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Abstract

A large proportion of the population of N’Djamena relies on groundwater from a shallow aquifer that is highly vulnerable to
contamination due to inadequate urban sanitation. This study provides the first comprehensive assessment of groundwater
quality in the urban area of N’Djamena, based on trace-element concentrations (Li, B, Al, V, Cr, Mn, Co, Ni, Cu, Zn, As, RD,
Sr, Mo, Cd, Ba, Pb, and U), the calculation of pollution indices (Single-Factor Pollution Index, Heavy Metal Contamination
Index, Heavy Metal Quality Index, Contamination Index, and Nemerow Pollution Index), and the evaluation of non-
carcinogenic and carcinogenic health risks for children and adults through drinking-water ingestion. The results reveal
localised contamination, notably by V, Mn, and U, with pollution hotspots mainly associated with the Chari River and the
southern section of the Grand Canal. Health risk assessment indicates higher non-carcinogenic risks for children, while
carcinogenic risks—primarily driven by arsenic, with minor contributions from nickel—frequently exceed acceptable
thresholds, particularly for adults. Although based on groundwater data collected between 2003 and 2005, this study identifies
significant patterns of contamination and associated risks, and underscores the need for updated monitoring.
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Introduction

N'Djamena, the capital of Chad, is situated in the central
part of the Lake Chad Basin, approximately 100 km south of
Lake Chad. The geological formations exposed in the region
consist entirely of Quaternary deposits (Fig. 1). The
population of N’Djamena has increased rapidly, rising from
about 560,000 in 2003 to nearly two million in 2026. This
rapid demographic growth has led, as observed in many
rapidly expanding cities, to a general degradation of
environmental conditions. As the national water supply
company is unable to meet the growing demand for drinking
water, a large proportion of the population relies on
groundwater extracted from shallow hand-dug wells tapping
the phreatic aquifer.

The groundwater system of N’Djamena consists of a multi-
layered aquifer hosted within Quaternary detrital formations
composed of alternating clay and sandstone layers overlying
a thick Pliocene clay formation (Schneider and Wolff, 1992)
51, A relatively continuous clay layer of variable thickness
(ranging from a few meters to several tens of meters),
occurring at depths of around 20 meters, allows the
distinction of two main aquifers: an upper aquifer supplying
traditional wells and a lower aquifer exploited by boreholes.
The lower boundary of the second aquifer is estimated to lie
at depths between approximately 60 and 75 m, while a
deeper aquifer beneath the Pliocene clay formation remains
unexploited. The aquifer exploited is particularly vulnerable
due to its limited depth (Moussa et al., 2020) 61 and poorly
controlled anthropogenic pressures (Kadjangaba, 2007; Bon
et al., 2021; Idriss Mahamat, 2024) 1. & 30 N’Djamena
lacks a centralised sanitation system; wastewater is
discharged either into soak pits or directly onto the ground
surface and is partly conveyed by the Grand Canal, which
runs north to south across the city (Fig. 2), as well as by
several smaller channels draining into the Chari River
during the rainy season (Doumnang Mbaigané, 2005) (161, In
addition, private latrines are excavated within the urban area
down to near the groundwater table (Kadjangaba, 2007) [,
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and numerous topographic depressions form semi-
permanent ponds that are often filled with urban waste
(Doumnang Mbaigané, 2005) [*8l, Nitrate contamination has
been widely documented in many wells tapping the upper
aquifer (Djoret, 2000; Kadjangaba, 2007; Kadjangaba et al.,
2017, 2018; Deubalbe et al., 2021; Edith et al., 2022) 15 3L
82,33 13, 181 \which are also frequently affected by
bacteriological contamination (Tekoum et al., 2024) B7],
Results for the deeper aquifer are more variable, with
borehole water described either as largely unpolluted
(Guideal et al., 2010; Kadjangaba et al., 2017, 2018) [27. 3
%1 or as locally affected by contamination (Kadjangaba,
2007; Edith et al., 2022) 31 18],

Heavy metal contamination of the N’Djamena aquifer has
been investigated only sporadically. A previous study
showed that metals mobilised by runoff water leaching
contaminated soils tend to accumulate in the unsaturated
zone and subsequently migrate towards the groundwater
table (Kadjangaba, 2007) BY. This process highlights the
potential for long-term trace element contamination of the
aquifer in N’Djamena. The determination of trace elements
in groundwater is therefore essential, given their significant
impact on drinking-water quality (WHO, 2022) €3, While
some elements, such as manganese, cobalt, copper, zinc, and
molybdenum, are essential micronutrients at low
concentrations, others as lead, arsenic, and cadmium are
toxic even at trace levels and may cause chronic toxicity,
carcinogenic effects and neurological disorders following
prolonged exposure (WHO, 2022; EPA, 2025) [ 23],
Accurate quantification of trace elements is thus
fundamental for assessing drinking-water safety and
associated health risks.

In this context, the present study, based on trace element
concentrations in the groundwater of N’Djamena, aims to
assess groundwater pollution and potability, and to estimate
the non-carcinogenic and carcinogenic health risks
associated with groundwater consumption by children and
adults.
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Fig 1: Schematic geological map of the N'Djamena region, after Louis (1970) [38]

