide, including in India
in the groundwater of Tumkur Taluk (Ramakrishnaiah et al., 2009), in Turkey on the Aksu River (Sener et
al., 2017), and in Thailand (Bordalo et al., 2001). In Africa, the use of the water quality index has also
yielded convincing results, as in Algeria (Mammeri et al., 2023), Morocco (Bekri et al., 2020), and
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southeastern Togo (Napo et al., 2021; Tampo et al., 2022). These indicators for irrigation and industrial
use have been successfully applied in various regions, including arid and semi-arid environments, to
classify water and guide sustainable irrigation practices (Kumar et al., 2024; Nsabimana and Li, 2023).

Despite the strategic importance of the Volta Basin (UNEP-GEF, 2010), comprehensive assessments of
water quality integrating both seasonal and multipurpose dimensions remain scarce in northern Togo. This
lack of information limits the development of effective, long-term management strategies that ensure
sustainable and equitable water resource use. Addressing this gap requires evaluating water quality
through an integrated approach combining physicochemical analyses, chemometric indices, and
multivariate statistics.

Therefore, this study aims to assess, on a seasonal basis, the quality of water resources in parts of the
Volta Basin in northern Togo using an integrated framework that incorporates physicochemical
characterization, chemometric-based water-quality indices, and multivariate statistical methods. The
specific objectives are the following: (i) to assess the seasonal variation of the physicochemical
characteristics of water resources in the study area, (ii) to determine the water resources hydrochemical
facies, (iii) to identify the drivers and geochemical processes controlling water resources mineralization,
and (iv) to appraise the suitability of water resources for drinking, irrigation, and industrial use. The
findings are essential for providing insights into seasonal variations in water quality, identifying potential
contamination sources, and supporting objective-based recommendations for sustainable and equitable
water resources management in the study area.

2. Materials and methods
2.1 Study area

The study was conducted in the northern part of the Volta Basin in Togo (Fig 1). The study area is

characterized by a Sudanian-Sudano-Guinean climate type, with a unimodal rainfall regime (Badjana et
al., 2017), a rainy season from April to October, and a long dry season from November to March. Within
this climatic context, mean annual rainfall ranges from 1,000 to 1,200 mm, while average temperatures
range from 25.4 °C to 31.6 °C.

Several socioeconomic activities are identified in the Volta Basin region; among these, agriculture is the
dominant activity, employing a large part of the population. Market gardening, characterized by the
intensive use of agricultural inputs, and livestock farming, through the production of animal waste,
contribute to the economy of the Volta Basin in Togo. Land degradation is widespread at the national
level, representing almost 5% over the last few decades. Population growth is putting increased pressure
on land, encouraging its conversion into agricultural and residential areas. Farmers are gradually
exploiting available land for food production, while urbanization is expanding to meet housing needs,
highlighting the interdependence between agriculture and urbanization, as population growth drives the
expansion of cultivated and settlement areas.

From a hydrological perspective, the drainage network is dominated by the Oti River, the only perennial
river in the region, together with its main tributaries, including the Kara, Koumongou, Kéran, M6, and
Koulougouna rivers (Koukou-Tchamba, 2022; UNEP-GEF, 2010). The basin morphology is organized
along a south-north gradient, with the basin progressively widening (UNEP-GEF Volta Project, 2013).
This organization results from a structural framework dominated by the succession of the Birimian
crystalline basement, the Oti (Buem) sedimentary basin, and the Atakora orogenic belt, forming an
assemblage recognized as one of the oldest and most stable geological units in West Africa (Affaton,
1987; Block et al., 2016; Gebrechorkos et al., 2022; Tairou et al., 2022). The southeastern part of the
study area is characterized by an association of metasedimentary, metamorphic, and crystalline rocks
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belonging to both the Volta sedimentary basin and the Pan-African Dahomeyide Belt. In the extreme
western part of the area, metasedimentary rocks crop out. They are mainly composed of fine- to medium-
grained feldspathic and clayey sandstones, locally micaceous (greywackes), as well as pelites.
Furthermore, these formations overlie the external units of the Dahomeyide Belt, formed during the Pan-
African orogeny. From west to east, the Buem structural unit, dominated by quartzitic sandstones and
hematitic formations associated with tillites, is followed by the Atakora structural unit, which is mainly
composed of schists and quartzites.

The population depends mainly on discontinuous fractured aquifer systems, whose hydraulic conductivity
is controlled by secondary fracture permeability developed by weathering processes. The weathering
profile is known to be mainly composed of a saprolite layer that provides groundwater storage and a
fissured bedrock that affords adequate transmissivity to sustain well discharges (Lachassagne et al., 2021).
In the study area, the weathering thickness is usually variable. Still, it is lower than 40 m bgl, with values
between 5 and 10 m being the most frequent, depending on the rock’s silica content and the degree of
erosion (Ani et al., 2025). Later authors found no relationship between the distribution of discharge
measured at drilling and the weathering thickness. Borehole depths are between 20 m and 120 m bgl, with
linear discharge ranging from 6.107 to 9.10"'m*/h/m and the depth range from 24 to 52 m, corresponding
to the most productive zone of the aquifer system (Ani et al., 2025a). The hydrodynamic characteristics
are variable, reflecting the hydraulic heterogeneity of the aquifer systems. The parameters such as drilling
discharge, specific discharge, and transmissivity vary from 0.1 to 40 m?/h, 0.02 to 5.2 m*/h/m, and 5.9 10-
710 6.2 107 m?/s, respectively (Ani et al., 2025; Goumpoukini et al., 2019). The average depth to water
level is around 10.0 + 6.1 m bgl, with the main piezometric domes at high altitudes. As in most tropical
basement settings, water flow is controlled by geomorphology from high to low altitudes, converging into
the rivers' main courses (Ani et al., 2025; Akpataku et al., 2019).

2.2 Sampling procedures and in-situ measurements

Two seasonal sampling campaigns were conducted as part of this study. At the end of the rainy season

(October 2024), a total of 56 water samples (Fig 1) were collected, including 42 groundwater samples, 10
surface water samples, and 4 tap water samples. During the dry season (February 2025), A total of 59
samples were collected: 39 groundwater, 15 surface water, and 5 tap water. To ensure comparability
between seasons, the same sampling sites were systematically revisited during both campaigns. In
addition, sampling points were added in certain areas to improve the study's spatial coverage.

All samples were collected in pre-cleaned high-density polyethylene bottles with a capacity of 1 Liter and
stored in coolers at 4 °C before transport to the laboratory for chemical analysis. During sampling, an
aliquot of 100 mL from each sample was filtered through 0.45 pm nitrocellulose membranes and acidified
to pH < 2 with ultrapure nitric acid to allow cation analyses (Ndoye et al., 2023).

The latitude and longitude of each sampling location were approximated using MAPS.ME for
geolocation. Sartorius PT-10 pH meter and an ELMETRON CC-411 conductivity meter, both calibrated
beforehand, were used for in situ measurements of pH (£ 0.1), electrical conductivity (= 0.25%), and
temperature (+ 0.1°C). These measurements were taken directly in the field to minimize any alteration of
the samples' characteristics.
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Fig 1 : Map showing study area location and sampling points
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2.3 Analyses of physicochemical parameters

In the laboratory, the physicochemical parameters were measured according to the protocol described
by

Rodier et al. (2009). The concentrations of HCOs™ (= 0.6 mg/L), Cl” (= 0.35 mg/L), Ca** (+ 0.4 mg/L),
and Mg** (£ 0.24 mg/L) ions were determined by volumetry. NOs~, NO2", PO+*~, SO+~ , and NH4" ions
were measured by UV-visible spectrophotometry (Genesys 10S UV-Vis), with an uncertainty of + 1 to
2% (Sodomon et al., 2025). The K*, Na*, and total iron contents were measured by inductively coupled
plasma optical emission spectrometry (ICP-OES), with a detection limit of less than 0.002 mg/L (Manu et
al., 2023). The oxidability (permanganate index PI) was determined by permanganate oxidation, with an
uncertainty of £ 0.1 mg O-/L.

