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ABSTRACT

This research was carried out with the aim to assess the pollution that threatens
agricultural soils in urban areas in the Haut-Katanga region (DR Congo) by searching for
heavy metals in the arable soil bordering the Kimpulande drain, in the nearby of the
Shituru commune, the City of Likasi. This drain has been utilized since the 1930s by the
Gécamines, the largest state-owned mining company in the country, to dispose of
wastewaters from the copper and cobalt industry. The population living in Shituru
utilizes the arable soil bordering the Kimpulande drain to grow edible plants. Based on
the results from physicochemical analysis of soil samples from the first 40 centimeters
and the determination of the spatial distributions of pH, electrical conductivity, and
concentrations of selected heavy metals (Cu, Co, Cd, and Fe), it was concluded that the
study area is composed of an alkaline soil (pH = 7.54) of which the average electrical
conductivity is about 700 pS/cm. Unlike average concentrations of cobalt and iron, those
of copper and cadmium have similar behavior, given that their average values decrease
with soil depth. Besides, the soil utilized for urban agriculture of edible plants is polluted
on the surface by cadmium (> 3 mg/kg) and copper (> 40 mg/kg). It is contaminated in
depth by cadmium (> 1 mg/kg) and cobalt (from 20 up to more 100 mg/kg). This is not
the case for copper and iron, given that their concentrations remained smaller
compared to the limits set by the quality standards (QS) applicable to soils for
agricultural use. Given the toxicity related to the presence in the arable soil of heavy
metals to high concentrations, it was deduced that the Shituru in-force agricultural
practices might result in the population's exposure to serious health problems.
Consequently, the urban agriculture of edible plants on arable soils threatened by
mineral pollution must be prohibited to protect the population's health.

©2022 Mpanga and Lutandula. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons
Attribution Non-Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the
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1. Introduction

In the Haut-Katanga region of DR Congo, and in particular, in the city of Likasi, where large production units of
copper and cobalt had been built by the Gécamines [1], there is constant concern about the mineral pollution that
threatens the agricultural soil and water [2-4], with nhumerous misdeeds on flora and fauna as well as on the
quality of human life [5-9]. Indeed, very rudimentary methods have been utilized in the past to manage mineral
wastes [10], with the discharge into watercourses of metal-laden liquid effluents emanating from metallurgical
plants and ores concentrators [4, 5, 11, 12]. These practices date back to the period prior to the adoption by the
DRC of the 2002 Mining Code. They contributed to the environmental pollution worsening, with great harm to
human health and wildlife [5, 11-13], highlighting a new type of risks and hazards related to the country's mining
and metallurgical industry [8, 14, 15]. Around the world, there are a great number of environmental pollution
cases and especially the soils contaminated by heavy metals [8, 15].

According to [16], mining and smelting of ores operations are major activities involved in environmental
pollution by heavy metals and metalloids in DR Congo [12]. This illustrates the situation experienced by the
population in the City of Likasi, where agricultural soils are threatened by mineral pollution [18]. Indeed, in this
city, located 120 km from Lubumbashi, which is the Haut-Katanga's capital, the dwellings in the commune of
Shituru are located near the drain of Kimpulande utilized for the evacuation of industrial liquid effluents [17, 18].
At present, the Gécamines is not the only mining company in which the liquid discharges transit by the
Kimpulande drain (Figure 1) before pouring themselves into the Lufira River. The same river, in turn, feeds the
Tshangalele Lake, which also receives wastewaters discharged by the newly installed mining companies, in mixture
with percolates and runoff water rich in metals coming from tailings stored at Kimpulande and elsewhere, via the
rivers Likasi, Panda and Buluo [18].

Figure 1: View of the Kimpulande tailings park in Shituru and a portion of the channel for liquid effluents discharge towards
Lufira River.

Unaware of the danger related to the pollution of mineral origin that daily threatens human health and wildlife
[4, 11, 13, 18], residents from the Shituru commune practice urban agriculture and utilize the surrounding soil for
growing edible plants. As acknowledged by many authors [9, 18-21], farming practiced around urban centers is a
major source of fresh crop. This is the case of vegetables consumed daily by the population in the City of Likasi.
However, no one is interested in the quality of the soils on which those vegetables are grown. There is a concern
that the consumption of vegetables is grown on polluted soils could result in health problems [19, 20, 22]. As
admitted by [22], heavy metal contamination of soils is looked at today as a global challenge [9, 23-28] that
requests both governments and scientific communities to join their efforts to remedy it [18]. Indeed, it is in the
interest of public members and governments that vegetables grown on soils suspected to undergo mineral
pollution be consumed safely [9, 27].

Unfortunately, hydrometallurgical operations performed at plants owned by the Gécamines, as is the case for
those of the newly built plants, have generated solid wastes and liquid effluents of which the poor management
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has resulted in the spread of pollutants that threaten the soil and water in the City of Likasi [7, 10-12, 18]. Indeed,
it is important recognizing that the fault lies more with the Congolese state, which had not quickly organized itself
to regulate the management of mineral wastes during several decennia of copper ores mining and processing that
have enabled the country to classify itself in the past among the world biggest producers [29] as it is the case
today. It was necessary to wait until 2002 and later on in 2018 for the legislator to provide mining operators with
guidelines for the environmentally friendly management of mineral wastes and their accompanying liquid
effluents [12]. Now that the damage has been done both to fauna and flora, it remains only for each Congolese to
manage this heavy environmental liability intelligently. The latter is in connection with adopted mineral ores
processing practices, in view increasing the output of copper and cobalt [10].

