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Trace metals (TMs) are significant pollutants that have toxic effects on plants, everyday
consumer products, and human health. Among these TME, the most notable are lead, zinc,
copper, etc. Their presence and accumulation in soil stem from several sources, including
urban domestic waste and the application and misuse of fertilizers containing these
elements. This study assessed TME levels around the Gonfreville site in Bouaké. We
selected four sampling stations based on their distance from the riverbed. The
concentrations of the target elements were then determined by inductively coupled plasma
(ICP) spectrometry, in accordance with ISO 11885. The results show that the
concentrations of Pb, Ni, Cr, and Cu remain below the thresholds set by the AFNOR U44-
041 standard dated December 8, 1997, while Cd exceeds the regulatory limit at three out of
four stations. Cadmium thus appears to be the primary element of concern at this site. The
pollution index indicates an absence of overall metal pollution.

Introduction

In Cote d’lvoire, urban and peri-urban agriculture is
practiced mainly in marshy areas, along lagoon shores,
and in wetlands located on the outskirts of major cities. It
helps provide urban populations with a rapid supply of
fresh vegetables, particularly lettuce, cucumbers, and
spinach (Wognin et al, 2014), while enhancing
household food security thanks to their high mineral and

vitamin content. However, the continuous increase in
food demand often leads to heavy reliance on agricultural
inputs, such as mineral fertilizers, organic soil
amendments, pesticides, and wastewater. These practices
can contaminate the environment as well as products
intended for human consumption (Senou, 2023). Among
the pollutants of concern are trace metals (TMs), known
for their persistence, toxicity, and ability to accumulate in
various environmental compartments.
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The repeated introduction of wurban waste or
contaminated organic matter promotes the accumulation
of TME in the surface layers of cultivated soils. These
elements can then be absorbed by plant roots and
accumulate in the edible parts of plants (Assy & Yapi,
2025; Senou et al, 2023). Frequent consumption of
contaminated vegetables thus represents a major route of
human exposure to toxic metals, which may cause, in the
long term, neurological, renal, or hepatic damage, as well
as carcinogenic effects (Djeoufo et al., 2025)

Bouaké, the second-largest city in Cote d’Ivoire with an
estimated population of 931,851 in 2021 (INS, 2022), is
experiencing rapid population growth. This trend is
increasing the demand for fresh produce and stimulating
the development of vegetable farming in the city’s
wetlands. The Gonfreville site, located near a textile
factory, is subject to anthropogenic pressures linked to
urban and industrial activities, raising concerns about the
food safety of the vegetables produced there. Research
by (Tano, 2025) revealed concerning levels of metal
contamination at this site: the levels of chromium, lead,
and cadmium exceed the limits set by the Codex
Alimentarius as well as the FAO/WHO standards
applicable to leafy vegetables and wastewater. These
results suggest a potential health risk to consumers,
although the health effects associated with the
consumption of these vegetables have not yet been
assessed.

The overall objective of this research is to assess soil
contamination by trace metals (TMs).

Specifically, the study will:

* Characterize the trace metals (Cu, Ni, Cr, Pb, and Cd)
present in the soil;
* Calculate the soil pollution index.

Materials and Methods
Study Site and Location of Sampling Stations

The study was conducted in a low-lying area located
behind the TEX-CI industrial facility in the Gonfreville
neighborhood, northwest of Bouaké. This area, which is
used for vegetable farming, receives wastewater from
both TEX-CI’s operations and urban waste from the
neighborhood. This site serves as a dumping ground for
all types of waste, both solid and liquid. Figure 1 shows a
map of the study area and the sampling stations.

Materials

Study and Sampling Materials

The study materials consisted of soil samples collected
from the vegetable-growing area of the study site.
Sampling was carried out using food-grade bags for
sample packaging, plastic gloves to minimize the risk of
contamination, a 22-cm trowel for soil extraction, a
camera for visual documentation of the field, a GPS
device for georeferencing the sampling points, a cooler
for storing and transporting the samples, as well as
adhesive tape and a marker for identifying them.

