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Abstract

This study focuses on a semi-arid area of Chad—the Mangalmédepartment—where access to drinking water remains a major
concern. The population relies primarily on groundwater (wells) and surface water (ponds/reservoirs) for drinking and domestic
use. These resources are affected by climate change, notably through declining water table levels, the disappearance of water
bodies, drought, and the degradation of vegetation cover. Compounding these issues are anthropogenic pressures linked to
agriculture, livestock farming, and sanitation. The aim of this study is to assess the physicochemical quality of these waters,
identify critical anomalies, and determine the sources of contamination in order to provide data useful for health and
environmental management. To this end, ten (10) localities were monitored over a three-month period (March, April, and May).
Water samples from wells and ponds were collected, georeferenced using GPS, stored in cool boxes, and analyzed in the
laboratory. In situ measurements included pH at 25<C, electrical conductivity, total dissolved solids, and turbidity. Chemical
analyses covered total hardness (CaCOs3), calcium (Ca?"), magnesium (Mg?*), potassium (K*), sodium (Na*), bicarbonates
(HCO3"), chlorides (CI), sulfates (SO4>), nitrates (NOs"), fluorides (FY), iron (Fe), and ammonium (NH4*). The methods
employed included volumetry, flame photometry, and HACH 2800 spectrophotometry. A correlation matrix and a normalized
multiparameter comparison were used to interpret the relationships between parameters. The results reveal heterogeneous
mineralization. Some water sources exhibit high conductivity and dissolved solids, very high turbidity, iron and fluoride
concentrations exceeding WHO guidelines, and alarming ammonium levels. pH values vary, reflecting distinct geological and
anthropogenic conditions. The correlation matrix reveals a strong interdependence among conductivity, dissolved solids,
calcium, magnesium, chlorides, and sulfates, suggesting a common origin or similar chemical interactions. In conclusion, none
of the ten sources analyzed fully meet potability criteria without treatment. The contamination is twofold: natural—linked to the
weathering of sedimentary rocks (sandstone, carbonates, fluorite) that release fluoride and iron—and anthropogenic, involving
ammonium from domestic, agricultural, and livestock waste. These findings necessitate regular monitoring, appropriate
treatment, and measures to protect water resources.
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1. Introduction

Water is a precious and essential natural resource for mul-
tiple uses, including food consumption and hygiene, thus re-
quiring impeccable physicochemical and microbiological
quality [1]. It has always been an indispensable element for
the life of living beings, especially humans. Having this high-
quality resource available in sufficient quantity contributes to
maintaining the health of every living being on Earth. The
United Nations (UN) advocates for universal access to water
and sanitation, as well as the sustainable management of this
resource [2]. However, according to UNICEF/WHO figures
(2019), one-third of the world's population does not have ac-
cess to a safe drinking water source; half of this population
lives in Africa [3]. In addition, 2.5 billion people worldwide
lack access to adequate sanitation services [4]. Limited access
to drinking water remains linked to the unequal distribution of
available resources on the one hand, and to the adverse effects
of climate change on the other. Furthermore, the high temper-
atures in the semi-arid zones of Sub-Saharan Africa result in
significant water evaporation [5]. Several studies have also
highlighted poor chemical and bacteriological water quality in
developing countries [6-8]. However, the production of drink-

2. Materials and Methods

2.1. Presentation of the Study Area

ing water is not feasible when it exceeds a certain contamina-
tion threshold [9]. Therefore, water intended for human con-
sumption is potable when it is free from chemical elements
(toxic substances, excess mineral and organic matter) and bi-
ological elements (pathogenic germs) likely to cause water-
borne diseases in the short or long term [10, 11]. According to
the WHO (2005), 1.8 million people, 90% of whom are chil-
dren under five, mostly living in developing countries, die
each year from waterborne diseases (including cholera). 88%
of diarrheal diseases are attributable to poor water quality, in-
adequate sanitation, and poor hygiene. The study area, partic-
ularly Mangualmé is facing the adverse effects of climate
change, evidenced by the disappearance of ancient lakes and
their tributaries, falling groundwater levels, drought, loss of
vegetation cover, and desertification. Access to drinking water
in this area is therefore becoming a real problem for the pop-
ulation. This work involves analyzing samples from a part of
the city of Mangualmé The results of this study can provide
valuable information on the safety of drinking water, as well
as on the possible environmental impacts associated with its
use [12].