Material and Methods

Sampling and analytical methods

Groundwater samples were collected between 2003 and
2005. Twenty-one samples were obtained from wells, two
from boreholes, and one from the N’Djamena municipal
distribution network (Fig. 2). Samples S—X were collected
in 2005, whereas samples 23-52 were collected between
2003 and 2004. Water samples were collected in plastic
bottles that had been previously washed, rinsed with
distilled water, and finally rinsed with water from the
sampling site. Samples were stored in pre-cleaned high-
density polyethylene bottles and kept refrigerated until

analysis. Trace element analyses—Iithium (Li), boron (B),
aluminium (Al), vanadium (V), chromium (Cr), manganese
(Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn),
arsenic (As), rubidium (Rb), strontium (Sr), molybdenum
(Mo), cadmium (Cd), barium (Ba), lead (Pb), and uranium
(U)—were performed at the HydroSciences Laboratory in
Montpellier (France) using inductively coupled plasma mass
spectrometry (ICP-MS) on samples filtered at 0.22 pm. The
instrument used was a VG PlasmaQuad PQ2 Turbo+.
Analytical accuracy and reproducibility were ensured
through calibration with certified reference standards and
procedural blanks.
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Fig 2: Location of the sampling points in the urban area of N’Djamena. 1: roads and main streets; 2: semi-permanent ponds. Filled circles:
wells; open circles: boreholes; open square: tap water. GC: Grand Canal
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Statistical analysis of trace elements

Numerous indices have been proposed in the literature to
assess water pollution by heavy metals. In this study, the
single-factor pollution index was used to compare element
concentrations with international drinking-water guideline
values. Overall contamination was further assessed using
HMCI, HMQI, Cd, and NPI indices. The Heavy Metal
Pollution Index (HPI) proposed by Mohan et al. (1996) 1
was not calculated because it requires ideal concentrations
(li) and weighting factors (K), which are inconsistently
defined in the literature (Badeenezhad et al., 2023; Dey et
al., 2021; Edet and Offiong, 2002; Kumar and Maurya,
2025) [6:14.17. 351 fyrthermore, under the commonly adopted
simplification (i 0 and K 1), HPI becomes
mathematically equivalent to HMCI. For a comprehensive
environmental health risk assessment, we then use both non-
carcinogenic and carcinogenic standardized indices.

Single factor pollution index: The Single Factor Pollution
Index (Pi) (Dey et al., 2021) 4, is equivalent to the Single
Pollution Index (Gong et al., 2008; Li and Yang, 2008) 2%
%61, the Concentration Factor (Cabrera et al., 1999) 1, or the

Single-Factor Index (Yan et al., 2016) 54, which are used to
assess soil pollution.

The index is calculated as:
Pi=Ci/Si

Where Ci is the measured concentration of the element, and
Si is its corresponding drinking-water guideline value. A Pi
< 1 indicates no pollution; 1 < Pi < 2 indicates low
pollution; 2 < Pi < 3 indicates moderate pollution; and Pi >
3 indicates high pollution (Zhaoyong et al., 2015; Liu et al.,
2017; Dey et al., 2021) 66 37 14 This approach identifies
elements whose elevated concentrations may compromise
drinking-water quality. Guideline values are listed in Table
1; when several values were reported in the literature, the
most stringent was adopted. The guideline values for B, Li,
Al, Cr, Mn, Ni, Cu, Zn, As, Cd, Ba, Pb, and U are from
WHO (2022) ©3; V is from OEHHA (2021) &% Co from
EWG (2023) 4; Rb from NSF (2018) “8; Sr from MDH
(2019) #2; and Mo from NHMRC (2011) (47,

Table 1: Guideline values for drinking water (ug L)

Elements Li B Al |V |Cr| Mn|Co

Ni

Cu Zn |As| Rb Sr Mo |Cd| Ba |Pb|U

Guideline values 10 2400 [ 900 |15|50| 80 | 70

70

2000 | 3000 | 10 | 500 | 3000 | 50 1300 | 10 |30

Heavy metal contamination index.: The heavy metal
contamination index (HMCI) was calculated to assess the
overall metallic contamination of water. According to Singh
et al. (2020) B3 and Tiwari et al. (2025) B8 HMCI is
defined as:

= L5y WeQe B, We

where Wc=1/Sc and chzlemﬂ xMc/Sc

Here, Sc represents the WHO maximum permitted
concentration for drinking water, and Mc represents the
measured concentration. An HMCI value below 100 is
generally considered acceptable. For HMCI < 100, water
quality is further classified as Low (< 15), Moderate (15—
30), or High (> 30) after Singh et al. (2020) 51,

Heavy metal quality index: The Heavy Metal Quality
Index (HMQI) was used to assess the overall metal
contamination of groundwater. The HMQI is calculated
according to Zakir et al. (2020) [*°, Dange et al. (2024) ['4,
and Tiwari et al. (2025) [*8, by the equation:

HMQI=2i=, Mc/Sc

Where Mc is the monitored concentration of an element,
and Sc is the maximum permissible concentration of the
same element. The HMQI is equivalent to the Metal Quality
Index (MQI) (Singh et al., 2020) ®%, the Heavy Metal
Evaluation Index (Zakir et al., 2020) %, the Heavy Metal
Evaluation Index (Maskooni et al., 2020) *4, and the Metal
Index (Badeenezhad et al., 2023) [, calculated using the
same equation. A value < 1 is considered acceptable for
domestic use, whereas a value > 1 indicates unacceptable
water quality. Values above 1 are subdivided into low (<
10), medium (10-20), and high (> 20) contamination levels
(Maskooni et al., 2020) 4,
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Contamination Index: The contamination Index (Cq)
proposed by Backman et al. (1998) [ assesses overall water
contamination based on the concentrations of various heavy
metals. The Cq is calculated by the equation:

n s E
Cy= X, CFi avec Cfi = rni— 1

where CF; represents the contamination factor associated
with the it parameter, Cai is the measured concentration for
the it parameter (ug L'), and Cni is the maximum
allowable concentration for the it parameter. Elements with
concentrations below the upper permissible limit (Cfi < 0)
are not taken into account (Backman et al., 1998) Bl To
assess the quality of water intended for human consumption,
the maximum allowable concentrations are the drinking
water guideline values (Table 1). A Cq value of 0
corresponds to unpolluted water, while Cd > 0 corresponds
to polluted water, categorized into three grades by Backman
et al. (1998) II: Grade | (low contamination; Cd < 1), Grade
Il (medium contamination; Cd = 1-3), and Grade Il (high
contamination; Cd > 3). Because Cq only sums positive
contamination factors, it ignores parameters that comply
with guideline values. This prevents the dilution effect
observed in HMCI and the artificial inflation inherent to
unweighted indices such as HMQI. As a result, Cq provides
a more realistic appraisal of contamination severity by
selectively reflecting only trace elements that exceed
drinking-water standards.