Methods
Sampling and Analysis Methods

Selection of Sampling Sites

Soil sampling stations were selected at strategic locations
based on field observations (discharges and sources of
pollution) to identify metal contamination. Thus, four
stations were chosen based on their location relative to
the riverbed, the right bank, and the left bank. The
characteristics of the sampling points are listed in Table
1.

Sampling Methods

The sampling campaign was conducted in March 2026 at
four stations. At each station, soil samples were collected
from the seedbeds using a trowel, to a depth of 20 cm,
corresponding to the root zone of vegetable crops. For
each plot, a composite sample weighing 500 g was
prepared from ten 50-g samples, or five per seedbed. The
samples were then placed in labeled food-grade bags,
stored in a cooler, and transported to the National
Laboratory for Agricultural Development Support
(LANADA) for analysis. Figure 2 shows the sampling
plan.

Analysis of Trace Metals

Acid Digestion of Soil Samples and ICP Analysis
Trace metals (Pb, Cu, Cr, Cd, and Ni) were analyzed
following wet digestion with aqua regia. The soil

samples were first air-dried, then sieved to 250 pum to
homogenize the matrix. A 1-gram mass of sieved soil
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was then placed in a Falcon tube and mixed with 10 mL
of aqua regia, consisting of 7.5 mL of hydrochloric acid
(HCI, 37%) and 2.5 mL of nitric acid (HNOs, 65%), in a
3:1 volume ratio. Digestion was carried out on a heating
block at 130 °C for two hours under reflux. After cooling
to room temperature, the solutions were filtered through
Whatman filter paper to remove solid residues. The
filtrates were then collected in volumetric flasks and
made up to 50 mL with ultrapure water. The
concentrations of the target elements were then
determined by inductively coupled plasma (ICP)
spectrometry, in accordance with ISO 11885.

Instrumental Conditions for ETM Analysis

The analytical method was validated through the analysis
of blanks, duplicates, and spiked samples. The recovery
rates for ETMs, ranging from 90% to 98%, confirm the
effectiveness of the acid digestion. The concentrations
measured in the blanks remained below the limits of
detection. The variation between duplicates, less than
15%, attests to the good precision and repeatability of the
analytical method (Table 2).

Pollution Index (PI)

The Pollution Index (PI) was calculated to assess the
overall toxicity of the soils at the studied sites. This
indicator is particularly well-suited for characterizing
multi-element contamination (Smouni et al, 2010). It
corresponds to the average of the ratios between the
measured concentrations of ETMs and the tolerance
thresholds defined by the AFNOR U44-041 standard
dated December 8, 1997 (Ye et al, 2021). This
dimensionless parameter thus allows for an estimate of
the cumulative level of environmental degradation due to
ETMs (Table 3). The IP is calculated using the following
formula:

[Pb]

[cd] | [Cu] [Cr]
IP:(IOO

2 T 300 ' i150
5

[Ni]
50 )

Statistical Analysis

Statistical analysis of the data was performed using
Microsoft Excel 2019. This software was used to
organize, verify, and validate the experimental data, as
well as to calculate the descriptive statistics necessary for
their interpretation. In particular, it was used to calculate
the Pollution Index (PI).

Results and Discussion

Concentrations of Heavy Metals (Cu, Ni, Cr, Pb,
and Cd) Measured in Vegetable Crop Soils

Pb concentrations range from 19.90 mg/kg at Station 2 to
32.05 mg/kg at Station 3. Cd concentrations range from
1.77 mg/kg at Station 3 to 3.60 mg/kg at Station 1. For
Ni, values range from 15.42 mg/kg at Station 4 to 26.23
mg/kg at Station 2. Cr concentrations range from 11.97
mg/kg at Station 4 to 19.80 mg/kg at Station 2. Finally,
Cu concentrations vary between 15.50 mg/kg at Station 2
and 19.49 mg/kg at Station 3.

At the stations studied, the concentrations of Pb, Ni, Cr,
and Cu remain below the thresholds set by the AFNOR
NF U44-041 standard dated December 8, 1997.
However, Cd exceeds the limit at stations 1, 2, and 4,
while station 3 remains in compliance. The results are
presented in Table 4.