Before using the chemical data from all samples, they were subjected to ion balance error (IBE)
calculations to assess the accuracy of the chemical analysis for each water sample. The IBE values were
within the acceptable +10% limit for all samples, validating the use of their chemical data for
interpretation. (El Baba et al., 2020; Giri et al., 2025). The Ion Balance Error (IBE) is calculated using
Equation (1).

B Y Cation — ). Anions

IBE =
Y. Cation + ). Anions i

100 (D

2.4 Statistical analysis

Before statistical analysis, all physicochemical data were standardized to ensure comparability among
variables and to avoid distortions related to differences in measurement scales. Descriptive statistics and
the Mann-Whitney U test were applied to seasonal and water-source groups at a 95% confidence level to
identify variations across the different seasons. In addition, principal component analysis (PCA), aimed at
reducing data dimensionality and identifying the major factors or drivers explaining the overall variance
in the dataset, was performed, along with correlation analyses, using OriginPro 2021 (Huang et al., 2010;
Ma et al., 2020). In parallel, correlation analyses were conducted to characterize the relationships among
water quality parameters. These multivariate analyses made it possible to investigate the simultaneous
variations of physico-chemical parameters and to highlight dominant statistical structures, trends, and
differences among samples, thereby contributing to a more comprehensive interpretation of water quality
and hydrogeochemical evolution as detailed in previous studies (Sodomon et al., 2025; Sunkari et al.,
2024; Hamma et al., 2024; Patel et al., 2023; Akpataku et al., 2020).

Furthermore, the assessment of hydrogeochemical processes controlling the chemical composition of
groundwater and surface water was based on the combined use of classical hydrochemical diagrams and
geochemical analysis tools. The Piper diagram was used to identify and classify hydrochemical facies
based on the concentrations of major cations and anions (Piper, 1944). This approach allows
discrimination of dominant water types and highlights mineralization processes associated with water-
rock interactions and other interactions. The integration of these approaches provides a comprehensive
understanding of the mechanisms controlling the chemical composition and quality of the studied waters.



NEPT 8 of 35

2.5 Water quality index

To assess current water quality and potential uses of water resources in the Volta Basin, a water
quality

index (WQI) was applied to a dataset collected specifically for this study (Bordalo et al., 2001). This
index reflects the combined influence of various water quality parameters on potability and summarises
overall quality status in a single indicator by comparing each parameter with international reference
standards.

The WQI was calculated using the method developed by Brown et al. (1972), which was adopted by
Horton (1985) and Tyagi et al. (2020). This widely used method is based on Equations 2-5. Each quality
parameter is weighted according to a relative weight (Wi) (Equation 2). This weighting is based on the
maximum value recommended by the World Health Organization (WHO) for each parameter, denoted as
Si (in mg/L), except for pH and electrical conductivity. The constant K (Equation 3) represents the
proportionality constant, and n the total number of parameters considered. The following formula then
expresses the overall calculation of the index:

wi= X @)
i = 3

1
K=—— (3)

2.5

Wi is the relative weight of each parameter, proportional to its importance for overall water quality.

S represents the maximum value recommended by the WHO for the parameter. The constant K is the
proportionality constant, and n is the total number of parameters considered. The quality sub-index is
determined following Equation 4.

Ci Co

Ql=|sl-—co

* 100 (4)

Where Qi is the quality sub-index for each parameter, calculated from the measured concentration.

Ci is the concentration of each parameter, and Co represents the minimum acceptable concentration for
each parameter (Table 1).

The WQI is then obtained using the following Equation 5.

_ Y QiW;

i=1

wol (5)

The relative weight calculation and minimum acceptable concentration for each parameter are presented
in Table 1.
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Table 1 : Calculation parameters and weighting factors used for Water Quality Index (WQI)

WHO guidelines(S;) 1/Si >1/S1 K=1/(31/Si) Wi=K/Si Ideal Value Co
pH 8.5 0.12 4.61 0.22 0.03 7.00
TDS (mg/L) 500 0.00 4.61 0.22 0.00 0
HCO3 (mg/L) 200 0.01 4.61 0.22 0.00 0
Ca** (mg/l) 75 0.01 4.61 0.22 0.00 0
Mg?* (mg/L) 50 0.02 4.61 0.22 0.00 0
K* (mg/l) 12 0.08 4.61 0.22 0.02 0
Na* (mg/l) 200 0.01 4.61 0.22 0.00 0
Fer (mg/L) 0.3 3.33 4.61 0.22 0.72 0
NH} (mg/L) 1.5 0.67 4.61 0.22 0.14 0
NO3 (mg/L) 50 0.02 4.61 0.22 0.00 0
NO3 (mg/L) 3 0.33 4.61 0.22 0.07 0
Cl™(mg/L) 250 0.00 4.61 0.22 0.00 0
SO%~ (mg/L) 250 0.00 4.61 0.22 0.00 0
>1/Si 4.61 1.00

The WQI rating is summarized in Table 2. Showing a low WQI for good water quality, while a high WQI
reflects poor or deteriorated water quality.

Table 2: Water Quality Index (WQI) classification ranges

WQI Water resource quality Use

0-25 Excellent quality Drinking water
>25-50 Good quality Drinking water
>50-75 Poor quality Use in irrigation and industry
>75-100 Very poor quality Use in irrigation

>100 Non-potable water Appropriate treatment is required before use

2.6 Water quality for irrigation purposes

Table 3 summarizes the calculation methods (Equations 6-12), where all ion concentrations are
expressed

in meq/L.
The Irrigation Water Quality Index is designed to evaluate the suitability of water resources for

agricultural irrigation. In this study, seven parameters namely Sodium Adsorption Ratio (SAR), Sodium
Percent (Na%), Residual Sodium Carbonate (RSC), Kelly’s Ratio (KR), Magnesium Hazard (MH),
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Permeability Index (PI) and Potential Salinity (PS) (Table 3), were used to classify the sampled water in
terms of its appropriateness for irrigation purposes (Rehman et al., 2024).