This research has been carried out to assess the pollution of mineral origin in the soil bordering the
Kimpulande drain, given that it is utilized by the population living in the Shituru commune for growing edible
plants. In parallel, the spatial distribution of heavy metals of our interest (Cu, Co, Cd, Fe) and those of the pH and
the electrical conductivity in the soil were determined. The findings of this research will be utilized for warning the
population and the local authorities on health risks incurred due to in-force practices in the urban agricultural
done in the City of Likasi. To achieve the objective pursued by this research, each targeted heavy metal has been
analysed in soil samples via atomic absorption spectrophotometry. The obtained data have been mathematically
processed using Matlab 7.1 software to establish the spatial distribution of each heavy metal. The same has been
done for the pH and the electric conductivity of the soil through indirect instrument measurements in a prepared
soil-water suspension.

2. Materials and Methods
2.1. Research Area Description

The study area is composed of a 200 m? terrain (Figure 2) located along the Kimpulande drain in the commune
of Shituru of the city of Likasi. In Shituru, a major part of the population practices the urban agriculture of
cabbages, tomatoes, carrots, onions, cucumbers, amaranths, squash and cassava leaves, etc., as an additional

source of income [30].

Sampling points location in the study area at different depths in the soil (h=0-40 cm)
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Figure 2: Soil sampling points location in the study area.

2.2, Soil Sampling Procedure

A set of 60 samples composed of the soil from the study area (20 m x 10 m) were subjected to physicochemical
analyses. Sampling was conducted, from May to June 2019, after subdividing the study area into eight square-
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shaped sub-areas (Figure 2), each of 25 m? (5 m x 5 m), and samples were collected at the summits of each one of
the sub-areas. Thus, a steel pipe of 15 cm as the interior diameter and 50 cm as the length was utilized for the soil
sampling by driving it deeply into the study area by means of a hammer until a depth of 40 cm. Once the desired
depth was reached, the pipe was removed and emptied of its contents, which were divided into three fractions
composed of surface soil (0 cm), intermediate soil (20 m), and depth soil (40 cm). Each fraction of the collected soil
(300 up to 400 g) was placed in a plastic bag prior to preparing sub-samples intended for physicochemical
analyses.

2.3. Sub-Samples Preparation

The preparation of sub-samples intended for analyses was conducted using the procedure described by [31]. It
consisted in transferring the soil samples on a plastic tray for spreading them so that a thickness of less than 1 cm
is obtained [32], followed by their air-drying for 72 hours when avoiding to expose them to direct sunlight. After
the drying, any foreign material (organic matters, charcoal, shells and plant seeds, etc.) were removed, and the
total sample weight was determined (200 g) before sieving at less than 2 mm [31, 32]. The oversize particles were
divided using a lab roller mill to prepare a matter composed of particles with the size less than 2 mm [31].
Subsequently, the ground samples were subdivided into subsamples by means of a riffle divider to obtain 50 g of
dry soil with a particle size that is less than 2 mm. Each soil sub-samples (50 g) was ground again using a disc
pulveriser until a fine powder was obtained. That powder was homogenized and sieved using a 100-pm sieve's
aperture before being bagged and labeled in view, indicating its location in the study area already divided into 8
square-shaped sub-areas.

2.4. Samples Physicochemical Analyses

These analyses consisted of determining the pH and electrical conductivity of soil samples using a consort
C933-type multi-parameter analyser. They also enabled the dosage of copper, cobalt, cadmium, and iron by
atomic absorption using an Analytikdjena AAS 300 spectrophotometer.

Concerning the pH measurement, an air-dried sample of soil (20 g) was placed in a 250 mL beaker containing
100 mL of deionised water, that is, in a ratio of 1:5. The obtained mixture was stirred to the speed of 180 rpm for
120 minutes at room temperature to prepare a soil-water suspension [31]. Indeed, a Fischer Scientific-type
magnetic agitator enabled preparing that suspension in which an SP10B general-purpose electrode +ATC (Pt.
1000), connected to the Consort C933 apparatus, was introduced in view of measuring the pH [32]. The electrode,
as mentioned above, was first rinsed with distilled water and calibrated using buffer solutions of different pH (4, 7,
and 10) provided by Consort Belgium.

As for the measurement of the electric conductivity, it was performed using the same soil-water suspension
[31, 32]. In this case, an SK10B general-purpose electrode +ATC (Pt. 1000), connected to the same Consort C933
analyser, was utilized after being calibrated using a 3M saturated solution of KCl (as a standard solution) also
provided by Consort Belgium.