Nemerow Pollution Index: The Nemerow Pollution Index
(NPI), developed for assessing the overall degree of
pollution in soils and sediments (Nemerow, 1991), is also
commonly used to evaluate water quality (Han et al., 2016;
Maskooni et al., 2020; Su et al., 2022; Chien et al., 2024;
Meng et al., 2024) [2% 41.54.10. 431 The NPI could provide a
reasonable interpretation of the heavy metal pollution of the
water as a whole. The NPI is calculated by the equation:



NPI=[(Pimax®)/2 + (Piag?)/2]Y2

Where max Pimax is the maximum Single Pollution Index
among the pollutants, and Piag is the mean of Single
Pollution Indexes for all the pollutants.

Based on the NPI, water pollution is classified into several
levels, with slightly different thresholds depending on the
authors. In all cases, an NPI value greater than 1 indicates
that the water is polluted, implying that at least one element
exceeds its guideline value or that the combined effect of
several elements is equivalent to an exceedance. We used
the five-level NPI classification proposed by Su et al.
(2022): Level I (NPl < 0.59; clean, unpolluted), Level Il
(NPI = 0.59 -0.74; relatively clean), Level 111 (NP1 =0.74 —
1; good), Level 1V (NPI = 1.00 —3.5; polluted), and Level V
(NPI > 3.5; heavily polluted).

Like Cd, the NPI provides a more realistic assessment of
drinking-water quality than cumulative indices such as
HMCI or HMQI, as it integrates both average contamination
and the highest individual exceedance. It prevents dilution
of a critical contaminant by elements within safe limits and
avoids distortion from negligible concentrations, thereby
clearly identifying the main drivers of risk.

Non-Carcinogenic and Carcinogenic Risk: The
calculation of these indices requires the calculation of the
Chronic Daily Intake (CDI). The CDI (mg kg day™),
which represents the estimated average daily dose over the
relevant exposure period, is calculated using Equation 1:

CDI=CXIRXEF XED/ (BW x AT) (1)

where C is the concentration of the contaminant in the water
sample, IR is the ingestion rate, ED is the exposure duration,
EF is the exposure frequency, AT is the average exposure
time, and BW is the body weight. The standard parameter
values used to estimate the CDI for children and adults are
summarised in Table 2.

The non-carcinogenic risk associated with trace elements in
drinking water was assessed using the Hazard Quotient
(HQ) approach (EPA, 2011) 4, For each contaminant, HQ
is calculated as:

HQ = CDInc / RfD

where CDINC is the chronic daily intake for non-
carcinogenic effects, and RfD (mg kg™ day™) is the oral
reference dose; the RfD represents the tolerable daily intake
of an element that is unlikely to cause adverse health effects

over a lifetime. In the case of multiple contaminants, the
Hazard Index (HI) represents the combined non-
carcinogenic risk resulting from simultaneous exposure to
several contaminants and is calculated as the sum of the
individual hazard quotients (HI = Y HQ;). The HI allows
assessment of the potential risk associated with the
cumulative effects of contaminant mixtures in water, which
may be underestimated if only individual HQ values are
considered.

Regulatory agencies, including the U.S. EPA and the WHO,
generally consider HQ and HI values below 1 to indicate no
significant  non-carcinogenic  risks, whereas values
exceeding this threshold suggest the presence of significant
concern. The level of risk tends to increase with higher HQ
or HI values (Alhagri et al., 2024) B, More specifically, HI
may be classified as negligible (HI < 0.1), low (0.1 < HI <
1), moderate (1 < HI <4), and high (HI > 4) (Egbueri, 2020;
Wator et al., 2021) ®® 61 As hazard quotients are not
cumulative over time carcinogenic risk was assessed
separately for children and adults. As evidenced by the
calculation of AT for CDInc (Table 2), Equation 1 is
equivalent to:

CDInc = C X IR/BW

Using the standard values for IR and BW (Table 2), the
CDiInc is always higher for a child than for an adult due to a
higher IR/BW ratio for a child compared to an adult.
Consequently, children are considered the critical
population for non-carcinogenic risk assessment because of
their higher exposure dose per unit body weight. Therefore,
the absence of significant risk (HQ < 1) for children
indicates that non-carcinogenic effects are unlikely to occur
in adults under similar exposure conditions.

The carcinogenic risk (CR) was calculated using the
following equation:

CR =CDIcx CSF

Where CDIc¢ is the carcinogenic chronic daily intake
calculated using Equation 1 for children and adults
according to their respective exposure durations, and CSF
(mg kg' day')! is the cancer slope factor. For carcinogenic
risk assessment, CDlI¢ is equivalent to the lifetime average
daily dose (LADD), as defined by the EPA (2011) 24, The
averaging time for carcinogenic effects (AT) was set to a
lifetime of 70 years (25,550 days) for both children and
adults (Table 2).