Soil Pollution Index (PI)

The pollution indices calculated for the soils of the
various plots are shown in Figure 9. The values range
from 0.369 for Station 3 to 0.553 for Station 1. All of
these indices remain below 1.

Characterization of Heavy Metals (Cu, Ni, Cr,
Pb, and Cd) in Vegetable-Growing Soils

The presence of lead (Pb), nickel (Ni), chromium (Cr),
copper (Cu), and cadmium (Cd) in the vegetable garden
soils of Gonfreville could be explained by the combined
effect of several sources of contamination. These include,
in particular, irrigation with urban wastewater, discharges
from the nearby textile industry, and certain agricultural
practices, such as the use of fertilizers and pesticides.

Wastewater can promote the gradual accumulation of
metals in the soil-plant system, while textile effluents
constitute a potential source of heavy metals. Similarly,
phosphate fertilizers and certain plant protection products
can contribute to the enrichment of soils with heavy
metals, particularly cadmium (Nifio-Savala et al., 2019;
Wang et al., 2022).

The concentrations of ETMs measured in the soil vary
depending on the monitoring station and the elements
considered. The concentrations of Pb, Ni, Cr, and Cu
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remain below the thresholds set by the AFNOR U44-041
standard dated December 8, 1997, indicating that the
overall soil quality is acceptable for these metals.
However, Cd concentrations are a cause for concern, as
they exceed the limit value of 2 mg/kg at three out of
four stations (P1: 3.60 mg/kg; P2: 2.10 mg/kg; P4: 2.95
mg/kg). Such levels can have toxic effects on
macroinvertebrate fauna. Only station P3 remains within
the limit for Cd (1.77 mg/kg), although it has the highest
concentrations of Pb and Cu. These results differ from
those of Kouassi et al., (2013), who reported, at the
Marcory and Cocody vegetable-growing sites in Abidjan,
concentrations of Cd, Cu, Pb, Zn, and Ni exceeding the
limits recommended by French regulations governing the
application of sludge to agricultural soils. This
discrepancy may be related to different environmental
contexts and anthropogenic pressures. The vegetable-
growing areas of Marcory and Cocody, located in heavily
urbanized zones, are more exposed to industrial
discharges, road traffic emissions, and domestic
wastewater, which contributes to multi-element
contamination. In Gonfreville, contamination appears to
be dominated primarily by cadmium. This accumulation
may be linked to specific agricultural inputs, particularly
the repeated use of phosphate fertilizers that may contain
cadmium impurities and gradually promote its
accumulation and bioavailability in the soil (Nifio-Savala
et al., 2019; Pérez & Anderson, 2009).

The spatial distribution of heavy metals also reveals
higher concentrations of nickel and chromium at Station
2 (P2), located near the wastewater flow path. This
pattern suggests that liquid discharges have a direct
impact on soil contamination. It is consistent with the
findings of (Diop et al., 2023), who demonstrated,
around the Mbeubeuss landfill in Dakar, a gradual
decrease in ETM concentrations as one moves away from
the main sources of pollution. Thus, despite differences
in the study contexts, these results confirm that the
distribution of ETMs in urban vegetable garden soils
depends heavily on the nature, intensity, and proximity of
anthropogenic sources of contamination.

Pollution Index for Vegetable-Growing Soils

The pollution indices (PI) calculated for all monitoring
stations range from 0.369 to 0.553 and are all less than 1.
These values indicate the absence of overall metal
pollution according to the AFNOR U44-041 standard
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dated December 8, 1997. However, this interpretation
must be qualified, as the PI corresponds to an average of
the ratios between the measured concentrations and the
threshold values. It may therefore downplay the effect of
an isolated exceedance—particularly that of cadmium—
when the other elements remain well below their
respective limits. Thus, even if the total metal load
appears to be limited, the exceedances observed for Cd at
certain monitoring stations serve as a warning sign for
environmental vigilance.