As for the spectrophotometric dosage of heavy metals of our interest (Cu, Co, Cd, and Fe), it was conducted
using an aqueous solution prepared through the soil samples dissolution with aqua regia. A 0.5 g aliquot of each
soil sample was placed into a 250 mL beaker and attacked with a solution composed of 50 mL of concentrated
hydrochloric acid (36%), 10 mL of concentrated nitric acid (65%), 4 mL of concentrated HCIO4 (85%) and 2 drops of
concentrated hydrofluoric acid (70%), all of them provided by Merck Germany. The obtained soil-acid mixture was
heated until the liberation of white smoke before being allowed to cool. Afterward, 5 mL of concentrated HCI
(36%) was added to the cooled mixture that had been reheated until boiling for 10 minutes, followed by the
addition of 20 mL of distilled water. The resulting solution was transferred to a 100 mL volumetric flask, with the
volume adjusted until the mark using distilled water. Afterward, the solution was homogenized and diluted by
pipetting 5 mL of the stock solution into a 100 mL flask to which distilled water was added until the flask's mark.
The newly prepared solution was subjected to the spectrophotometric analysis of metals of our interest.

2.5. Obtained Data Mathematical Processing Procedure
15
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The mathematical processing of the data provided by physicochemical analyses of soil samples (60) was
performed using Matlab 7.1 software. The aim was to establish the spatial distributions of heavy metals
concentrations as well as the pH and the electric conductivity in the soil of the study area. The spatial distribution
of each studied parameter was analysed in view to describe its behavior in the study area soil to determine if it
has brought about the pollution or not when comparing the measured concentration to limits defined by quality
standards applicable to agricultural soil. The spatial distribution allowed us to visualize variations in the
concentration of given heavy metals in the study soil area and determine whether they may be considered as
pollution cases or not. It also enabled searching for a relationship between the electrical conductivity and
variations in the pH as well as showing how they influence the heavy metals chemical speciation (Cu, Co, Cd, and
Fe) present in the soil under consideration. Indeed, as stated by [33], it is not the total concentration of a given
metal that determines the toxicity risk related to its presence, but rather the form in which it may be in the soil,
that is, as a free metal ion or as a metal-ligand complex as well as physicochemical and biological processes it may
be exposed to [33, 34].

3. Results and Discussions

The results presented and discussed in this section are related to physicochemical analyses of soil samples and
the mathematical processing of data they have provided to establish the spatial distribution of each studied
parameter.

3.1. Physicochemical Analyses of the Soil Samples

These analyses of the soil samples sampled at different depths of the study area enabled obtaining the results
given in Table 1.

The obtained results reveal, at first glance, that the soil mean pH is equal to 7.54, that is, slight alkalinity. As for
the mean value of the electrical conductivity of the sail, it is almost equal to 700 pS/cm. This means a great
presence in the soil water of free chemical entities capable of assuring the electric current circulation. It can be
assumed that these chemical species could be present as dissolved matters but in sufficient quantities so that the
electric conductivity is far lower than values that would render the soil unfit for agricultural use [37]. As for copper
and cobalt, their average concentrations in the soil are between 16 and 17 mg/kg, contrary to cadmium and iron,
for which the concentrations average 1.34 and 7.52, respectively. It is clear that, considering the obtained results
(Table 1), the average concentrations of copper in the soil do not surpass the maximum limits set by different soil
quality standards referred to in this research. However, this is not applicable to the concentration of cobalt, of
which the value in the soil reveals a pollution of mineral origin [36]. It is important to note that a few years ago, the
results given by chemical analyses conducted on samples of liquid effluents, taken in an area more expansive than
that of this research study area, reported the presence of large concentrations of copper and cobalt [18].

As for the average cadmium concentration, it is found in some spots lower than the limits set by among the
strictest agricultural soil quality standards. The same average concentration is also higher than the limits set by
other soil quality standards, revealing the pollution of mineral origin. This does not apply to the concentration of
iron, of which the mean value is well below the limit set for agricultural soils (see Table 1).

If only the surface's soil quality is considered, it can be seen that the average values of the electrical
conductivity and average concentrations of copper, cobalt, and iron remain below the limits laid down by the soils
quality standards for agricultural use. This is not the case for the cadmium concentration, given that its average
value far exceeds all the limits laid down by different soil quality standards this research is referencing to (see
Table 1). It is important to keep in mind that in the surface soil, the average pH is equal to 7.58, which value
enables classifying the soil under consideration as slightly alkaline one.

Table 1: Physicochemical characteristics of soil samples.
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Sample Location Coordinates