Table 2: Parameters used for the health risk assessment (after EPA, 2011) [21

Parameters Children Adults Unit
Ingestion rate (IR) 1 2 L day!
Exposure duration (ED) 6 30 year
Exposure frequency (EF) 365 365 day year™
Body weight (BW) 15 70 kg
Averaging time for non-carcinogenic risk (AT = ED x EF) 2,190 10,950 day
Averaging time for carcinogenic risk (AT =70 x EF) 25,550 day

The CR is dimensionless and represents the probability of
developing cancer by the age of 70 as a result of exposure to
a specific contaminant. For example, a CR of 1.0 x 10
indicates an increased lifetime cancer risk of one additional
case per 10,000 exposed individuals.
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The total cancer risk (TCR) resulting from exposure to
multiple carcinogenic trace elements in drinking water is
calculated as the sum of the individual CR; values (TCR =
> CRj). TCR values within the range of 1 x 107¢to 1 x 10
indicate an acceptable risk level (EPA, 1989; Alhagri et al.,



2024) [0 31 Values exceeding 1 x 10 indicate an
unacceptable risk and necessitate the implementation of
remedial measures.

In N’Djamena, the standard assumptions for average water
consumption (2 L day! for adults and 1 L day! for
children) may underestimate actual exposure, given the hot
semi-arid climate, where mean daily temperatures often
exceed 38-40 °C during the dry season. To account for
these environmental conditions, the average daily water
consumption was estimated at 3 L day™' for adults weighing
70 kg under normal activity levels, and at 1.5 L day™! for a
15 kg child. These estimates are consistent with reported
water consumption rates in Nigeria (Kudamnya and Edet,
2024) B4 and Chad (Vicat and Doumnang Mbaigané, 2025)
[59]

The RfD and CSF values for the heavy metals are presented
in Table 3. The RfDs for Li, B, V, Cr, Mn, Ni, Zn, As, Sr,
Mo, Cd, Ba, and U were obtained from the U.S.
Environmental Protection Agency’s Integrated Risk

Information System (IRIS) database (EPA, 2025) 23, The
RfD for Al was taken from ATSDR (2008) ¥, and that for
Co from Finley et al. (2012) 1, For Cu, we adopted an oral
reference dose of 0.04 mg kg' day' based on recent
evaluative reviews (Taylor et al., 2023) 581, noting that the
U.S. EPA’s Integrated Risk Information System (IRIS)
database does not currently list an official RfD for copper.
As no RfD for Pb is available in the IRIS database, a value
of 0.0015 mg-kg'-day' was adopted, in agreement with
recent studies (Bhushan et al., 2025; Shakoor et al., 2025) I"
2 This value is more representative of current risk
assessment practices than older estimates such as 0.014 mg
kg day! (Wator et al., 2021) 64, 0.0035 mg kg™ day™!
(Dashtizadeh et al., 2019) [*?1, or the very conservative value
of 0.00036 mg kg day ' (Alhagri et al., 2024) I, No RfD
for Rb is available in the IRIS database; therefore, we
adopted the RfD value of 0.02 mg kg day! reported in the
Provisional Peer-Reviewed Toxicity Values database (EPA,
2016) 22,

Table 3: RfD (mg kg day') and CSF (mg kg day)™") for the analysed elements. NA: not available

Element RfD CSF
Li 0.002 NA
B 0.2 NA
Al 1 NA
\Y 0.009 NA
Cr 0.0009 0.27

Mn 0.14 NA
Co 0.03 NA
Ni 0.02 1.7
Cu 0.04 NA
Zn 0.3 NA
As 0.00006 32
Rb 0.02 NA
Sr 0.6 NA
Mo 0.005 NA
Cd 0.0005 6.3
Ba 0.2 NA
Pb 0.0015 0.0085
U 0.003 NA

The CSFs for Cr and As were obtained from the IRIS
database (EPA, 2025) 231, For inorganic arsenic, the most
recent oral CSF, 32 (mg kg™ day )™, was used (EPA, 2025)
(231 This value, derived from a Bayesian meta-analysis of
epidemiological studies on bladder and lung cancers, is
substantially higher than the previously used value of 1.5
(mg kg day ')'. The use of this updated CSF, as applied in
recent studies (Luo et al., 2026) [ reflects the current
scientific consensus and may result in higher estimated
cancer risks compared with earlier assessments. As no CSF
for Ni is available from the EPA, we adopted the more
protective value of 1.7 (mg kg day')" reported by
Akintola et al. (2025) @, compared with 0.84 (mg kg
day™)™! reported by Alhagri et al. (2024) Bl. For Cd, the
CSF reported in the literature varies widely (Miletic et al.,
2023) M4 due to the absence of an official CSF from
regulatory agencies. In this study, we adopted a
conservative approach by using the higher value of 6.3 (mg
kg—l day—l)—l
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(Alhagri et al., 2024) B to avoid underestimating potential
health risks. For Pb, we used a CSF value of 0.0085 (mg
kg™ day ") from OEHHA (2009) U which has been
commonly applied in recent studies (Alhagri et al., 2024;
Gwira et al., 2024; Stephen et al., 2024) [3. 28,54,

Regarding As, the RfD and CSF established by the U.S.
EPA are defined for inorganic arsenic. Because ICP-MS
analyses measure total dissolved arsenic, the concentration
must be adjusted to reflect the predominance of inorganic
species in natural waters (= 90%) (WHO, 2001; Mandal and
Suzuki, 2002) (62401,

Results and discussion

Trace element concentrations are presented in Table 4.
Samples S—X correspond to new data, whereas samples 23—
52 were taken from Kadjangaba (2007) B4; for all samples,
pollution indices and risk assessments were calculated for
the first time in this study.