These results are comparable to those of (Ye et al,
2021), who reported IP values below 1 in peri-urban soils
in Bobo-Dioulasso, despite the presence of diffuse
sources of contamination. However, they contrast with
observations made at sites directly exposed to illegal
dumps in the Abidjan district, where IP values exceeded
1 in several cases (Assy & Yapi, 2025). This difference
suggests that the overall soil contamination in
Gonfreville remains, at this stage, of moderate intensity.

The highest IP was recorded at Station 1 (0.553), even
though it is located far from the stream bed. This
situation, combined with the maximum Cd concentration
observed at this same station, supports the hypothesis of
diffuse contamination linked to agricultural practices,
particularly the use of organic or phosphate fertilizers.
Conversely, Station 3, although located in the immediate
vicinity of the effluent stream, has the lowest IP (0.369).
This observation shows that proximity to the stream bed
alone is not the primary factor contributing to soil
contamination at the study site. Taken together, these
findings indicate that contamination is generally limited
but locally significant for cadmium, which justifies
regular monitoring of the vegetable-growing soils in
Gonfreville.

In conclusion, this study assessed the contamination of
vegetable-growing soils in Gonfreville by trace metals
(Cu, Ni, Cr, Pb, and Cd) and evaluated their overall level
of pollution.

The results show that the concentrations of Pb, Ni, Cr,
and Cu remain below the thresholds set by the AFNOR
U44-041 standard dated December 8, 1997, while Cd
exceeds the regulatory limit at three out of four sampling
sites. Cadmium thus emerges as the primary cause for
concern, likely linked to repeated agricultural inputs,
wastewater, and surrounding human activities.
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Figure.1 Map of the study area
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Figure.3 Soil Pollution Index for the Various Monitoring Stations
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Table.1 Sampling Point Characteristics

Soil sample Characteristics Identifiers
collection point

STATION 1 (P1) Located away from the flow channel and on its right bank. | ES1: soil sample from crops in plot 1.

STATION 2 (P2) Located near the flow channel of mixed effluents, on its | ES2: soil sample from crops in plot 2.
left bank.

STATION 3 (P3) = Located in the center of the site, in the immediate vicinity = ES3: soil sample from crops in plot 3.
of the flow channel of mixed effluents.

STATION 4 (P4) Located on the right side of the site, away from the flow | ES4: soil sample from crops in plot 4.
channel.

Table.2 Analytical validation parameters for ETMs by ICP

Analyzed Limit of Limit of Linearity Recovery
elements detection (mg/L) | quantification (mg/L) quality rate (%)
Pb 0.01 0.03 0.995 95
Cu 0.001 0.003 0.998 90
Cr 0.01 0.03 0.996 98
Cd 0.001 0.003 0.994 93
Ni 0.01 0.03 0.995 97

LD: Detection Limit; LQ: Quantification Limit

Table.3 Common Classification Threshold

PI (per element) Pollution level
<1 Background level: no pollution
1-2 Low pollution
2-3 Moderate pollution
>3 High pollution
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Table.4 Characterization of ETMs in Various Vegetable-Growing Soils

Stations Lead, Pb Cadmium, Cd Nickel, Ni Chromium, Cr Copper, Cu
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
P1 21.40 3.60 23.40 17.60 16.53
P2 19.90 2.10 26.23 19.80 15.50
P3 32.05 1.77 18.43 12.08 19.49
P4 27.05 2.95 15.42 11.97 15.52
AFNOR U 44-041 threshold 100 2 50 150 100
values (8 Dec. 1997)
Pollution indices, ranging from 0.369 to 0.553, indicate Declarations

an absence of overall metal pollution.

However, the exceedances observed for Cd constitute an
environmental warning sign that warrants regular
monitoring of the site.

It is therefore recommended to strengthen soil quality
monitoring, better control sources of contamination, and
promote the sustainable management of fertilizers and
irrigation water.

Further studies on the transfer of metals to vegetables
and the associated health risks to consumers would also
be necessary.

Data availability

The datasets analysed during the current study are
available from the corresponding author on reasonable
request.
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