Studied Physicochemical Parameter

X Y z pH EC Cu Co cd Fe
(m) (m) (m) (pS/cm) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
0 0 0 7.58 752.13 40.08 5.37 16.00 2.00
5 0 0 7.42 573.80 66.80 1.08 26.80 0.40
10 0 0 7.80 674.06 90.34 9.00 36.00 3.60
0 5 0 7.53 659.06 19.88 2.03 8.00 0.80
5 5 0 7.29 874.22 23.42 8.84 9.20 3.60
10 5 0 7.70 858.01 16.06 7.00 6.40 2.80
0 10 0 7.48 764.42 19.02 8.04 7.60 3.20
5 10 0 7.63 783.05 14.10 3.00 5.60 1.20
10 10 0 7.79 575.78 16.62 9.01 6.80 3.60
0 15 0 7.54 674,82 26.06 4.02 10.40 1.60
5 15 0 7.60 692.08 70.01 1.82 28.00 0.72
10 15 0 7.68 798.12 12.99 3.00 5.20 1.20
0 20 0 7.51 783.08 18.77 1.03 7.60 0.40
5 20 0 7.49 685.05 14.02 2.1 5.60 0.80
10 20 0 7.70 672.89 93.34 8.02 37.20 3.20
Mean values in the soil (0 m) 7.58 721.37 36.10 4.89 14.43 1.94
0 0 0.2 7.44 578.15 5.32 1.04 0.42 0.40
5 0 0.2 7.51 625.06 1.18 0.01 0.09 0.00
10 0 0.2 7.32 744.98 10.02 3.22 0.80 1.20
0 5 0.2 7.68 674.37 2.20 6.00 0.18 2.40
5 5 0.2 7.50 765.07 10.07 5.67 0.80 2.40
10 5 0.2 7.90 773.02 7.13 1.00 0.57 0.40
0 10 0.2 7.79 686.78 7.98 7.01 0.64 2.80
5 10 0.2 7.62 542.01 4.04 2.98 0.32 1.20
10 10 0.2 7.63 776.13 10.31 9.03 0.80 3.60
0 15 0.2 7.00 660.93 4.34 4.03 0.34 1.60
5 15 0.2 7.71 804.20 18.31 7.96 1.46 3.20
10 15 0.2 7.63 680.12 3.02 3.01 0.24 1.20
0 20 0.2 7.74 792.51 2.00 1.00 0.16 0.40
5 20 0.2 7.79 471.70 212 7.05 0.17 2.80
10 20 0.2 7.70 716.42 8.81 3.04 0.70 1.20
0 0 0.2 7.71 536.03 7.04 56.06 0.42 0.40
Mean values in the soil (0.2 m) 7.60 686.10 6.46 414 0.51 1.65
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Sample Location Coordinates Studied Physicochemical Parameter
X Y Y4 pH EC Cu Co Ccd Fe
(m) (m) (m) (pS/cm) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
5 0 0.4 7.72 757.90 4.99 23.14 0.64 22.40
10 0 0.4 7.39 847.84 4.06 70.32 0.40 9.24
0 5 0.4 7.10 744.36 5.89 13.00 0.32 28.12
5 5 0.4 7.72 659.04 3.1 72.21 0.48 5.20
10 5 0.4 7.64 705.81 10.06 14.10 0.24 28.88
0 10 0.4 7.34 679.02 11.00 26.02 0.80 5.64
5 10 0.4 7.49 762.41 9.23 49.89 0.88 10.40
10 10 0.4 7.32 515.03 7.06 33.30 0.72 20.00
0 15 0.4 7.56 833.90 6.11 91.02 0.56 13.32
5 15 0.4 7.40 715.32 7.89 93.17 0.48 36.40
10 15 0.4 7.23 626.17 4.04 16.92 0.64 37.24
0 20 0.4 7.81 695.05 9.97 17.00 0.32 32.60
5 20 0.4 7.19 608.80 8.21 49.31 1.35 8.52
10 20 0.4 7.02 678.32 5.00 1.03 0.80 6.80
Mean values in the soil (0.4 m) 7.44 691.00 6.91 41.77 0.62 18.97
Total mean values in the soil 7.54 699.50 16.49 16.93 1.34 7.52
2702 0.482
150° 3.0°
agrictﬁtsufrC;Ir o 0] 5.5-6.8" ND 200¢ ;259? 1.0° 5000¢
100¢ 3.0d
200° 1.0¢

a: US QS; b: Canadian QS; c: Tanzanian QS; d: Australian QS; e: Maximum allowable limit, f: According to [31]; ND=Not defined.

By analysing changes in the pH and electrical conductivity in the soil, that is, when moving in the study area
from the top layer to a depth of 40 cm, the average soil pH first increases until a depth of 20 cm. Beyond this
depth, it displays a downward trend and becomes slightly alkaline until a depth of 40 cm is achieved (Figure 3).
This is not the same for average electrical conductivity. Indeed, its value firstly decreases until the depth of 20 cm
before displaying an upward trend until a depth of 40 cm.

The behavior displayed by the electrical conductivity as a function of the soil depth could be explained by a
variation in the number of chemical species capable of assuring the circulation of electricity brought about by a
change in the pH. Indeed, the increase in the soil pH observed until the depth of 20 is achieved resulted in a
decrease in the electrical conductivity, meaning that the soil has become slightly a bit more alkaline, presumably
due to an increase in the number of hydroxyl ions compared to hydrogen ions of the soil water. An increase in
alkalinity results in lowered ionic mobility [38] as well as the precipitation of ionic chemical species capable of
carrying electricity in the soil water. As for the drop in the pH observed beyond the depth of 20 cm, it has brought
about an increase in the electrical conductivity. This simply means that the amount of ionic chemical species
capable of conducting electricity has increased in the soil water, which contains a bit more hydrogen ions [38].
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Figure 3: Changes in the average soil pH and electric conductivity versus the soil depth.

At a depth of 20 cm, the average concentrations of copper, cobalt and iron are consistent with the quality
standards of soils intended for agricultural use. This is not the same when one goes at a depth of 40 cm, given
that the average concentrations of cobalt and cadmium are higher than the threshold set by soils quality
standards. This reveals a pollution of mineral origin in the soil under study. Figure 4 below shows the variation in
the average heavy metal concentrations as a function of soil depth.

45 T T T T T
40_- —m— Cu o ]
4 —e— Co ]

] Cd .
301 —v— Fe .

Mean value in the soil (mg/kg)
N
(&)

0 10 20 30 40
Sampling depth (cm)

Figure 4: Variation of heavy metals average contents versus the sampling depth.