Table 4: Groundwater trace element concentrations (ug L™)

Sample S J C N T M R Q W L U X
Date 2004-04 | 2004-04 | 2004-04 | 2004-04 | 2004-04 | 2004-04 | 2004-04 | 2004-04 | 2004-04 | 2004-04 | 2004-04 | 2004-04
Li 0.266 0.77 0.28 0.50 0.37 0.87 1.03 0.24 0.23 0.96 2.73 0.97
B 4.49 11.41 7.19 4.14 6.93 9.05 7.69 4.04 4.26 8.86 5.54 7.48
Al 18.83 19.95 29.94 4.20 10.48 18.03 5.22 2.03 157 0.73 7.10 7.47
\Y% 19.07 0.69 0.25 0.10 13.12 2.01 0.38 1.63 0.34 1.30 0.37 4.67
Cr 0.85 1.00 0.75 0.77 0.80 0.58 0.96 0.69 0.44 0.66 0.98 0.83
Mn 73.47 108.93 | 251.84 54.85 26.39 74.80 118.55 69.41 195.74 39.05 43.95 52.33
Co 0.20 0.47 0.85 0.78 0.35 0.78 0.73 0.80 0.58 0.52 0.65 0.07
Ni 1.42 1.06 1.60 0.45 0.93 1.88 1.18 0.73 0.65 0.85 2.61 0.66
Cu 0.99 0.93 1.79 0.79 121 1.17 0.96 1.07 0.81 1.35 1.67 3.87
Zn 17.49 15.50 17.10 7.18 87.70 50.74 20.03 11.03 667.76 16.06 28.64 592.77
As 1.70 0.06 1.69 0.69 0.87 0.05 0.71 1.88 2.85 0.24 0.15 1.23
Rb 2.47 3.82 4.13 5.20 3.49 6.46 5.73 1.52 2.08 4.23 15.32 4.60
Sr 230.50 | 358.28 | 119.98 | 126.28 | 314.08 | 89.86 | 293.74 | 202.92 | 152.65 | 113.07 | 219.58 | 251.80

Mo 0.29 0.14 0.41 0.34 1.25 0.41 0.64 0.20 0.25 0.21 0.94 0.73
Cd 0.11 0.08 0.22 0.66 0.28 0.07 0.41 0.07 0.21 0.04 0.32 0.04
Ba 213.44 | 343.82 | 100.53 | 216.14 | 242.64 | 190.49 | 48256 | 371.32 | 97.40 | 233.26 | 359.88 | 185.83
Pb 0.12 0.19 0.35 0.08 0.18 0.15 0.14 0.12 0.29 0.12 0.16 2.19
] 0.92 2.47 0.06 0.15 1.00 0.07 0.95 1.06 0.02 0.06 0.24 0.30
Table 1, continued
Sample 23 23a 1 la 1b 5 5a 5b 47 47 a 52 10
Date 2004-01 | 2003-11 | 2003-01 | 2003-11 | 2004-01 | 2003-03 | 2003-11 | 2004-01 | 2003-11 | 2004-01 | 2003-11 | 2003-03
Li 0.754 0.748 0.792 0.929 0.501 1.876 2.081 2.148 0.549 0.583 1.36 1.845
B 15.267 | 14.289 | 8.938 8.945 | 69.953 | 6.673 8.973 9.433 8.357 9.785 | 17.784 | 4.894
Al 16.759 | 10.625 8.062 6.35 480.61 | 10.117 7.418 5.301 6.783 7.764 9.944 24.884
\Y 1.975 2.185 0.564 2.375 5.133 4.067 1.417 1573 5.972
Cr 0.885 0.832 0.708 0.831 1.703 0.096 2.716 3.249 1.166 1.193 1.233 0.438
Mn 50.352 | 77.491 | 247.84 | 94.768 | 57.774 | 178.61 | 227.61 | 161.93 187.2 222.34 | 27.053 | 593.55
Co 0.207 0.254 1.041 0.613 1.023 0.355 0.192 0.179 0.855 1.378 0.246 3.648
Ni 5.637 1.319 2.247 1.612 5.862 1.666 1.873 1.647 12.821 24.48 1574 1.918
Cu 1.222 0.882 2.178 1.151 5.798 3.061 1.634 1.409 1.193 1.595 1.161 1.641
Zn 13.253 8.34 10.87 14.179 | 1335.1 7.848 111.44 | 18.834 | 28.015 | 38.737 | 19.599 8.712
As 0.156 0.2 1.081 0.446 1.19 1.645 1.062 0.756 0.159 0.195 0.194 1.57
Rb 3.58 3.943 6.399 5.823 2.326 2.463 3.172 3.759 11.588 | 12.021 5.034 2.029
Sr 294.43 | 338.72 | 341.53 | 299.69 | 252.05 | 658.12 | 552.64 | 590.6 | 436.47 | 615.25 | 224.21 | 128.36
Mo 0.286 0.269 0.661 0.541 0.387 1.092 1.087 0.987 1.64 1.724 0.218 0.365
Cd
Ba 262.07 | 313.36 | 565.79 | 470.99 | 164.68 | 942.77 | 999.57 | 11347 | 181.85 | 182.69 | 153.03 | 195.4
Pb 0.193 0.106 0.245 0.123 2.559 0.567 0.148 0.154 0.127 0.174 0.119 0.273
U 2.183 2.842 1.212 1.161 0.484 6.487 9.074 11.068 | 51.885 | 56.118 0.227 0.263

Single factor pollution index: Table 5 summarises the
results of the calculation of the single factor pollution index
(Pi), indicating for each sample the number of Pi values in
each pollution class and the corresponding contaminant
elements. Occasionally, positive Pi values highlight
contamination by V, Mn, and U. V contamination is low (1
< Pi<2) and affects only well S (Fig. 3). Mn contamination
is low in wells J, R, and la, moderate (2 < Pi < 3) in
borehole W and wells 5 and 47, and high (Pi > 3) in wells C,
1, and 10. For wells 23, 5, and 47, which were sampled
several times, Pi values greater than 1 attributed to Mn and
U remain similar from one year to another, whereas in well
1, Mn concentrations decrease markedly over time (from Pi
> 3 in January 2003 to Pi < 1 in January 2004; Table 4).
This marked temporal decrease in Mn concentration, unlike
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that observed in neighbouring wells, probably reflects site-
specific processes, such as progressive oxidation of Mn**
induced by local variations in redox potential and/or well-
related factors such as increased pumping frequency or
disturbance of sediments within the well, rather than a
regional change in groundwater quality.