73



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

American Journal of Physical Chemistry

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

260000

1000000

1040000

1430000

1394000

1354000

1319000

Réalisation; TCHANG B Constantin
Source; Base de données CNRD
Projection: WGS 84, Zone 33 N

Date; le 01/04/2025

1270000

10

20 40 60

Salamate

1436l01l

lSdUllU

1 ZSIiUIIJ

lJ]dllJ!l

A Prélevement

routes

cours d'Eau

Limites
- Bassins
Mangalme

lZT{bﬂU(l

80

960000

1008000

1048000

Figure 1. Location of the study area.

The Department of Mangalméis located 133 km from
Mongo, the capital of the Guera Province (12° 21’ 17°” North,
19°36° 50°” East), and is bordered to the north by the Depart-
ment of Batha East, to the south by the Department of
Aboudeia, to the west by the Department of Guera, and to the
east by the Department of Djourouf-al-amar.

Mangalméwas established as a Department by Decree No.
1156/PM/MISP/2008 of October 9, 2008. Its territorial juris-
diction includes the communes of Mangalmé& Kouka, Bitch-
otchi, and Eref and Katalog (newly created).

The Department of Mangalmécovers an area of 11,550 km?
and comprises four (5) sub-prefectures, one urban commune,
four (4) cantons, 212 villages, and 51 hamlets, for a population
of 194,568 inhabitants. In addition, there is a new sub-prefec-
ture, Katalog, whose map is not yet available. The Department
of Mangalméalso possesses enormous potential in terms of
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diverse natural resources (arable land, forest products, etc.),
but these are insufficiently exploited. It faces a problem of ac-
cess to drinking water and healthy food due to the extreme
poverty affecting 90% of the rural population. This article will
therefore attempt to provide a solution.

2.2. Sampling Process

After surveying the area, 10 water sampling points were
randomly selected to cover the study zone. The coordinates of
these points were determined using a Garmin GPS. After be-
ing filled with the water to be analyzed, the bottles were her-
metically sealed before being transported in coolers. Each bot-
tle was marked in indelible ink with the project code, location,
date, sample number, and the elements to be analyzed.
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Figure 2. Work chain from sampling to laboratory analysis.

2.3. Analysis of Physicochemical Parameters

Temperature, pH, and electrical conductivity were meas-
ured in situ using a multiparameter instrument. Chemical anal-
ysis of Ca?*, Mg?, CI-, and HCOs™ ions was performed in the
laboratory using the conventional volumetric method. K* and
Na* ions were determined photometrically using a flame pho-
tometer. lons were determined spectrophotometrically with
the HACH2800 spectrophotometer.

3. Results and Discussion

pH Analysis

Observable trends include:

For basin waters, the pH is slightly neutral to slightly alka-
line, varying between 7.0 and 8.5 during the dry season, but
decreasing during the rainy season (dilution by acidic rainwa-
ter).

For well waters: The pH is more stable, varying between
7.5 and 8.5, due to the buffering effect of the subsoil rocks
(sediments/sandstone). However, some risk can also be iden-
tified [13, 14].
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Figure 3. Evolution of pH in basins and wells (e.g., seasonal or spa-
tial variations).

1) A pH < 6.5 in the basins could indicate organic contam-
ination (decomposing vegetation) or acidity (agricultural

runoff).
2) A pH > 8.5 in the wells suggests high mineralization
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(dissolving carbonates).

According to the literature, WHO standards in this case give
an ideal range between 6.5 and 8.5. A deviation could alter the
taste and corrode infrastructure if used in an industrial setting
[14-16].

Parameter Analysis: Electrical Conductivity

The analysis of electrical conductivity shows a variation in
conductivity (an indicator of dissolved salts) [16]. Two ob-
servable trends are observed:

In the case of basins, we note a peak in conductivity at the
end of the dry season (evaporation concentrating the salts).
Low values are observed during the rainy season.

In the second case, in wells, we see a relatively stable but
high conductivity (500-1500 pS/cm), reflecting the dissolu-
tion of subsoil minerals (gypsum, halite) [14-17].
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Figure 4. Electrical conductivity parameters at 25<C.

This could be interpreted by the fact that, for one, a conduc-
tivity > 1000 pS/cm in wells indicates "hard" water, unsuita-
ble for irrigation (risk of soil salinization). Conversely, for
ponds, sudden spikes could indicate sewage intrusions. Fur-
thermore, the risk of health impacts should not be overlooked,
as, following experiments analyzing certain parameters, high
values linked to diarrhea or kidney problems (depending on
dominant ions: Na*, C17) must be taken into account [1, 14].