It is easy to realize (Figure 4) that the average concentrations of copper and cadmium display a downward
trend as the depth of the soil increases. This is not the same for the average cobalt and iron concentrations
because their values increase with the soil sampling depth. However, the concentrations of copper and iron
remain smaller than the limits set by the quality standards applicable to agricultural soil. They contrast with
concentrations of cobalt and cadmium that reveal the pollution of mineral origin of the soil under study.

The analysis of the behavior of the metals concentrations as the depth of the soil changes provides proof that
changes in the ionic mobility [38] enable establishing a cause-effect relationship between variations in electrical
conductivity and the change in soil pH. Indeed, in the first 20 cm of the soil, the pH has become slightly more
alkaline, i.e., its value has increased (few free ionic chemical species or hydrogen ions), bringing about a drop in
electrical conductivity. Similarly, the concentrations of the analysed metals have reached their lowest values in the
soil. In the last 20 cm of the soil, the pH has decreased, i.e., it has become a bit acidic or less alkaline (more free
ionic chemical species or hydrogen ions), and this has brought about an increase in electrical conductivity.
Similarly, the concentrations of certain metals of interest have reached the highest values.
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3.2. Spatial Distribution of Parameters Measured in the Study Area Soil

This section of the article is reserved for discussing results given by the sample analysis. These results are
depicted as spatial distributions of each parameter studied. For each sampling depth, an endeavor was made to
find a link between variation in the concentration of a given heavy metal, its behavior, and the pH and electrical
conductivity values in the soil [22].

3.2.1. pH and Electric Spatial Conductivity Distribution

As a function of the soil sampling depth, the spatial distribution of the pH and electric conductivity in the study
area are depicted in Figures 5a and 5b.

pH spatial distribution at 25°C in the surface soil (h=0 cm)
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Figure 5a: Spatial distribution of pH in the surface soil.

Electric conductivity distribution at 25°C in the surface soil (h=0 cm)(uS/cm)
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Figure 5b: Spatial distribution of electric conductivity in the surface soil.
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From Figure 5a, one can notice that the pH of the surface soil varies between 7.3 and 7.85 over much of the
study area. When one moves from the center of the lower half of the study area towards the peripheral, whatever
the direction chosen, the soil pH varies from 7.3 to values ranging from 7.45 to 7.85. The soil pH of the study area
has changed from neutrality to alkalinity. Figure 5b enables noticing that the electrical conductivity displays the
most significant values (from 847 to 872 pS/cm) when one moves from the center of the lower part of the study
area towards its lower left part. Higher electrical conductivity values are also observed towards different corners
of the study area, that is, 772 puS/cm in the left and right top corners and 747 pS/cm in the left and right lower
corners. The smallest value of the electrical conductivity (597 puS/cm) is observed in the middle of the lower part
and the middle of the extreme right part of the study area. One can notice that in the surface soil, the electric
conductivity displays the largest values in areas where the soil pH value changes from neutrality to alkalinity.
Therefore, it can be assumed that the mobility of ions capable of transporting electricity in the soil is excellent in
those parts. This situation enables an increased presence of hydroxyl ions among chemical species capable of
easing electricity circulation within the soil water, and their ionic mobility is naturally greater as it is the case for
hydrogen ions. In addition, the smallest value of the electrical conductivity is observed in areas where the soil pH
is neutral and less alkaline. The behaviour of parameters of our interest is easily understandable because, under
such conditions, most metals are present in the soil in speciation, which renders them less free in solution [33].
For areas with pH close to neutrality (see the center of the lower part of the study area), the lowered electrical
conductivity observed in the soil can be attributed to the ionic chemical species resulting from the dissociation of
salts. For places with low alkalinity (see the middle of the lower part), the electrical conductivity observed in the
soil may be due to the presence of the chemical species and a lesser extent, due to hydroxyl ions. However, the
surface soil presents an average electrical conductivity of 721.37 uS/cm or 72.137 dS/cm, a value that classifies it
as strongly saline (= 16 dS/cm) and, therefore, unfit for any agricultural use (See Table 2).

Table 2: Saltiness class of soils as a function of the electrical conductivity

EC (dS/cm) Saltiness class
0<2 Non-saline
2<4 Very slightly saline
4<8 Slightly saline
8<16 Moderately saline
162 Strongly saline

The spatial distribution of the pH and the electric conductivity in the soil at a depth of 20 cm is depicted in
Figures 6a and 6b.

Figure 6a reveals that the soil pH is alkaline mainly. Its largest values ranging from 7.75 to 7.90, have been
observed near the four corners of the study area. However, when one moves in the study area, that is, from the
center to the left of its upper part, the soil pH gradually decreases from alkalinity (pH=7.7) to neutrality (pH=7.05).