Table 3: Classification ranges for irrigation water quality indices

Equation Rang Category
<10 Excellent
SAR = [Na*] 6) 10-18 Good (Tegegne et al.,
SAR \/([Ca“);- [Mg**1) 18-26 Acceptable 2023)
>26 Unacceptabl
e
<20% Excellent
quality
20-40% Good
[Na*] + [K*] quality  (Kawo and
%Na Y Na =100 [Ca?*] + [Mg?*] + [Na +] + [K +] @) 40-60% Medium Karuppannan,
quality 2018)
60-80% Poor quality
80-100% Unsuitable
quality
<1.25 Good
quality
RSC RSC = ([HCO3] + [CO37]) — ([Ca?*] + [Mg?*]) (8) 1.25-25 Poor (Peiyuc et al, 2011)
quality
>2.5 Unsuitable
quality
[Na*] <1 Suitable
KR KR = —[Ca2+] Mg 9) . Unsuitable (Kumar et al., 2024)
[Mg?+] <50 Suitable
MH MH = 100—[ a2 + [Mg2'] (10) -0 Unsuitable (Kumar et al., 2024)
bl = 100+ [Na*] + ,/[HCO3] an <25 Unsuitable |
PI [Ca?*] + [Mg?*] + [Na*] 25-75 Good (Eid et al., 2023)
>75 Suitable
PS = [CI] + [SOZ7] (12) <3 Suitable
PS 2 3-5 Good  (Eid etal, 2023)

>5 Unsuitable
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2.7 Water quality for industrial purposes

The suitability of water for industrial use can be evaluated by assessing its corrosivity and scaling

potential using several industrial water-stability indices (Table 4). These indices, such as the Langelier
Saturation Index (LSI), Ryznar Stability Index (RSI), Puckorius Scaling Index (PSI), and the Larson-
Skold Index (LI), provide quantitative estimates (Equations 13-22) of the tendency of water to cause
corrosion or scale formation in industrial systems.

Table 4: Classification ranges for industrial suitability indices

Rang Category

LSI= pH — pHs (13) Corrosiv
<0
pHs = (9.3 + A+ B) — (C + D) (14) ©
A =log,,(TDS — 1)/10 (15) 040 (Mahaq
LSI P ’ Stable ietal.,
B = —13.12 * logy,[T(°C) + 273] + 34.55 (16) 2018)
C = logyo([Ca**]) (17)
D = log,o([HCO3]) (18) 707 Scaling
PSI = 2pHs — pHeq (19) =3  Scaling
Slight ~ (Kumar
PSI pHeq = 1.465 * log,,(Alcanity CaCO3) + 4.54 (20) 5-6 ig etal.,
scaling 2022)
-3 Corrosiv
e
<6 Scalipg
forming
RSI = 2pHs — pH 21 (El
RS Baroudi
I Stable etal.,
6-7 2024)
=7 Corrosiv
e
<0.8 Safe
[C17] + [SO37] (Ahmed
LI = (22) 0.8- .
LI C02-1 + [HCOZ Slight etal.,
[COsT] +1 3] 1.2 2021)
High
>1.2 corrosion
risk

3 Results and discussion
3.1 Seasonal variation of hydrochemical characteristics



NEPT 12 of 35

Tap water (Table 5) temperature ranged from 30.35 + 1.60 °C during the rainy season to 31.66 +
4.32

°C during the dry season. The pH values averaged 6.81 £ 0.80 in the rainy season and 7.10 £ 0.13 in the
dry season. These pH values indicate generally neutral water, with limited seasonal variability. Electrical
conductivity (EC) varied from 287 + 149 uS/cm in the rainy season to 321 + 200 pS/cm in the dry season,
reflecting a moderate degree of mineralization influenced by both the nature of the water sources and
treatment processes. Total hardness (TH) exhibited more pronounced seasonal variations, decreasing from
102.04 + 40.42 mg/L as CaCOs during the rainy season to 45.84 = 26.19 mg/L as CaCOs during the dry
season. Sodium (Na*) and potassium (K*) concentrations remained well below the World Health
Organization (WHO) guideline values of 200 mg/L and 12 mg/L, respectively.

Bicarbonate ions (HCOs") increased during the dry season (90.49 + 99.33 mg/L) compared with the rainy
season (56.73 £ 62.84 mg/L). Chloride concentrations (Cl") decreased from 55.03 £+ 14.64 mg/L in the
rainy season to 15.92 + 11.03 mg/L in the dry season. Sulphate concentrations (SO+*") remained low to
moderate, with values of 19.72 + 9.68 mg/L during the rainy season and 19.62 + 19.88 mg/L during the
dry season.

While ammonium (NH4") and nitrite (NO2") concentrations remained below the detection limit of the
analytical instrument, nitrate (NOs") concentrations varied from 5.28 + 5.45 mg/L in the rainy season to
0.48 = 0.05 mg/L in the dry season. Finally, the permanganate index (PI), used as an indicator of organic
matter pollution, showed low values in both the rainy (1.30 = 0.64 mgO>/L ) and dry (1.01 + 0.68
mgO>/L) seasons.

Table 5 : Descriptive statistical summary of physicochemical parameters for Tap water

Tap water samples WHO
End of rainy season (n=4) Dry season (n=5) guidelines
Parameters
Min Mean Max SD Min Mean Max SD
T°C 28.20 30.35 31.80 1.60 24.80 31.66 36.70 4.32 -
pH 5.64 6.81 7.42 0.80 6.93 7.10 7.27 0.13 6.5a8.5
EC (uS/cm) 188 287 507 149 113 321 624 200 -
TDS(mg/L) 122 186 330 97 74 209 406 130 -
TH (mg/L CaCO3) 67.60 102.04 160.57 | 40.42 15.00 45.84 80.40 26.19 -
Ca?" (mg/L) 2.00 4.30 6.80 2.45 2.40 9.76 18.40 5.98 75
Mg?* (mg/L) 15.20 22.17 35.35 9.02 1.94 5.23 8.40 3.13 50
K* (mg/L) 1.40 2.59 4.67 1.44 1.61 3.15 5.39 1.93 -
Na* (mg/L) 2.27 20.46 36.41 17.94 5.71 25.59 87.80 35.10 12
FeT (mg/L) 0.02 0.14 0.31 0.14 0.01 0.06 0.22 0.11 200
NH4" (mg/L) 0.25 0.25 0.25 - 0.25 0.25 0.25 - 0.3
Cl (mg/L) 35.50 55.03 71.00 14.64 3.50 15.92 28.40 11.03 1.5
HCO; (mg/L) 18.30 56.73 150.67 | 62.84 21.35 90.49 258.76 | 99.33 50
SO4* (mg/L) 13.25 19.72 34.00 9.68 1.94 19.62 44.18 19.88 3
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NO; (mg/L) 0.95 5.28 13.23 5.45 0.38 0.48 0.50 0.05 250
NO;z (mg/L) 0.03 0.03 0.03 - 0.03 0.03 0.03 - 250

PI (mg O2 /L) 0.35 1.30 1.75 0.64 0.25 1.01 1.80 0.68 5

The analytical results for surface water (Table 6) are presented as statistical summaries. The results

show

significant seasonal variability in the physical and chemical characteristics of surface water. Temperature
increases significantly (p < 0.05) at the end of the rainy season compared to the dry season, probably due
to the monsoon and winter characteristics of the weather during both sampling periods. However, the

temperature of tap water did not vary significantly. During the rainy season, surface water bodies are
likely to be exposed to higher ambient temperatures and higher solar radiation. The pH of surface water
samples ranged from 7.0 to 8.0, with mean values around 7.2 and 7.5 at the end of the rainy and dry

seasons, respectively, indicating that surface water remains generally neutral and shows no significant
seasonal variation. The values are compliant with WHO drinking water standards (OMS, 2017). Electrical
conductivity (EC) and TDS showed lower values during the rainy season (113 + 47 uS/cm and 73 + 30
mg/L) than during the dry season (152 + 63 uS/cm and 99 + 41 mg/L), reflecting a marked dilution effect
from freshwater inputs from precipitation and runoff. Major ions such as calcium, magnesium,

bicarbonates, and total hardness follow the same pattern and are significantly lower during the rainy

s€ason.