As evidenced by Table 5, contamination is mainly driven by
Mn. The Mn contamination is attributed to the accumulation
of domestic waste in the urban area, particularly in ponds
and in the Grand Canal. Such waste includes large quantities
of discarded batteries, which contribute to elevated Mn
concentrations in soils (463-835 ppm; Kadjangaba, 2007
1) with leachates subsequently migrating into the
groundwater system. Given the geological context, the
isolated enrichments of V in well S and U in well 47 may




indicate localised anthropogenic contamination rather than a
regional geogenic source. Vanadium enrichment could be
linked to urban waste and

fuel-related pollution, whereas uranium enrichment may be
associated with urban waste and the use of phosphate
fertilisers.

Table 5: Single factor pollution index (Pi). The number of Pi values per pollution class is indicated for each sample, followed by the symbol
of the element responsible for the contamination in parentheses

Samples Pi<1 1<Pi2 2<Pi<3 Pi >3 Pi values
S 17 1(V) 0 0 1.3
J 17 1 (Mn) 0 0 1.4
C 17 0 0 1 (Mn) 31
N 18 0 0 0 <1
T 18 0 0 0
M 18 0 0 0
R 17 1 (Mn) 0 0 15
Q 18 0 0 0
W 17 0 1 (Mn) 0 2.4
L 18 0 0 0
U 18 0 0 0
X 18 0 0 0
23 18 0 0 0
23a 18 0 0 0
1 17 0 0 1 (Mn) 31
la 17 1 (Mn) 0 0 1.2
1b 18 0 0 0
5 17 1 (Mn) 0 2.2
5a 17 1 (Mn) 0 2.9
5b 17 1 (Mn) 0 2.0
47 16 1 (V) 1 (Mn) 0 1.7 (U) 2.3 (Mn)
47a 16 1 (U) 1 (Mn) 0 1.9 (U) 2.8 (Mn)
52 18 0 0 0
10 17 0 0 1 (Mn) 7.4

The values of the Heavy Metal Contamination Index
(HMCI), Heavy Metal Quality Index (HMQI),

Contamination Index (Cg4), and Nemerow Pollution Index
(NPI) are presented in Table 6.

Table 6: HMCI, HMQI, Cgq, and NP1 values. For wells sampled multiple times, the mean value was used.

Samples HMCI HMQI Cd NPI
S 16.01 2.79 0.27 0.91
J 5.19 2.09 0.36 0.97
C 10.84 3.70 2.15 2.23
N 11.71 1.31 0.00 0.49
T 13.40 1.87 0.00 0.62
M 4.90 1.49 0.00 0.66
R 10.67 2.42 0.48 1.05
Q 6.19 1.66 0.00 0.62
W 10.96 3.26 1.45 1.73
L 3.69 0.99 0.00 0.35
u 9.36 1.48 0.00 0.39
X 9.56 1.92 0.00 0.47
23 4.18 1.56 0.00 0.57
1 6.65 2.88 0.76 1.19
5 11.00 4.33 1.37 1.68
47 13.78 5.25 2.36 1.82
52 5.96 1.19 0.00 0.29
10 16.04 8.12 6.42 5.26

Heavy metal contamination index: Most wells exhibit low
HMCI (HMCI < 15), while two wells (S, 10) show
moderate contamination (15 < HMCI < 30) (Table 6). These
values are far below the commonly adopted quality
threshold (HMCI = 100) and therefore suggest good water
quality. However, this assessment contrasts with the
pollution index (Pi), which in certain cases classifies the
water as unsuitable for human consumption.
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This discrepancy arises from the HMCI calculation method.
The HMCI is a weighted average (3 WcQc / Y Wc) in which
elements present at safe levels (Mc « Sc) contribute very
small WcQc values. The cumulative weight of numerous
such elements analysed (Li, B, Al, Cr, Co, Ni, C, Zn, As,
Rb, Mo, Cd, Ba) substantially reduces the influence of trace
elements such as V, Mn, Sr, and U that sometimes exceed
drinking-water guideline values.



Contamination Index: Several water samples (N, T, M, Q,
L, U, X, 23, 52) show Cd = 0 (Table 6), indicating that none
of the analysed trace elements exceed their permissible
limits. The remaining samples exhibit variable Cq4 values,
ranging between 0 and 1 (samples S, J, R, 1), between 1 and
3 (samples C, W, 5, 47), and > 3 (sample 10), corresponding
to low, moderate, and high contamination levels,
respectively, according to Backman et al. (1998) 1.

Nemerow Pollution Index: The NPI values (Table 6) show
that several samples (N, L, U, X, 23, 52) fall into Class |
(unpolluted), whereas others correspond to relatively clean
waters (Class Il: T, M, Q) or good-quality waters (Class IlI:
S, J). In contrast, samples C, R, W, 1, 5, and 47 fall into
Class 1V (polluted), and sample 10 into Class V (heavily
polluted), according to Su et al. (2022) 15,

!
15700

Fig 3: Spatial distribution of polluted zones. Yellow and magenta squares indicate moderate and high pollution levels, respectively, based on
Pi values. (1) Cq classified as Grade Il and NPI as Level 1V; (2) Cq classified as Grade |11 and NP1 as Level V

The spatial distribution of moderate (2 < Pi < 3) to high (Pi
> 3) Pi values, together with Cq (Grades I1-111; medium and
high contamination) and NPI values (Levels IV and V;
polluted and heavely polluted) (Fig. 3), clearly delineates
the two most contaminated zones. One coincides with the
southern part of the Grand Canal and extends upstream
along the Chari River, while the other, more limited, is
located around well 47. These zones correspond to areas

where soils are heavily contaminated by trace metals—
particularly the ponds surrounding well 47, those near well
W, and the southern part of the Grand Canal (Kadjangaba,
2007) Bl—as well as to an intensive market gardening area
along the Chari River. Metal-enriched leachates generated
in these contaminated soils may therefore infiltrate and
migrate towards the shallow aquifer, contributing to the
observed groundwater contamination.