Calcium (Ca?*) mg/L Analysis Results

Calcium analysis reveals a calcium concentration (mg/L) at
various points. The observed concentrations at the well are
high (60-120 mg/L), linked to the dissolution of limestone or
sandstone. In contrast, the concentrations in the basin are
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lower (20-50 mg/L), except during periods of intense evapo-
ration. This contributes to the water hardness. It is associated
with Mg?*, which can form scale deposits [13, 16]. The results
rarely exceed health thresholds (WHO: no strict limit), but af-
fect potability (taste). Given the geological origin of this re-
gion of Guera, it is highly probable that we are dealing with
an aquifer traversing sedimentary formations.
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Figure 5. Calcium concentration (mg/L) at different points.

Turbidity Analysis

The figure shows a fluctuation in turbidity (suspended sol-
ids content).

Two observable trends are observed:

For the basin: High turbidity during the rainy season (> 50
NTU) due to runoff from eroded soils. For the wells: Turbidity
is generally low (< 5 NTU), except after heavy rainfall (parti-
cle infiltration). In this context, there may be some risk de-
pending on the turbidity > 5 NTU, thus reducing the effective-
ness of disinfection (possible pathogens: bacteria, parasites)
[18]. However, a correlation with the presence of heavy met-
als (adsorption onto particles) in the local context leads us to
conclude that the sandy soil type of the Gué&a region promotes
erosion, explaining the peaks in the basins.
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Figure 6. fluctuation of turbidity (suspended matter content).

TDS Analysis Results

Total dissolved solids are in the range of 0-350 mg/L, re-
flecting the total mineralization of the water. Some samples
show high mineralization (>200 mg/L), which may indicate
prolonged interaction with geological formations or contami-
nation [19].
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Figure 7. Graphiques TDS.

Résultat d’analyse des TH (DuretéTotale)

Total hardness (TH) ranges from 0 to 300 mg/L CaCOs; the
distribution is similar to that of total dissolved solids (TDS)
but with different proportions, indicating that hardness is pri-
marily due to calcium and magnesium ions. High values in
some samples suggest the presence of carbonate rocks or other
soluble minerals [20].
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Figure 8. plage de TH (Dureté&Totale).

Magnesium content analysis results

The figure shows us the presence of a concentration be-
tween 0-20 mg/L, varying according to the samples: the pres-
ence of magnesium generally comes from the dissolution of
minerals such as dolomite. The observed concentrations are
consistent with waters in contact with magnesian geological
formations [21, 22].
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Figure 9. Presence of magnesium in dolomite.

Results of analysis for the presence of K+ (Potassium)

In the case of potassium (K*), the concentration is 0-8 mg/L
lower than that of magnesium. Potassium is less abundant in
natural waters than sodium. Its presence may indicate the al-
teration of minerals such as potassium feldspars.
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Figure 10. presence of K* (Potassium,).

Sodium presence analysis results
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Figure 11. Na* (Sodium) concentrations.
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For the case of the Na* (Sodium) graphs, sodium is a major
ion in natural waters. High concentrations may indicate con-
tamination by saline waters or anthropogenic activities.

Analysis result for the presence of HCO3™ (Bicarbonate)

HCO3-

HCO3.

1 2 3 4 5 6 7 8 9 10

Figure 12. presence of HCOs™ (Bicarbonate).

The pattern of the presence of HCO3~ (Bicarbonate) in our
analysis results reflects a dominance by the alkalinity of natu-
ral waters and probably resulting from the dissolution of at-
mospheric CO; and the alteration of carbonate rocks.

Chloride Analysis Results

For the following figure; Cl~ (Chloride). They are conserva-
tive ions. Their sources can be natural (dissolving salts) or an-
thropogenic (wastewater, salted roads).
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Figure 13. Chloride Analysis Results.

Result of analysis of the presence of Sulfate

Regarding SO4* (Sulfate); Sulfates can originate from the
alteration of sulfide minerals (pyrite) or from anthropogenic
sources (fertilizers, industrial discharges).
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Figure 14. presence of Sulfate.

Results of analysis for the presence of F~ (Fluoride)
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Figure 15. presence of F~ (Fluoride).

The results for the presence of F~ (fluoride) show a concen-
tration ranging from 0 to 30 mg/L. For some samples observed,
the concentrations are very high, far exceeding the WHO
standard for drinking water (1.5 mg/L). This indicates a sig-
nificant health risk (dental and skeletal fluorosis). The source
is likely geological (alteration of fluorinated minerals such as
fluorite).