Table 6 : Descriptive statistical summary of physico-chemical parameters for surface water

Surface water samples
End of rainy season (n =10) Dry season (n =15) WHO
Variables guidelines
Min | Mean | Max [ SD | %CV Min | Mean | Max | SD | %CV [P-value
T°C 28.8 | 30.6 | 343 20| 65 232 ] 269 (307 | 2.1 7.7 <0.05 -
pH 7.0 7.5 80 | 0.4 4.9 7.1 7.3 7.7 | 0.3 3.5 0.5 6.5a8.5

EC(us/cm) 55 113 185 | 47 41 69 152 | 292 | 63 42 0.1 -

TDS(mg/L) 36 73 120 | 302 | 41 45.0 99 190 | 41 42 0.1 -

HCO;3 (mg/L) 2.0 11.8 | 183 | 5.6 | 47.9 47 | 283 |80.2 1200 70.7 | <0.05 -
Ca?" (mg/L) <DL 2.5 44 | 14 | 549 1.1 5.1 136 | 39 | 753 0.1 75
Mg?* (mg/L) 4.9 9.5 135 | 3.1 33.0 0.7 24 7.8 | 1.8 | 76.8 | <0.05 50

TH(mg/LCaCO3) | 23.0 | 452 | 634 | 15.6 | 34.6 89 | 226 | 535 151] 66.6 | <0.05 -

K" (mg/L) 1.0 2.1 65 | 1.6 | 783 1.8 5.0 10.1 [ 2.8 | 569 [ <0.05 12
Na' (mg/L) 1.6 3.6 62 | 1.5 | 428 3.1 10.5 | 340 (| 84 | 79.9 0.1 200
FeT (mg/L) <DL 1.6 4.1 1.3 | 82.0 0.1 0.8 1.8 | 0.7 | 90.0 0.3 0.3
NH4"(mg/L) <DL 0.3 06 | 02 | 90.7 <DL | 0.1 0.6 | 0.2 | 186.1 | <0.05 1.5
NO;(mg/L) 2.0 52 82 | 22 | 426 0.5 3.4 9.6 | 2.8 | 83.6 0.1 50
NO> (mg/L) <DL 0.2 05 (021 972 <DL | 0.1 02 | 0.1 | 1109 | <0.05 3
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Cl' (mg/L) 13.7 | 31.8 | 52.1 [ 10.7 | 33.7 6.4 19.9 [ 46.2 | 11.2 ] 563 | <0.05 250
SO4*(mg/L) 0.3 1.5 29 | 1.1 | 789 0.5 0.9 23 | 0.6 | 66.8 0.7 250
PI(mg O2/L) 2.8 3.7 63 | 1.1 29.7 <DL 3.0 5.1 1.3 | 439 0.6 5

In contrast, some parameters increase during the rainy season. This is particularly evident for
nutrients

such as nitrates (5.2 £ 2.2 mg/L), likely due to agricultural runoff, the transport of nitrogen fertilizers, and
leaching from soils enriched in organic matter (Ayeni et al., 2023; Smith et al., 2020). Total iron (1.6 +
1.3 mg/L) may also increase during this period, attributed to the remobilization of ferruginous soils or the
suspension of iron-rich particles by rainfall (Ayeni et al., 2023; Silva et al., 2018). Chlorides (31.8 £ 10.7
mg/L) and sulfates (1.5 + 1.1 mg/L) also show a slight increase during the rainy season, suggesting
mineral inputs through runoff or disturbance of riverbed sediments. The permanganate oxidability index is
higher in surface water than in groundwater during both seasons (Table 7), consistent with the likely
higher organic matter and suspended particle content, as well as the greater abundance of reductant
species, such as iron species.

Similar to surface water, groundwater (Table 7) shows little seasonal variation in EC and TDS. EC

averaged 527 + 310 uS/cm at the end of the rainy season compared with 514 + 304puS/cm during the dry
season. However, several major ions show statistically significant seasonal variations (p < 0.05), notably
magnesium, potassium, and sodium. Their concentrations increase significantly at the end of the rainy
season: Mg?" (41.2 +£29.7 mg/L), K" (3.3 £3.0 mg/L), and Na* (101.3 + 116.3 mg/L), whereas calcium
(12.7 £ 8.5 mg/L) is more abundant during the dry season. This contrast may reflect the effect of aquifer
recharge, whereby increased infiltration enhances the dissolution of minerals in the soil and bedrock,
enriching groundwater with dissolved ions (Singh et al., 2024).

Bicarbonates also show higher values during the rainy season (131.4 + 117.3 mg/L). Nutrients follow the
same trend.

Nitrates increase significantly between seasons (p < 0.05), rising from an average of 12.5 mg/L in the dry
season to 40.3 mg/L at the end of the rainy season. This substantial rise highlights the aquifer’s high
vulnerability to surface infiltration, particularly from agricultural fertilizers and domestic wastewater (Ben
Moussa et al., 2019). Few groundwater sampling points exceed the WHO potability limit (50 mg/L), with
concentrations up to 213.2 mg/L at the end of the rainy season, compared with 117.7 mg/L during the dry
season, suggesting a potential health risk, particularly for children (OMS, 2017; UE, 2020; Akpataku et
al., 2025a).

These results are consistent with those reported by Dougna et al. (2024) for the city of Kara in the study
area, indicating that nitrate concentrations are higher in the rainy season than in the dry season. At the
country level, other regional studies in basement aquifers have also reported seasonal variation in the
anthropogenic impact on groundwater quality (Akpataku et al., 2025a; Sodomon et al., 2025). However,
compared with the work of Zoulgami et al. (2015), which reported concentrations below 11 mg/L, the
hypothetical threshold of anthropogenic influence (Akpataku et al., 2025a), the overall results suggest a
deterioration in water quality in part of the study area. Such evolutions with emerging groundwater nitrate
contamination, driven by changing phases in fast-growing communities, are observed in parts of the world
where anthropogenic activities exert significant pressure on water resources (Anornu et al., 2017; Saka et
al., 2023; Aju et al., 2024). Therefore, effective and adapted management options that integrate global
approaches and perspectives are required in the study area to constrain groundwater contamination and
use water resources sustainably.

Total iron also increases during the rainy season, with concentrations occasionally reaching high levels

(13.3 mg/L), although this difference is not always statistically significant. This increase may result from
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the dissolution of ferruginous minerals under more reducing wet-season conditions or from particle-laden
water infiltration, possibly linked to mining activities (Akpaki et al., 2019; Ayeni et al., 2023; Toi Bissang
et al., 2024). Both chloride and sulfate ions increase slightly at the end of the rainy season. However, only
chloride shows a statistically significant variation (p < 0.05), reaching up to 48.6 mg/L. The seasonal
increase in chloride and the similar, though non-significant, trend in sulfates reflect enhanced inputs of
dissolved elements from natural or anthropogenic sources (Koukou-Tchamba, 2022; Sodomon et al.,
2025). Overall, groundwater exhibits a seasonal dynamic that is generally the opposite of that of surface
water: it becomes more mineralized during the rainy season due to increased infiltration and dissolution. It
shows a significant rise in nitrate and chloride concentrations, indicating pronounced vulnerability to
contamination and human activities. The quality of groundwater can improve or deteriorate with the
seasons, underscoring the importance of seasonal monitoring for sustainable management (Singh et al.,
2024).