Table 7: HQ and HI assessment results for children and adults. Minimum (MIN), mean, and maximum (MAX) HQ values are reported. n
represents the number of analyses for which the risk is non-negligible (HQ > 0.1). For wells sampled multiple times, the average HI value

was used
Children HQ Adults HQ HI
MIN MEAN MAX n MIN VM MAX n Samples Children Adults
Li 0.012 0.049 0.137 3 0.005 0.021 0.059 0 S 3.15 1.35
B 0.000 0.000 0.002 0 0.000 0.000 0.001 0 J 0.68 0.29
Al 0.000 0.003 0.048 0 0.000 0.001 0.021 0 C 2.99 1.28
\ 0.001 0.037 0.212 2 0.000 0.016 0.091 0 N 1.47 0.63
Cr 0.011 0.113 0.361 9 0.005 0.048 0.155 2 T 1.91 0.82
Mn 0.019 0.096 0.424 9 0.008 0.041 0.182 1 M 0.44 0.19
Co 0.000 0.002 0.012 0 0.000 0.001 0.005 0 R 1.76 0.75
Ni 0.002 0.016 0.122 1 0.001 0.007 0.052 0 Q 3.27 1.40
Cu 0.002 0.004 0.014 0 0.001 0.001 0.004 0 w 4.84 2.08
Zn 0.002 0.044 0.445 3 0.001 0.019 0.191 1 L 0.69 0.30
As 0.081 1.297 4.268 22 0.035 0.556 1.829 21 X 2.60 1.11
Rb 0.008 0.025 0.077 0 0.003 0.011 0.033 0 U 0.85 0.36
Sr 0.015 0.050 0.110 2 0.006 0.021 0.047 0 23 0.79 0.34
Mo 0.003 0.013 0.034 0 0.001 0.005 0.015 0 1 2.17 0.93
Cd 0.007 0.042 0.132 1 0.003 0.018 0.057 0 5 3.21 1.37
Ba 0.049 0.179 0.567 15 0.021 0.077 0.243 6 47 2.72 1.17
Pb 0.005 0.025 0.171 2 0.002 0.011 0.073 0 52 0.73 0.31
U 0.001 0.209 1.871 5 0.000 0.089 0.802 4 10 3.11 1.33
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Non-carcinogenic Risk: Table 7 presents the Hazard
Quotient (HQ) and Hazard Index (HI) values for children
and adults through drinking-water ingestion. According to
the HQ wvalues, As is the main contributor to non-
carcinogenic risk in the analysed water samples. This
dominance reflects the updated RfD for As reported in the
IRIS database (6 x 10~ mg kg™ day!), which incorporates
recent epidemiological evidence of cardiovascular and
metabolic effects (EPA, 2025) [ This value is
considerably more conservative than the value commonly
used in previous groundwater risk assessment studies (3 x
10* mg kg' day'). Consequently, although arsenic
concentrations are well below the drinking-water guideline
value (10 pg L), As dominates the non-carcinogenic risk
due to its very low RfD.

The HI values range from 0.44 to 4.84 for children and from
0.19 to 2.08 for adults; No sample presents a negligible risk.
For children, six samples (J, M, L, U, 23, 52) present a low
risk (0.1 < HI < 1), whereas the remaining samples exceed
the acceptable threshold (HI = 1), including eleven samples
(S,C,N, T,R,Q, X, 1, 5, 47, 10) with moderate risk (1 < HI
< 4) and one sample (W) with high risk (HI> 4). The spatial
distribution of HI values for children (Fig. 4) shows that the
area along the Chari River and the Grand Canal presents a
moderate risk, with a high-risk hotspot at borehole W. In
contrast, wells J, 23, 52, and M, together with borehole L,
located in the north-eastern part of the urban area, show a
low risk.
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Fig 4: Spatial distribution of HI values for children. Non-carcinogenic risk classification: negligible (HI < 0.1), low (0.1< HI < 1), moderate
(1< HI < 4), and high (HI > 4)

For adults, ten samples (J, N, T, M, R, L, U, 23, 1, 52)
indicate low risk (0.1< HI < 1) and eight (S, C, Q, W, X, 5,
47, 10) moderate risk (1< HI < 4). The spatial distribution of
HI values for adults (Fig. 5) highlights a moderate-risk zone
along the Chari River bank, including the southern part of
the Grand Canal and the area near well 47. Compared with
the distribution observed for children,

the low-risk zone is much more extensive towards the west
and south, where it reaches the Chari River upstream of
borehole W.

As expected, the higher HI and HQ values observed in
children compared with adults indicate greater susceptibility
to non-carcinogenic risks from trace elements, due to their
higher intake per unit body weight.
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Fig 5: Spatial distribution of HI values for adults. Same legend as Fig. 4

Carcinogenic Risk: Table 8 presents the CR values for
children and adults through drinking-water ingestion. All
analysed samples exhibit negligible (CR < 1 x 107 or
acceptable (1 x 107 <CR <1 x 107) risk levels for Cr, Cd,
and Pb. For children, two samples show unacceptable risk
levels for Ni and
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fifteen samples for As. For adults, four samples show
unacceptable risk levels for Ni and eighteen samples for As.
Consistent with these results, As is the main contributor to
lifetime cancer risk despite concentrations below the
drinking-water guideline value, due to its revised high CSF
(32 (mg kg ' day ).