Results of analysis for the presence of iron (Fe)
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Figure 16. presence of Fe (Iron).
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The results show the presence of iron (Fe), with concentra-
tions ranging from 0 to 14 mg/L, with some slightly elevated
levels. These values exceed the drinking water standard (0.3
mg/L). This can cause taste and color problems and promote
the growth of iron-oxidizing bacteria. The probable source is
the dissolution of ferrous minerals under anaerobic conditions.

Results of ammonium concentration analysis
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Figure 18. Correlation matrix between different physicochemical parameters.

We performed a correlation matrix which reveals signifi-
cant relationships between different physicochemical param-
eters. Electrical conductivity and total dissolved solids show a

Corrélations entre parametres physico-chimiques
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Figure 17. concentration of NH4* (Ammonium).

In the case of the NH4* (Ammonium) graph, we have a con-
centration of 0-30 mg/L, with higher concentrations in some
samples. These concentrations are alarming (standard < 0.5
mg/L). Ammonium indicates recent organic pollution
(wastewater, fertilizers, animal waste). It presents health risks
(conversion to nitrites/nitrates) and may indicate fecal con-
tamination.

Result of the correlation between physico-chemical param-
eters
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perfect correlation (1), which is expected since these two pa-
rameters are closely related in aqueous solutions. Calcium
ions (Ca?*) show a strong correlation with conductivity (0.85),
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while magnesium (Mg?"), chloride (CI7), and sulfate (SO4%")
ions show high correlations with each other (0.85 to 0.87),
suggesting a common origin or similar chemical interactions.
Sulfates, although correlated with magnesium (0.87), have a
weaker correlation with chlorides (0.6), indicating differenti-

Comparaison multiparameétres (normalisée)

Turbidité (NTU)m

Fluorures (F-

ated behaviors within the studied system. These results high-
light the interdependence of ions and their collective contribu-
tion to the conductivity and mineral composition of water [23-
26].

Results of multi-parameter comparisons in normalized
function

—o— DJIGORI

ATOMAT
—e— MAIGOMO
ité électrique pS/cm

pH-au-Hibp a 25°C[H30+]

erfium (NH4+)mg/L

Figure 19. A normalized multi-parameter comparison of different physicochemical characteristics of water.

In the diagram opposite, we have established a normalized
multi-parameter comparison: the diagram presents a hormal-
ized multi-parameter comparison of different physicochemi-
cal characteristics of water, including turbidity (NTU), elec-
trical conductivity (uS/cm), concentrations of calcium (Ca®),
ammonium (NH4"), fluorides (F~), as well as pH at 25°C [24,
25].

RESULT of physicochemical analysis (lonic balance)

Table 1 shows that none of the 10 samples taken met all the
drinking water criteria. The vast majority presented serious
chemical and/or physical risks, rendering the water unfit for
consumption without extensive treatment.

Physically, electrical conductivity (EC) and total dissolved
solids (TDS) indicate the amount of mineral salts leached
from the ground by the water during its underground journey.

We also observed that the highly mineralized waters (high
EC): DJIGORI (646 1S/cm) and ATOMAT (556 |uS/cm) had
a high ionic charge. Physically, this means that these are heavy
waters, having stagnated for a long time in porous media (clay,
sandstone, or limestone), which allowed them time to dissolve
the rocks. Their density is slightly higher.

Regarding the low mineral content waters (low EC):
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MATGOMO (123 S/cm) and CHINGEAT (128 S/cm) are
light and young. Physically, they likely originate from rapid
surface runoff or a very shallow aquifer, having had little con-
tact with deeper geological layers.

Visual appearance and solid load (via Turbidity and Iron)

The most striking physical aspect of the table concerns col-
loidal and muddy waters: 9 out of 10 samples exhibit ex-
tremely high turbidity (up to 660 NTU for ATOMAT). Phys-
ically, this means that the water is not a homogeneous solution,
but a raw suspension containing suspended solid particles
(clays, silts, fine sands, organic debris). Light is completely
blocked.

We also note that the iron oxidation-precipitation phenom-
enon is massive (up to 13 mg/L). In a physical context, this
iron is present in ferrous form (Fe?*) dissolved in anoxic (ox-
ygen-free) water. As soon as the water is pumped and exposed
to air, it physically oxidizes to ferric iron (Fe3*), which precip-
itates instantly, forming visible rust/orange flocs. These flocs
weigh down the particles and, combined with turbidity, make
the water physically heterogeneous, thick, and muddy.