Table 7 : Descriptive statistical summary of physico-chemical parameters for groundwater

Groundwater samples
WHO
Variables End rainy season (n = 42) Dry season (n = 39)
guidelines
Min | Mean | Max | SD | %CV Min | Mean | Max | SD | %CV | P-value
T°C 25.0 1 30.5 | 34.2 2.0 6.6 25.0 | 29.8 | 35.8 22 7.3 0.2 -
pH 5.1 6.9 7.7 0.6 8.4 5.0 6.9 7.9 0.6 9.2 0.5 6.5a8.5

EC(us/cm) 90 527 | 1265 ] 310 59 66 514 | 1066 | 304 59 0.9 -

TDS(mg/L) [ 59 342 822 | 202 59 43 334 693 197 59 0.9 -
HCO;3;(mg/L) | 0.6 | 131.4 | 411.8 [ 117.3 | 89.3 0.6 | 167.1 | 392.8 | 122.8 | 73.5 0.2 -
Ca?" (mg/L) | 0.5 5.8 204 | 45 76.9 0.8 | 12.7 | 40.0 8.5 66.4 | <0.05 75
Mg* (mg/L) | <DL | 41.2 | 103.8 | 29.7 | 72.2 0.7 | 102 | 318 8.8 86.6 | <0.05 50
TH 10.4 | 184.0 | 447.7 | 122.0 | 66.3 50 | 73.6 |209.1 | 52.6 | 71.4 | <0.05 -
(mg/LCaCOs)

K* (mg/L) 0.5 33 13.0 | 3.0 90.1 0.5 2.4 6.3 1.5 63.3 | <0.05 12
Na* (mg/L) 1.1 | 244 [ 101.3 | 284 | 1163 1.5 | 54.6 |207.2| 56.6 | 103.5 | <0.05 200
FeT (mg/L) [ <DL | 0.7 133 23 [3092||<DL| 04 9.5 1.6 | 3615 0.1 0.3
NH4"(mg/L) [ <DL [ 0.0 0.7 0.1 |248.7||<DL| <DL | <DL | <DL | <DL 0.3 1.5
NOs(mg/L) | 0.6 | 40.3 | 213.2 | 51.7 | 128.3 02 | 125 | 117.7 | 241 | 193.3 | <0.05 50
NO;(mg/L) | <DL | 0.0 0.6 0.1 |199.2]||<DL| 0.0 0.2 0.0 | 1156 <0.05 3

CIl' (mg/L) 39 | 48.6 [245.0| 37.7 | 775 7.1 | 272 | 61.1 | 12.0 | 443 | <0.05 250
SO4#(mg/L) | <DL | 163 | 115.8 | 24.7 | 152.2 0.5 9.5 56.0 | 12.8 | 134.9 0.8 250
PI(mg Ox/L) | 0.3 0.5 39 06 [119.1 | |<DL| 0.6 2.5 04 | 70.5 | <0.05 5
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The dominance of major anions and cations is in the order of HCO3 > CI> SO4* > NOs and Na™>
Mg2+ >

Ca?" > K" in tap water, CI> HCO3 > NO; > SO4>" and Mg?* > Na™> Ca?" > K" for surface water in the
end of the rainy season, C1> HCO3 > NOs > SO4> and Na" > Ca?" > K* > Mg?" for surface water in dry
season, HCOs™> CI'> NOj3 > SO4* and Mg?" > Na™ Ca?" > K* for groundwater in the end of the rainy
season and HCOs™> Cl"> NOs > SO4> and Na*™> Ca?" > Mg?* > K" for groundwater in dry season. Since
tap water results from surface water treatment, differences in ion dominance between the two water types
may be due to the use of aluminum sulfate salts for surface water clarification and sodium carbonate salts
for water softening. Consequently, tap water gets enriched with Na* and SO4* compared to surface water.
Seasonal variation in ion dominance in surface water and groundwater suggests the control of season-
driven changes in terrestrial hydrological system components, such as runoff and infiltration, as well as
spatiotemporal variation in human-land interactions on water resource quality. These variations are
evidenced by the high coefficient of variation values, except for pH and temperature.

3.2 Multivariate statistical

3.2.1 Correlation matrix
The correlation matrix (Fig 2), interpreted using the significance threshold (p < 0.05), on the basis that
only the strongest coefficients correspond to meaningful relationships. Significant positive correlations
among EC, TDS, Na*, Mg?", Ca?*", SO+*-, HCO:-, and total hardness indicate a dominant natural control
through water-rock interactions and mineralization from silicate and carbonate-sulfate minerals. CI°
showed significant correlation with ions such as NO3z and major cations, suggesting similar sources or
concomitant input from anthropogenic sources that magnify water mineralization (Sodomon et al., 2025).
NH4", NOy, and PI are positively and significantly correlated. These parameters may result from the
decomposition of organic matter, including household garbage, vegetation, and animal or human
dejections. They are negatively correlated with most ions, suggesting that anthropogenic degradation
occurs episodically, mainly during conditions that favor intermittent leaching and runoff. Therefore, there
is redox-controlled species mobilization.

T
T |10 pH !
pH 1,0 Cond 0.8
Cond 1,0 TDS
TDS 1,0 1,0HCO3- — 06
HCO3- 0,92 0,92 1,0 Ca2+
Ca2+ 1,0 Mg2+ - 04
Mg2+ 0,83 0,83 0,74 1,0 TH L 02
TH 0,84 0,84 0,73 0,99 1,0 K+
K+ 1,0 Na+ -0
Na+ 0,81 0,81 0,83 1,0 FeT
FeT 1L,ONH4+ - 02
NH4+ 1,0 NO3- | 04
NO3- 1,0 NO2-
NO2- 0,82 1,0 Cl- 0,6
Cl- 0,63 1,0S042-
S042- 0,80 0,80 0,83 0,67 0,64 0,76 1,0 PI 08
PI 1,0 p

p-value <= 0,05

Fig 2: Pearson correlation matrix
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3.2.2 Principal Component Analysis (PCA)

Table 8 presents the correlations between the original variables and the first five principal

components,

showing the strength and direction of each parameter’s contribution. The five retained components
explain more than 80.60 % of the total variance, ensuring a robust representation of the dataset. PC1
(41.80%) is strongly controlled by EC, TDS, total hardness, and major ions (Ca?*, Mg?*, HCOs", SO+*,
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Na"), reflecting a dominant natural mineralization gradient related to geological processes (ABV-OMM-
GWP, 2016). PL, FeT, NH+" , and NO:~ load negatively and weakly on this axis, indicating a contrast with

anthropogenic inputs from domestic wastewater, agriculture, or urban runoff (Akpataku et al., 2021;
Mallya and Rwiza, 2021; Toi Bissang et al., 2023). PC2 (13.81%) opposed pH and NOs™ loadings,

defining a secondary gradient linked to redox conditions, acidification, and diffuse nitrogen enrichment
(Hamma et al., 2024). PC3 (11.24%) groups PI, NH.*, and NOx>", suggesting organic contamination and

microbial nitrogen transformations, and PC4 (7.72%) correlated with K*. PC5 (6.03%) highlights FeT
loading positively with pH and PI, which load negatively on this component, indicating antagonism

between localized metal inputs and pH and episodic organic matter inputs. Overall, the PCA reveals three

major gradients controlling water quality: natural mineralization, nitrogen enrichment from human

activities, and localized physicochemical equilibrium conditions. These patterns underscore the system’s

spatial heterogeneity and the need for targeted, site-specific monitoring.