As for the electrical conductivity of the soil sampled at a depth of 20 cm, its variations are such that the
smallest values are observed in the center (560 pyS/cm) and in the middle of the top part (488 uS/cm) as well as
towards the lower-left corner (596 pS/cm) of the study area. These smallest electrical conductivities match pH
values neighboring 7.6, that is, in the soil of which the alkalinity is not very strong. For the rest of the study area,
the largest values of the electrical conductivity (794 uS/cm) are observed, with a decreasing trend, when one
moves upward and downward as well as towards the top left and right corners of the study area (from 794 to 704
pS/cm). In the lower half of the study area, the soil's electrical conductivity decreases from 776 to 686 pS/cm when
one moves from the right to the left. One may assume that variations in the electric conductivity observed when
one moves in the study area, whatever the chosen direction, result from changes in the amount of hydroxyl ions
which determines the pH value measured in the soil. Once again, the study area's soil cannot be used for
agricultural purposes, given that measurements of the electrical conductivity have provided values qualifying the
soil under consideration as strongly saline (see Table 2).
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pH spatial distribution at 25°C in the soil (h=20 cm)
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Figure 6a: Spatial distribution of the soil pH at the depth of 20 cm.
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Figure 6b: Spatial distribution of the soil electric conductivity at the depth of 20 cm.
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As for soil samples collected from the depth of 40 cm, the spatial distribution of the pH and electric
conductivity is depicted in Figures 7a and 7b below.

The reading of Figure 7a reveals that at a depth of 40 cm, the larger alkalinities (an increase from 7.51 up to
7.81) have been measured in areas near the top left corner and near the lower right corner of the study area. At
spots around the center of the study area, the pH value is small and ranges from 7.41 to 7.51. The pH decreases
until a value near neutrality (7.31 to 7.16) when one moves toward the lower left and the top right corners of the
study area. This reveals that a significant part of the study area is made of alkaline soil (pH=7.16-7.81). As for the
soil electrical conductivity, one can note that it displays higher values when one moves towards the lower right
corner (674-834 uS/cm), along the direction going from the center of the study area towards the upper left corner
(734-814 pS/cm) as well as when one moves towards the lower-left corner (714 to 734 pS/cm). Besides, when
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moving from the central part of the study area to the far right, one notices a gradual decrease in the soil's
electrical conductivity (from 754 to 514 pS/cm). It is important to signal that the largest electrical conductivity
values were located in portions of the study area wherein the soil displays high alkalinity. These electrical
conductivity values could be due to high mobility related to the presence of hydroxyl ions in the soil water. As for
the electrical conductivity's high value observed when one moves towards the lower-left corner, it could result
from the presence of sodium ions, of which, unfortunately, the concentration has not been measured during the
soil samples analysis. The gradual decrease in electrical conductivity observed when one moves from the center of
the study area toward the far right could be related to variations in the soil pH, which has changed from alkalinity
to neutrality. The above shows that there is a cause-effect relationship between variations in the pH and the value
of the electrical conductivity of the soil at a depth of 40 cm. Again, the high electrical conductivity values at this
depth make the soil unsuitable for any agricultural activity (see Table 1).

pH spatial distribution at 25°C in the soil (h-40 cm)
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Figure 7a: Spatial distribution of the soil pH at the depth of 40 cm.
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Figure 7b: Spatial distribution of the soil electric conductivity at the depth of 40 cm.
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3.2.2. Copper Spatial Distribution

The spatial distribution of copper concentration in the study area, as a function of the soil depth, is shown in
Figure 8.

Figure 8a shows that the concentration distribution for copper in the surface soil of the study area goes from
less than 20 to more than 90 mg/kg. However, these values remain below the limits set by the majority of quality
standards for agricultural soils (See Table 1). In the center of the upper half of the study area, concentrations of
copper ranging from 40 to 70 mg/kg are observed in the soil. When one considers the guide values set for the
copper concentration by the majority of the standards (Table 1), the surface soil cannot be considered as polluted
by copper despite the fact that high concentrations are observed in it, particularly in the upper and lower right
corners of the study area. In contrast, according to [28], the soil of a significant part of the study area can be
considered polluted by copper, given that the larger value of its concentration surpasses 40 mg/kg.

Considering larger values of the pH (7.85) and the electrical conductivity (797 ps/cm) measured in the soil
sampled near the upper and lower right corners of the study area (Figures 5a and 5b), copper was observed to
appreciable concentrations in the soil forming those corners may be found (Figure 8a) also as hydroxides. This
chemical speciation would prevent copper from being dispersed in soil water. Consequently, copper will be less
bioavailable for plant uptake [22, 33]. However, this cannot be looked at as a guarantee for a lowered toxicity risk
related to the presence of copper in the soil because most metals can undergo dissolution inside the plants'
rhizosphere wherein the pH is ordinarily acidic even if the closer surrounding is alkaline [34].

At a depth of 20 cm (Figure 8b), the spatial distribution for the concentration of copper is a bit different,
particularly when one considers the soil forming the lower and upper right corners and the center of the upper
half of the study area. Indeed, the concentration of copper ranges from 2 to 18 mg/kg, a range different from the
one observed in the surface soil. The evoked difference also applies to the concentration range around the center
of the upper half of the study area (Figure 8a). In addition, the concentration of copper in the soil does not surpass
limits set by different quality standards (Table 1) despite the presence of the highest values (12 to 18 mg/kg) in the
study area (I=5m and L=15m). These large values of the concentration of copper could have a link with those
previously observed (see Figure 8a) at the same spot in the surface soil. As time went on, it could be that the
mineral pollution of the surface soil (> 40 mg/kg of copper) would have resulted in a migration of copper ions, of
which large concentrations are observed in the soil sampled at a depth of 20 cm. The spatial distribution of the pH
in soil sampled at a depth of 20 cm (Figure 6a) enables stating that the copper is found in an alkaline environment
wherein it may be present as hydroxides. The same environment is characterized by a larger value of electrical
conductivity (Figure 6b).