Physical hardness and aggressiveness (via total hardness,
Ca, Mg, and pH)
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Physically, hardness determines the mechanical behavior of
water with matter (leaching, scaling). For hard (scaling) water:
DJIGORI (270 mg/L) is physically hard water. It contains a
high concentration of calcium and magnesium. When heated,
it tends to form solid limescale deposits (tartar) that physically
clog pipes and heating elements.

The aggressive (soft and acidic) waters of the localities of

MATGOMO (20 mg/L), CHINGEAT (32 mg/L), and KRE-
GANE (pH 5.30) are physically very soft and aggressive.
Their low mineral content and acidity give them a dissolving
power: rather than depositing limescale, they physically cor-
rode metals (lead, copper, or steel pipes), creating leaks or re-
leasing metallic particles into the water.

Table 1. Result of the physico-chemical analysis (ionic balance).

DOU KRE-
DIIG  ATO- GOUS GANE
Sample name ORI MAT BOU KORO-
MBK KO-
RI TEH
Date of Unit  14/03/ 14/03/ 14/03/  15/03/2
collection (<) 2025 2025 2025 025
pHinthelab  [H3
at 25C 0+] 6,30 6,30 6,26 5,30
Electrical WIC 6460 5560 2330 1486
conductivity m
Towldis: ) a5 2791 1179 751
solved solids
Turbidity 660,0
(NTU) mg/L 1,55 0 44,50 351,00
Total hard-
ness (CaC03) mg/L 270,0 148,0 100,0 80,0
Calcium
(Ca?") mg/L 53,6 43,2 24,0 24,0
Magnesium o 330 97 g7 49
(Mg2+) ’ ’ i ’
Potassium
. mg/L 124 290 2.2 4.4
(K%
Sodium (Na*) mg/L 3,7 17,0 3,0 3,4
Bicarbonates
(HCO%) mg/L 1976 63,4 61,0 61,0
Chlorides mg/l. 50,0 2800 200 240
(cr)
Sulfates
(S0#) mg/L 17,0 0,0 2,0 0,0
Nitrates
(NO3) mg/L 3,9 22,80 47 0,9
Fluorures (F-) mg/L 245 0,00 0,0 0,4
Fer (Fe) mg/L 0,04 13,00 0,60 4,15
Ammonium mg/
(NH) L 0,16 2450 0,61 4,68

AM- DA- Directives
KA 2 OMO BENDJ 2¢P
AT LA- E EDIO I'eau de
BIO boisson
15/03 15/03/ 15/03/2 16/03 16/03/2 16/03/2
/2025 2025 025 /2025 025 025
560 601 604 614 554 613 i’z =pH
1288 4140 1808 2100 1232 2870 <2500
653 2097 9172 107,8 619 143,3 < aucune
mention
269,0 3090 20,0 86,0 2710 298 <5
320 1640 60,0 500 20,0 1200 " aucune
mention
80 608 136 152 56 38,4 <200
29 29 6,3 2.9 15 58 <50
37 48 8,3 51 2,6 6,3 <12
33 36 2.1 43 2.9 35 <200
14,6 1464 26,83 390 73 117,1 = aucune
mention
220 280 350 180 15,0 24,0 <250
40 40 2,0 2,0 0,0 50 <250
00 00 0,0 01 0,0 0,0 <50
09 101 00 23 5.4 0,0 <15
1,06 45 0,8 17 53 19 <03
247 426 058 099 3,35 0,91 <15
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4. Conclusion

This data represents the chemical quality of water from dif-
ferent sources. Variations between sites indicate distinct geo-
logical and anthropogenic contexts. The variable chemical
quality of the waters exhibits heterogeneous mineralization
depending on their geographical origin.

The issue related to contamination observed in some sam-

ples analyzed in the laboratory states, among other things, that:

The presence of fluorides reveals that their concentration is
dangerously high in some samples, thus posing a major health
risk.

Regarding iron, the concentration is sometimes excessive.
The problem in this case is related to the presence of organo-
leptic compounds.

We also have the presence of ammonium at a high level,
indicating organic pollution with a health risk.

However, the origin of the contaminants in the analyzed
waters is twofold: firstly, the contaminants present natural
contamination through the presence of fluorides and iron,
which likely have a geological origin.

The second origin is anthropogenic, as the presence of am-
monium is often linked to human activities, namely agricul-
ture, livestock farming, and sanitation.
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