Table 8: PCA loadings and explained variance

PCl1 PC2 PC3 PC4 PC5
T 0.174 0.114 -0.233 0.439 -0.061
pH 0.052 0.421 0.107 -0.352 -0.496
Cond 0.364 0.054 0.102 0.095 0.016
TDS 0.364 0.054 0.102 0.095 0.016
HCO3- 0.337 0.247 -0.012 0.054 0.045
Ca2+ 0.201 -0.303 0.097 -0.172 -0.084
Mg2+ 0.325 -0.036 0.182 -0.207 0.171
TH 0.330 -0.089 0.182 -0.219 0.139
K+ -0.074 -0.219 0.310 0.494 -0.237
Na+ 0.280 0.262 -0.010 0.293 -0.072
FeT -0.129 0.108 0.011 -0.139 0.656
NH4+ -0.194 0.215 0.469 0.146 0.193
NO3- 0.084 -0.487 0.237 0.195 -0.050
NO2- -0.169 0.202 0.463 0.178 0.214
Cl- 0.195 -0.291 0.289 -0.262 -0.040
SO42- 0.293 0.253 0.075 0.100 0.136
PI -0.189 0.203 0.401 -0.155 -0.306
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Eigenvalue 7.10534 2.3485 1.91129 1.31314 1.02539
% of Variance 41.80% 13.81% 11.24% 7.72% 6.03%
41.80%

% of cumulative
variance 55.61% 66.85% 74.57% 80.60%

3.3 Hydrogeochemical facies

Piper diagrams (Fig 3) reveal hydrochemical contrasts between surface waters and waters in our
study

area (Piper, 1944). Surface waters are mainly located in the Ca-Mg-Cl and Na-Cl fields, indicating a
predominance of alkaline-earth cations and chloride associated with secondary soil salts and water-rock
interaction pathways (Akpataku et al., 2019; Tshanga et al., 2025). A few samples show a slight deviation
toward Ca-Mg and HCOs influences, suggesting a minor contribution. In contrast, groundwater samples
show a wider distribution, with several falling within the mixed Ca-Mg-HCO3;, Na-HCO3, Mg-Cl, and Ca-
Mg-Cl facies. However, in the upper Oti sub-basin, within the Volta basin in Togo, Ca-Mg-HCO3 and Na-
HCO:s are the dominant hydrochemical facies identified (Akakpo et al., 2025). Hydrochemical facies
patterns reflect various geochemical evolution trends. However, the pollution characteristics of some
samples suggest additional inputs consistent with agricultural or sewage contamination. Overall, the Piper
diagrams indicate that surface waters and groundwater are mainly controlled by silicate and carbonate
lithology, which dominate in the study area (Ani et al., 2025; Loh et al., 2012), and are shaped by
geogenic-anthropogenic interactions.

Ca ° 0 CI+NO3 10 10 Ca ° ° CI+NO3 0

Surface Water Groundwater

Fig 3 : Piper diagram of surface water and groundwater
3.4 Gibbs diagram

Gibbs diagrams were used to identify the major mechanisms controlling the chemical composition of

water during the wet and dry seasons (Fig 4) (Gibbs, 1970). The ratios Na*/(Na* + Ca?") and C17/(Cl” +
HCOs") were plotted against Total Dissolved Solids (TDS). Fig 4 shows that most samples fall within the
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rock-weathering dominance field, indicating that the water's chemical composition is primarily controlled

by interactions with the geological formations through which it flows. This distribution suggests that
mineral dissolution is the primary source of dissolved ions in the study area's waters (Gao et al., 2019).

The similar distribution observed during both the wet and dry seasons suggests that the hydrogeochemical

mechanisms controlling water quality remain relatively stable throughout the hydrological cycle.
Therefore, the Gibbs diagrams indicate that rock weathering is the dominant process controlling the

chemical composition of waters in the Volta Basin, whereas evaporation exerts only a secondary influence

(Mohamed et al
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Fig 4: Gibbs diagram for the samples

3.5 Water chemistry controls

The chemical composition of water resources in the Togolese Volta Basin is examined.

Anthropogenic

impacts on geochemical processes associated with water-rock interaction, including the dissolution of
carbonate and silicate minerals, evaporite dissolution, and ion exchange, were analyzed using bivariate
ionic diagrams (Appelo and Postma, 2010; Chidambaram et al., 2018).
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The Na* vs Cl plot is used to assess the control of evaporitic or saline environments on both ions (Aweda
et al., 2023). Fig 5a shows that sodium is not associated with chloride, ruling out the effect of evaporite
salts, in line with the dominance of silicate rock in the study. High excesses of sodium over chloride
suggest that it originates mainly from silicate minerals through water-rock interaction processes. At the
seasonal scale, chloride may have a minor anthropogenic origin during the rainy season (Kitessa et al.,
2024). The Na* + K* vs CI” + SO+* plot (Fig 5g) also shows that all points lie above the equivalence line,
indicating an excess of Na* + K*. This supports that alkaline cations do not originate from the dissolution
of evaporitic minerals such as NaCl or Na>SOs. Instead, their origin would be predominantly linked to
silicate weathering and ion-exchange processes (Wagh et al., 2025).

A Total Cations vs HCOs™ diagram is used to assess the control exerted by carbonate minerals. Fig 5b
shows that all samples plot above the equivalence line, indicating an excess of cations relative to
bicarbonates. At the end of the rainy season, waters exhibit higher mineralization, reflecting enhanced
mineral dissolution. In contrast, during the dry season, values are lower but still above the line, confirming
that bicarbonates do not control mineralization. The Ca?" + Mg?" vs SO4*>~ + HCOs~ diagram (Fig 5c¢)
shows that most points, particularly during the wet season, plot above the 1:1 equivalence line, indicating
an excess of Ca?" + Mg?*. This suggests that samples plotting above the line (end of the rainy season) and
those below it (dry season) both reflect the seasonal control on geochemical processes of alkaline earth
release in the basin’s waters (Tay, 2021). In addition, the Ca** + Mg** vs HCO;™ (Fig 5d) plot further
confirms that most samples lie above the equivalence line, indicating an excess of alkaline-earth cations
relative to bicarbonates. This configuration shows that carbonate mineralization and dissolution are not
prominent. At the end of the rainy season, higher Ca?" and Mg*" concentrations reflect an active
hydrogeochemical regime driven by recharge. During the dry season, lower, more equilibrium-oriented
values indicate less mineralized waters and a more stable hydrochemical regime.

The Total Cations vs Ca** + Mg?" (Fig 5e) plot shows that samples from the end of the rainy season
exhibit strong mineralization and plot well above the equivalence line, indicating a significant
contribution from other cations, particularly Na* and K*. During the dry season, points lie closer to the
line, suggesting that Ca** and Mg?* dominate mineralization. Moreover, in the Total Cations vs Na* + K*
plot (Fig 5f), most samples lie well above the equivalence line, demonstrating that total cations greatly
exceed the contribution of Na* + K* alone. This pattern reflects silicate weathering and ion-exchange
processes as key sources of cations (Aweda et al., 2023; Rai et al., 2023). The Na*/Ca*" plot (Fig 5h)
shows a clear dominance of sodium over calcium, a trend that is particularly pronounced at the end of the
rainy season. This confirms that Na* mainly originates from silicate weathering and ion-exchange
processes. At the same time, Ca?" remains relatively low, especially during the dry season, when waters
are less mineralized under equilibrium-oriented conditions.
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® End of rainy season|
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Fig 6 : Bivariate plot of (Ca** + Mg?") - (HCOs™ + SO+*) Vs (Na" + K* - CI")
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Fig 7: Saturation index of selected minerals (a) end of the rainy season and (b) dry season

The cross-plot (Fig 6) of (Ca?" + Mg*") - (HCOs™ + SO4*") vs (Na" + K* - CI') clearly highlights the ion-
exchange processes that govern the chemical composition of the basin’s waters. Most notably, most data
points align along the 1:-1 trend (y = -x), indicating an ionic balance dominated by exchanges between
alkaline cations (Na*, K*) and alkaline-earth cations (Ca**, Mg?*) (Rai et al., 2023). Furthermore, seasonal
differences are clearly evident. At the end of the rainy season, the more scattered values suggest an
influence by processes driven by increased aquifer recharge, solute input, and contamination (Akpataku et
al., 2019). Conversely, during the dry season, points are closer to and more evenly distributed along the
exchange line, reflecting a more stable hydrochemical regime.