Table 8: CR assessment results for children and adults. Minimum (MIN), mean, and maximum (MAX) HQ values are reported. n represents
the number of analyses for which the risk is unacceptable (CR > 1 x 10

Children CR Adults CR
MIN MEAN MAX N MIN MEAN MAX n
Cr 4.1E-07 4.3E-06 1.4E-05 0 8.8E-07 9.2E-06 3.0E-05 0
Ni 6.6E-06 4.7E-05 3.6E-04 2 1.4E-05 1.0E-04 7.6E-04 4
As 1.3E-05 2.1E-04 7.0E-04 15 3.2E-05 5.1E-04 1.7E-03 18
Cd 1.9E-06 1.1E-05 3.5E-05 0 4.3E-06 2.3E-05 7.4E-05 0
Pb 5.8E-09 2.7E-08 1.9E-07 0 1.2E-08 5.8E-08 4.0E-07 0

Table 9: TCR assessment results for children and adults through drinking-water ingestion. For wells sampled multiple times, the average
TCR value was used.

Sample Children TCR Adults TCR
S 4.50E-04 1.06E-03
J 3.74E-05 8.33E-05
C 4.55E-04 1.07E-03
N 2.15E-04 5.01E-04
T 2.46E-04 5.78E-04
M 4.68E-05 1.03E-04
R 2.18E-04 5.09E-04
Q 4.81E-04 1.14E-03
w 7.25E-04 1.72E-03
L 7.62E-05 1.77E-04
X 9.50E-05 7.53E-04
u 3.19E-04 2.12E-04
23 9.83E-05 2.21E-04
1 2.75E-04 6.44E-04
5 3.19E-04 7.51E-04
47 3.21E-04 6.97E-04
52 7.61E-05 1.75E-04
10 4.17E-04 9.87E-04

Table 9 presents theTCR values for children and adults
through drinking-water ingestion. TCR values for children
range from 3.74 x 107 to 7.25 x 1074, and for adults from
8.33 x 107 to 1.72 x 1072, For children, water from wells J,
M, 23, 52, borehole L, and tap water X shows an acceptable
risk (1 x 10 < TCR < 1 x 10*). The remaining wells
present an unacceptable risk (1 x 10 <TCR <5 x 107#).

Borehole W presents the highest risk (TCR = 7.25 x 107%).
The spatial distribution of TCR values for children (Fig. 6)
indicates that acceptable risk is confined to the north-eastern
part of the city; the municipal tap water sample (X) also
presents an acceptable risk. The rest of the urban area shows
an unacceptable risk, particularly along the banks of the
Chari River near borehole W.
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Fig 6: Spatial distribution map of TCR values for children in the study area

For adults, only well J presents an acceptable risk, while the
other wells, borehole L, and tap water X show an
unacceptable risk. Wells M, U, 23, 52, and borehole L have
TCR values between 1 x 10 and 5 x 104 TCR values for
wells N, T, R, 1, 5, 47, and 10, as well as tap water X, are
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higher (5§ x 10* <TCR <1 x 107%). Wells S, C, and Q show
higher TCR values (1 x 10 < TCR < 1.5 x 107®), and
borehole W presents the highest risk (TCR = 1.72 x 107%).

For adults, except the far north-east, the entire urban area
exhibits an unacceptable risk, increasing towards the south-



west (Fig. 7). Three high-risk zones are located along the
Chari River: downstream near well Q, in the central area
near southern part of the Grand Canal, and upstream near
borehole W.

The higher CR and TCR values observed in adults
compared with children reflect the longer exposure duration
considered in the risk assessment.
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Fig 7: Spatial distribution map of TCR values for adults in the study area

For the risk assessment, an alternative scenario
incorporating the lower Cd CSF reported in the literature
(0.38 (mg-kg-day™)™'; Abdelhalim et al., 2022; Stephen et
al., 2024) [-54 does not modify the results, as the estimated
risk is primarily driven by As owing to its high CSF. A
second alternative scenario was tested using an upper-bound
assumption in which the inorganic arsenic fraction was
uniformly set at 70% for all samples. This assumption
accounts for the potential influence of urban effluents and
latrine leachates infiltrating the shallow aquifer of
N’Djamena (Djoret, 2000; Kadjangaba, 2007) 15 31 which
may enhance microbial methylation processes and increase
the proportion of organic As (Wang, 2022) [, This scenario
yields slightly lower index values but does not materially
affect the overall interpretation.

Conclusion

Most trace-element concentrations comply with drinking-
water guideline values; however, locally elevated levels of
Mn, V, and U contribute to pollution indices indicating
groundwater degradation. Health risk assessment reveals
significant non-carcinogenic risks for children and
carcinogenic  risks  frequently exceeding acceptable
thresholds for both children and adults, particularly due to
As.

This study provides the first comprehensive assessment of
trace-element contamination and related health risks in the
shallow groundwater of N’Djamena. Although based on
samples collected between 2003 and 2005, it establishes a
valuable baseline prior to the city’s rapid expansion over the
last two decades and can serve as a reference for evaluating
subsequent changes in groundwater quality. Indeed, a large
proportion of the population still relies on shallow wells and
private boreholes, particularly in peri-urban areas not
connected to the municipal supply network. Moreover,
inadequate sanitation and uneven waste collection continue
to exert pressure on shallow aquifers, underscoring the need
for updated and systematic groundwater monitoring. To
mitigate groundwater contamination, measures commonly
recommended include improved wastewater treatment,
better management of urban waste, and sustainable
agricultural practices, which are essential to safeguard water
resources and public health.
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