At a depth of 40 cm (Figure 8c), the copper concentration in the soil is distributed so that any coherent
relationship may not be established either with its distributions at a depth of 20 cm or to that of the surface soil.
Indeed, the concentrations of copper range from 3 to more than 10 mg/kg, and higher values (from 9 up to more
than 10 mg/kg) appear at spots that are different from those found at a depth of 20 cm and in the surface soil.
However, those concentrations comply with the quality standards for agricultural soils (see Table 1) despite the
marked presence of copper towards the upper right corner, when one moves from the center until the far left and
the far right near the lower right corner of the study area. This significant presence of copper in the soil at a depth
of 40 cm may be related to large pH values (Figure 7b), revealing greater alkalinities. The same copper presence
matches high electric conductivity values (Figure 7c). What precedes suggests considering that copper may be
present in soil as hydroxides [33].

Although copper has not been observed in the soil to greater concentrations, it cannot be excluded that its
absorption by the plants such as lettuce, spinach, and carrot that could be grown on this soil could not, in the long
run, endanger the consumers' health [15].

3.2.3. Cobalt Spatial Distribution

The spatial distribution of cobalt in the soil sampled at different depths of the study area is given in Figure 9.
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Copper concentration spatial distribution in the surface soil (h=0 cm) (mg/kg)
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Figure 8a: Copper spatial distribution in the surface soil.
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Figure 8b: Copper spatial distribution in the soil at the depth of 20 cm.
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Figure 8c: Copper spatial distribution in the soil at the depth of 40 cm.
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At first glance, the reading of the distribution of cobalt in the surface soil (Figure 9a) reveals that its
concentrations are below the limit (15.2 mg/kg) set by the quality standards for agricultural soils [35]. This
distribution of cobalt can be linked to the pH of the soil (Figure 5a). Indeed, its highest concentrations are
observed at spots where the pH is alkaline (7.5 up to 7.85) and match high electrical conductivity values (Figure
5b). In a pH range with a maximal limit smaller than 8.2 (Figure 5a), cobalt cannot be mainly as precipitates in the
soil but also as free ions. Consequently, the chemical speciation in which it may be found will favour an increase in
its mobility or bioavailability [36] for its uptake by the plants. Indeed, [33] stated that at circum-neutral pH values,
most metals are in a form that makes them unavailable for direct plants uptake in the aqueous form.

At a depth of 20 cm, the spatial distribution of cobalt in the soil is so that its concentration ranges from less
than 1 up to more than 8 mg/kg (Figure 9b). Its concentration is far smaller than the limit set by quality standards.
Consequently, the soil can be considered suitable for agricultural use.

Their highest values are observed in the center of the upper half of the study area, which means, up to its top
part, in the middle of the far-right, and from the center of the lower half of the study area until the middle of the
far left part. In the aforementioned areas, the soil pH is alkaline (Figure 6a) but not sufficient higher so that cobalt
may be present mainly in the form of a precipitate. As a result, its bioavailability may be higher, as proven by high
electrical conductivity values (Figure 6b). What precedes enables assuming that cobalt can build up in edible
plants and endanger the consumers' health.

It is clear that cobalt concentrations (from 20 to more than 100 mg/kg) observed in deep soil, i.e., 40 cm from
the surface, far exceed the quality standards limit used (15.2 mg/kg)[35]. This is true specifically when one moves
from the lower right corner towards the center of the lower half part of the study area. The same applies when
one moves toward the far left part leaving the center of the upper half of the study area. Consequently, the soil
can be considered unsuitable for any agricultural use. Indeed, the marked presence of cobalt can favor its build-
up in edible plants endangering the consumers' health [39, 40]. Additionally, according to [41] cited by [22], the
natural concentration of cobalt in a given soil may increase up to 40 mg/kg [42].

It is worth recalling that it is the Central Africa Copperbelt region (DR Congo and Zambia) wherein the City of
Likasi is found. In this region, the soil is highly contaminated by cobalt [43]. [27] indicated that heavy metals like
cobalt, when present in the soil to excess concentrations, hinder its biological functioning. As a result, a decrease
in crop yields occurs with the increased presence of cobalt in plants’ tissues [36, 37, 42, 44, 45]. According to [43],
average concentrations of cobalt in plant tissues are usually low and range from 0.03 to 0.55 mg per kg of dry
matter. The highest concentration of cobalt found in the soil slightly surpasses 100 mg/kg, that is, a limit value set
for a mining area [36]. The greatest cobalt concentration in soil may reach 500 mg/kg [45].

3.2.4. Cadmium Spatial Distribution

The spatial distribution of cadmium in the study area was also determined at different soil depths (Figure 10).