The saturation indices of calcite, dolomite, gypsum, and halite (Fig 7) indicate that all samples are
undersaturated with respect to these minerals, suggesting an early stage of hydrochemical evolution of
water resources in the study area. The variation in saturation index with TDS showed less regular
evolution at the end of the rainy season than in the dry season, probably because recharge processes
during the rainy season can induce thermodynamic disequilibrium. Overall, the basin’s hydrochemistry
results from a combination of natural processes, with the rainy season playing a key role in replenishing
and enriching the water with dissolved ions. In contrast, the dry season favors a more stable, less
concentrated, equilibrium-oriented chemical composition of water resources in the study area.

3.6 Drinking Water Suitability
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Table 9 summarizes the Water Quality Index classes of surface water, tap water, and groundwater during
the dry and rainy seasons.

Table 9 : Seasonal variation of Water Quality Index (WQI)

Percentage of water samples as per WQI classes

Seasons Type of water <25 25-50 50-75 75-100 >100
Surface water 20 0 10 0 70
End of the rainy season Tap water 50 25 0 25 0
Groundwater 55 12 5 7 21
Surface water 13 20 0 20 47
Dry season Tap water 60 20 20 0 0
Groundwater 64 13 10 3 10

During the dry season, surface water shows a mean WQI of about 197.7, indicating poor quality, with
some sites reaching values above 440 and therefore classified as very poor or unfit for human
consumption. About 33 % fell in the excellent category, while 20 % and 47 % fell in the very poor and
unsuitable categories, respectively. In contrast, tap water samples (80 %) maintained excellent to good
quality, whereas 20 % were of poor quality. Their mean value of 20.98 suggests that throughout the dry
season, Tap water is safely within the acceptable range. Groundwater quality is highly variable during the
dry season, with a mean WQI of 106.45. About 77 % fall into excellent to good water quality, 13 % into
poor water quality, and 10 % into the unsuitable for drinking purposes category. These results highlight
the deterioration of surface water compared to other water sources. During the rainy season, surface water
quality further deteriorates, with a mean WQI of 394.7 and 70% of samples in the unsuitable category,
indicating strong degradation. Tap water continues to exhibit good, stable quality (mean = 34.21),
remaining reliably potable for 75% of samples, while 25% fell into the very poor category. Groundwater
again shows considerable variability, with a mean WQI of 179.13, 67% falling into the excellent and good
categories, and 21% into the unsuitable for drinking range, indicating that few groundwater sources
become unsuitable for drinking during the wet season.

These quality indices have significantly higher values, likely due to higher iron content, than those
reported in the watershed under similar conditions (Aher et al., 2016; Mammeri et al., 2023). Overall, tap
water is the only consistently safe source in both seasons, while surface water and many groundwater
sources are of very poor to unsuitable quality, especially during the rainy season. The greater deterioration
of surface water is expected, as it results from surface runoff and is more vulnerable to surface
contamination than groundwater. Assuming an efficient water treatment plant, poor Tap water quality
may result from drinking water distribution systems that develop microbiochemical environments over
decades, even under regular or intermittent service, along with pipe leakage and soil-water interactions
(Fang et al., 2023; Shakya et al., 2022). These lead to pipe scaling and the release of elements such as Fe,
Mn, and even toxic elements such as Pb, and can significantly impact water quality at customers’ taps.
The presence of these elements may explain the relatively high permanganate oxidability index PI. The
situation in the study area calls for systematic maintenance of the water distribution network and service
lines, as well as regular monitoring of tap water quality across a range of chemical variables.

3.7 Suitability of Water for Irrigation
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The sodium adsorption ratio (SAR) is a key indicator of the risk associated with sodium in irrigation

water. SAR values (Table 10) indicate that at the end of the rainy season, 100% of sampling points have
values < 10, placing them in the ‘excellent’ category for irrigation suitability. The same tendency is
observed in surface water during the dry season. The percentage of sodium (Na%) is a key parameter used
to assess the potential risks associated with excess sodium in irrigation water. High %Na values indicate
an increased risk of soil sodium accumulation, which can lead to soil particle dispersion, reduced soil
permeability, and decreased aeration. The %Na index has been used to distinguish five water quality
classes (Kawo and Karuppannan, 2018). The %Na index shows high variability between sampling points.
At the end of the rainy season, 80% of surface water samples fall into the “excellent” category (< 20) and
20% into the “good” category (20-40), both of which are suitable for irrigation (Barik and Pattanayak,
2019). For groundwater, 54% is excellent (<20), 29% is good (20-40), 15% is average (40-60), and 2% is
poor (60-80). During the dry season, this distribution is reversed: 53% of groundwater samples fall into
the ‘unsuitable’ category (80-100), and 27% of surface water is classified as ‘poor’ (60-80), indicating a
susceptibility to soil sodium enrichment under low flow conditions. This high Na concentration ultimately
impairs water infiltration and root development, thereby limiting crop productivity (Kadjangaba et al.,
2023; Kumar et al., 2022). Na% is therefore essential for assessing the immediate and long-term
suitability of water for sustainable irrigation.

The Kelly ratio (KR) used in this study is an important indicator of irrigation water quality. KR values,
which are generally above 1 during both seasons, further confirm a low risk of sodicity and overall
compatibility with irrigation (Kadjangaba et al., 2023; Kumar et al., 2024). High magnesium
concentrations can compromise crop productivity, as this element, when present in excess, contributes
more to increasing soil alkalinity than

calcium. For this reason, it is essential to assess magnesium in irrigation water using the magnesium
hazard index (MH) (Kumar et al., 2024). For the MH, at the end of the rainy season, almost all sampling
points have values > 50, corresponding to unsuitable irrigation water, except for two groundwater points.
During the dry season, 40% of surface water samples and 68% of groundwater samples also exceeded 50,
indicating less favorable irrigation water quality than during the wet season.

RSC is used to determine the potential impact of irrigation water on soil structure, permeability, and
productivity. It plays an important role in areas with high concentrations of carbonates and bicarbonates.
RSC values are classified as <1.25, 1.25-2.5, and >2.5 as suitable, questionable/poor, and unsuitable,
respectively. The RSC index shows that 98% of points at the end of the rainy season have values < 1.25,
which corresponds to ‘good’ to ‘excellent’ quality for irrigation. During the dry season, only 54% of
surface water and 10% of groundwater samples fall into this category. In addition, 13% of surface water
and 16% of groundwater samples during the dry season were of poor quality (1.25-2.5), and 33% of
surface water and 74% of groundwater were unsuitable (> 2.5), indicating significant carbonate
accumulation during the dry period.