The spatial distribution of cadmium (Figure 10a) in the study area reveals that the higher concentrations
observed in the surface soil (From 4 to more than 7 mg/kg) surpass the highest limit (3 mg/kg) set by quality
standards used (Table 1). What precedes reveals that the soil under study is polluted by cadmium, of which the
spatial distribution resembles that established for copper (see Figure 9a). This means that their highest
concentrations appear in the same areas. These are characterised by great alkalinities (Figure 5a) and high
electrical conductivities (Figure 5b). The finding done in the case of the surface soil does not apply to the
distribution of cadmium (from 0.5 up to 3 mg/kg) at a depth of 20 cm (Figure 10b). The situation is quite different
for the spatial distribution of cadmium in the deep soil (Figure 10c). Indeed, the highest cadmium concentrations
are observed only in the upper left corner of the study area. Moreover, at both the depth of 20 and 40 cm, the
concentration of cadmium in the soil is sometimes greater or smaller than the limit set by any of the standards
used [28], and this, depending on areas considered in the study area. In the surface soil, the cadmium
concentration increases (from 4 to more than 7 mg/kg) as one directs towards the lower and upper right corners
of the study area. In the center of the upper half of the study area, cadmium seems to have scattered in alkaline
soil (Figure 5a), with its concentrations varying from less than 3 up to about 6 mg/kg. It is important to bear in
mind that the presence of heavy metals in agricultural soil, particularly cadmium, to concentrations above the
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permissible limit, poses a threat to public health [9, 21, 28, 36, 46]. Besides, cadmium is classified as a carcinogen
to humans and is easily transferable from soil to the food chain [46].

Cadmium concentration spatial distribution in the surface soil (h=0 cm)(mg/kg)

Study area length (m)

Study area width (m)
Figure 10a: Cadmium spatial distribution in the surface soil.
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Figure 10b: Cadmium spatial distribution in the soil at the depth of 20 cm.
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Figure 10c: Cadmium spatial distribution in the soil at the depth of 40 cm.
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As with the copper concentration (Figure 8a), the increase of that of cadmium when one approaches the upper
and lower right corners matches a variation in soil pH from slight alkalinity to neutrality (Figure 5a) [33]. A similar
variation is observed in the electric conductivity value (Figure 5b). It resembles the one already displayed by the
studied heavy metals, of which the average concentration has changed as a function of the soil depth (Figure 4).
Referring to the available quality standards, it can be stated that the soil under study is contaminated with
cadmium. Therefore, it is unsuitable for any agricultural purpose, given the possibility of the build-up of cadmium
in plants that could be grown there.

In most of the soil in the study arega, i.e., at a depth of 20 cm, the cadmium concentration is above the lowest
limit (0.48 mg/kg) set by the quality standards used (Figure 10b). It is only around the center of the upper half of
the study area and towards the middle of the far-right part that the cadmium concentration surpasses the higher
limit (3 mg/kg) set by the standards used. It is around and within an area of triangular shape located on the far left
of the study area that the cadmium concentration in the soil varies between 2 and 3 mg/kg.

It is not easy to establish a coherent relationship between the distribution of cadmium in soil and the pH or the
electrical conductivity (Figures 6a and 6b). Moreover, it is evident that the distribution of cadmium in the soil at a
depth of 20 cm is such that its concentration varies between 0.5 and more than 3.5 mg/kg. This is sufficient for
considering the soil unfit for any agricultural activity. When one closer analyses the distribution of cadmium in the
soil sampled at 40 cm from the surface (Figure 10c), one will quickly realize that its concentration is greater
towards the upper left corner of the study area (0.5 and more than 1.3 mg/kg). It surpasses the limits set by three
of the quality standards used (see Table 1).

The highest cadmium concentrations are observed in areas characterised by the highest alkalinity and
electrical conductivity measured in the soil (Figures 7a and 7b). Again, common sense would want the most
stringent soil quality standard to be used and therefore, the soil is considered unsuitable for any agricultural use.
Worth recalling is that cadmium has harmful effects on crops quality, namely via its impact on the uptake of
micronutrients such as potassium [47]. Those micronutrients enable plants resisting against illnesses. Besides,
when present in high concentrations, cadmium induces significant changes in the soil's biological properties
inhibiting its enzymatic activity and inducing a drop in fertility and in crops yield [48, 49].

3.2.5. Iron Spatial Distribution
Iron’s spatial distribution in the study area was also determined at different soil depths, as shown in Figure 11.

At first glance, the concentration of iron in the soil is far below the limit set by soil quality standards (Table 1).
The distributions of its concentration in both the surface and deep soils (Figures 11a and 11b) are completely
different, not allowing to establish any coherent relationship between them. However, the soil cannot be
considered unsuitable for agricultural use in this case.

Iron concentration spatial distribution in the surface soil (h=0 cm)(mg/kg)

Study area length (m)

Study area width (m)
Figure 11a: Iron spatial distribution in the surface soil.
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Iron concentration spatial distribution at 25°C in the soil (h=40 cm)
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Figure 11b: Iron spatial distribution in the soil at the depth of 40 cm.

4. Conclusion

The results obtained demonstrate that the soil bordering the Kimpulande drain in the commune of Shituru in
Likasi contains cadmium and cobalt at concentrations exceeding the limits set by soil quality standards. The
electrical conductivity of the soil has displayed values that match a strong saltiness (High electrical conductivity
values), rendering it unsuitable for agricultural use. Heavy metals make the soil unsuitable for any agricultural use
because of their capacity to accumulate in the tissues of plants and given serious health risks they may represent
to consumers. Urgent measures or decisions need therefore be taken by the public authority to discourage the
urban agriculture of edible plants in order to protect the health of people living in the city of Likasi, given that it is
practiced on soils polluted by heavy metals.
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