The presence of salts in irrigation water, such as Na*, Ca?", Mg?" , and HCOs", can affect soil
permeability. To assess this impact, the quality of irrigation water is classified using the permeability
index (PI). In terms of PI, at the end of the rainy season, 90% of surface water falls into the ‘good’
category (25-75) and 10% into the ‘excellent’ category (> 75). For groundwater, 7% is unsuitable (<25),
73% is good, and 20% is excellent. During the dry season, 100% of surface water samples are excellent,
while 95% of groundwater samples are excellent and 5% are good. Finally, the potential salinity index
(PS) shows that all sampling points, except one, have values < 3, placing them in the “excellent” category
for salinity risk from irrigation when water evaporates or is absorbed by plants (Mohanavelu et al., 2021).

Table 10 : Seasonal variation of irrigation suitability indices
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Percentage of water samples as per irrigation purpose classes

Rang End of the rainy season Dry season
Surface Groundwater  Surface
Groundwater water
water water water
<10 100 100 100 95
6-18 0 0 0 5
SAR
18-26 0 0 0 0
>26 0 0 0 0
<20% 80 54 0 16
20-40% 20 29 20 13
40-60% 0 15 53 0
“Na 60-80% 0 2 27 18
80- 0
100% 0 0 53
<1.25 100 98 54 10
RSC 1.25-2.5 0 2 13 16
>2.5 0 0 33 74
<1 0 0 0 0
KR
>1 100 100 100 100
<50 0 2 60 32
MH
>50 100 08 40 68
<25 0 7 0 0
PI 25-75 90 73 0 5
>75 10 20 100 95
<3 100 98 100 100
PS 3-5 0 0 0 0
>5 0 2 0 0

3.8 Suitability of water for industrial use
The assessment of the corrosive and scaling potential of water using saturation and stability indices
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(Table 11) highlights the aptitude of water resources for industrial use during the two seasons considered
in this study. The Langelier saturation index shows negative values. These negative values (LSI < 0) were

observed in all samples except for one sampling point. It reflects calcium carbonate undersaturation,

indicating a low capacity of the water to form a protective CaCOs film on metal surfaces, which promotes
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corrosion of metal installations (Kumar et al., 2024). This is explained by low mineralization,
characterized by low alkalinity and low hardness content (Lodha et al., 2023).

Table 11: Seasonal variation of industrial stability indices

Percentage of water samples as per industrial purpose classes

Rang End of the rainy season Dry season
Surface Groundwater Surface Groundwater

water water water water
<0 100 97 100 100
LSI  0+0.5 0 3 0 0
>0.5 0 0 0 0
<5 0 0 0 0
PSI  5-6 0 45 0 0
>8 100 55 100 100
RSI <6 0 0 0 0
>7 100 100 100 100
<0.8 30 81 0 5
LI  0.8-1.2 0 2 0 13
>1.2 70 17 100 82

The Ryznar Stability Index (RSI) shows values above 7 (RSI > 7) for all samples during the two
campaigns. This translates into a high propensity for calcium carbonate dissolution, to the detriment of
deposition (Dougna et al., 2024). High RSI values are typically associated with aggressive waters, which
can accelerate the corrosion of concrete and even metallic materials, particularly when the pH and
alkalinity are insufficient to stabilize the carbonate system. The concordance between the LSI and RSI
results thus reinforces the reliability of the corrosion diagnosis established for the waters in the study area.
At the end of the rainy season, all water samples had PSI values above 8, indicating a marked tendency
towards corrosion. This situation is attributed to the dilution of alkali and alkaline earth ions by rainfall,
leading to a decrease in water alkalinity and chemical stability. In the dry season, although the majority of
sampling points (68%) maintain PSI values > 8, reflecting a predominantly corrosive behavior, a
significant proportion of samples (32%) show values between 5 and 7. This trend suggests a slight
tendency towards scaling at certain sites, probably linked to increased water mineralization, higher solute
concentrations, and longer water-rock interactions in the aquifer systems.

Furthermore, the Larson-Skold index (LI) highlights the influence of anions, particularly chlorides
and

sulfates, on the stability of the protective calcium carbonate film. At the end of the rainy season, the
majority of groundwater samples (81%) are of good quality (LI < 0.8), indicating a low impact of
aggressive anions on corrosion. However, 17% of samples have LI values above 1.2, indicating a high risk
of corrosion, probably linked to anthropogenic inputs or the dissolution of geological formations rich in
soluble salts. During the dry season, the situation deteriorates, with 100% of surface water and 82% of
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groundwater showing LI values > 1.2. This increase in corrosive potential during low-water periods can
be explained by the higher concentrations of chloride and sulfate ions resulting from evaporation, reduced
flow rates, and intensified anthropogenic pressures. All these LSI, RSI, PSI, and LI indices highlight the
corrosive nature of the water in our study area, posing a potential risk to infrastructure durability.

3.9 Sustainable management of water resources

Based on the hydrochemical patterns, water quality indices, and statistical analyses obtained in this
study,

several actions are recommended to ensure the sustainable management of water resources in the
Togolese part of the Volta Basin:

1. Strengthen monitoring of critical water quality parameters: Seasonal fluctuations and episodes of
nitrate, iron, and chloride contamination highlight the need for continuous monitoring of nitrates,
iron, chlorides, sodium, magnesium, and sulfate, especially during the rainy season.

ii.  Protect groundwater recharge zones: During the rainy season, increased infiltration can increase
mineralization and transport pollutants toward aquifers. It is important to control anthropogenic
activities near recharge areas; avoid activities that could pollute them; and avoid dumping
domestic waste or wastewater into infiltration zones.

iii.  Secure and maintain drinking-water infrastructures: Since tap water is the only consistently safe
source, it is important to expand access to piped water networks and secure boreholes.

e Establish community-based water governance: Sustainable management requires local water
committees involving farmers, households, and authorities; awareness campaigns on pollution
risks and safe water use; transparent sharing of water-quality data with communities; and
strengthened collaboration with the Volta Basin Authority (VBA) to ensure coordinated, basin-
wide water management.
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4. Conclusion
This study provides a comprehensive assessment of water quality in the Togolese sector of the Volta
Basin.

It highlights a hydrochemical system strongly influenced by seasonal dynamics and local geological
conditions. During the rainy season, groundwater becomes significantly more mineralized due to
enhanced infiltration and solute transfer from the land surface or the vadose zone. In contrast, surface
waters experience marked dilution, even as they receive increased nutrient and iron inputs from
agricultural runoff and domestic discharges. These patterns reveal a high vulnerability of both aquifers
and surface waters to contamination. The Water Quality Index shows that only tap water consistently
meets drinking-water standards. A few groundwater and surface water samples exceed recommended
limits for nitrates and iron, especially during the wet season. Despite this, most waters remain generally
suitable for irrigation, although attention is required regarding sodium, magnesium, and residual salinity,
which may affect soil structure and crop productivity. Industrial stability indices further indicate variable
risks of corrosion and scaling, posing challenges to the long-term integrity of water supply hydraulic
infrastructure. Water quality in the basin is controlled by a combination of natural mineralization
processes, such as the weathering of carbonate and silicate minerals, and ion exchange, as well as
anthropogenic inputs from agriculture and domestic activities. These results highlight the need to
implement integrated water resource management strategies, including strengthening monitoring of
sensitive parameters, such as microbiological indicators; protecting recharge zones; reducing pollution
sources; and developing public awareness initiatives. Such measures are essential to ensure the sustainable
and safe use of water resources throughout the Volta River Basin.
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