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A B S T R A C T

The focus of this study was to assess the environmental impact of the BATOKE oil sludge dump. A
field visit was conducted to evaluate the condition of the site, followed by the sampling of oil
sludge, BATOKE river water, soil, and locally grown manioc and macabo tubers. Subsequent
physico-chemical characterization revealed parameters such as pH, electrical conductivity, total
hydrocarbons, COD, BOD5, TSS, major cations and anions, as well as heavy metals including iron,
copper, zinc, nickel, chromium, lead, cadmium, mercury, arsenic, calcium, potassium, titanium,
zirconium, and rubidium. The environmental impact was assessed using the Contamination Index
calculation and the Correlation Matrix. Results indicated that most physical parameters met
standards, except for the electrical conductivity of water and soil. However, elevated levels of
iron, chromium, lead, cadmium, mercury, arsenic, and ammonium ion were found in the BATOKE
River water. The soil showed heavy contamination with various metals, and cassava and macabo
tubers were also found to be contaminated. The contamination index calculations confirmed
severe pollution in the BATOKE environment, with a risk of further escalation without remedi-
ation efforts.

1. Introduction

The rapidly increasing global population is leading to a heightened demand for energy ([1,2]). This demand is predominantly
satisfied by crude oil, which undergoes refining processes to yield various products such as petrol, paraffin, and diesel. According to the
European Commission (February 2013), oil refineries in isolation cater to 42 % of the EU’s energy requirements and supply 95 % of the
fuels essential for the transport sector. In the course of the refining process, by-products such as oil sludge and other industrial wastes
[3] are generated, constituting the largest group of organic pollutants ([4,5]). Improper storage of these wastes can result in surface
and sub-surface soil and water contamination. Of particular concern is hydrocarbon contamination, given its adverse effects on all
forms of life [6]. Previous studies focusing on the physicochemical characterization of hydrocarbon-polluted soils have largely
concentrated on determining the concentration levels of identified heavy metals. For example [7], evaluated the concentrations of
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total petroleum hydrocarbons, lead, chromium, and mercury in soil samples sourced from various locations in Wonocolo, Indonesia,
where oil drilling and production activities are prominent. Similarly [8], conducted physical and chemical analyses to assess the
properties of oil-contaminated soils within the same area.

Several researchers have investigated the repercussions of hydrocarbons on water and soil quality. For instance Ref. [9], analyzed
soil samples from storage tanks and landfill ponds at the Al-Daura refinery site in Baghdad to determine soil pollution by petroleum
products. They identified maintenance operations as a major contributor to heavy hydrocarbon sludge pollution. In 2014 [10],
examined the effects of crude oil pollution on the heavy metal content in soil microorganisms and their impact on plant growth.
Experiments on maize and cowpea plants in both polluted and unpolluted soils revealed high concentrations of heavy metals in plants
in polluted areas, leading to inhibited growth. Studies in Cross River State, Nigeria ([11]) expanded these experiments to various plant
varieties and recommended that farmers avoid cultivating polluted plots, instead suggesting the use of fertilizers, liming, and har-
rowing to enhance yields. Additionally, oil pollution has detrimental effects on soil biocenosis, leading to alterations in the chemical
composition, structure, and properties of the soil ([12,13]). High concentrations of pollutants often result in the disappearance of
certain species ([14]), and their potential to infiltrate and reach groundwater sources is contingent on their state, quantity, and
composition ([15]).

The present study, distinguished as the first of its kind in Cameroon, endeavors to evaluate the environmental impacts of oil and
solid waste sludge dumps on water, soil, tubers, and the population of the village of Batoke, South West Cameroon. This pioneering
research focuses on assessing how these pollutants affect various environmental and health parameters in the region. The study is
organized around the following key points:

- describe the site condition of the Batoke oil sludge dump;
- sample and characterize the oil sludge discharged at the landfill to obtain the various contaminants found in it;
- sampling and analyzing the waters of the Batoke River;
- sampling and analysing the soils of the site and the surroundings of the landfill (Batoke) for contamination;
- Sampling and testing food grown around the landfill
- Determination of correlations between the parameters studied and calculation of contamination indices.

Fig. 1. Location map.
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This comprehensive approach will provide a detailed understanding of the environmental and health consequences of oil and waste
sludge pollution in Batoke, guiding future policies and remediation efforts in Cameroon.

2. Materials and methods

2.1. Presentation of the study area

The study area is located between 9◦6″and 9◦7″North latitude and 4◦1″and 4◦2″East longitude in Batoke, a small village in Limbe 3
subdivision at 3.5 km from the National Refining Compagny Limited (SONARA) (Fig. 1). Batoke is located in the coastal plain of the
South-West region of Cameroon, which extends along the entire western Cameroonian shore of the Atlantic.

The Batoke sludge dump located in a fragile ecosystem area, at 1 km from the sea. To the north-west, the Batoke River is found at
the bottom of a ravine which flows into the sea. Agro-pastoral activities are carried out here (plantations, livestock) and there is also an
increase urbanisation. The first houses are located 50m to the south. This landfill has existed for at least three decades; it is an area that
allows SONARA to store its hazardous waste, like liquid waste, which is hydrocarbon sludge awaiting further treatment, and solid
waste, which is made up of raw hydrocarbons, soiled earth, soiled rags, civil engineering waste, metal waste, plastic waste, wood
waste, and insulation waste (glass fibres).

The landfill consists of an open pit about 97 m long, 37 m wide and 5 m deep with a capacity of about 1745 m3 (and a solid waste
storage area in two bins and on the ground) (Fig. 3).

The field equipment kit used for the sampling consisted of a GARMIN GPS to record the coordinates of the sampling points, a
manual auger for soil sampling, 1-L breakable jars and plastic bottles for water samples, a cooler for storing the samples and a digital
camera for taking photos.

2.2. Sludge sampling

Two sludge samples were taken in 900 mL breakable jars (Fig. 2) at different points. B1 corresponds to the sludge taken from the
SONARA crude oil storage tank A13 and B2 corresponds to the sludge taken from the Batoke sludge dump.

2.3. Soil sampling

Four soil samples (Fig. 3) were taken using a hand auger. Samples S1, S2 and S3 were taken at the entrance to the Batoke landfill
sludge pit, at the landfill’s biosolids treatment area and the solid waste area, respectively, and St was the control sample taken far from
the landfill site. These samples were stored in plastic jars and transported to the laboratory in a cooler.

2.4. Water sampling

Four water samples were taken. Samples E1, E2 and E3 correspond respectively to the sample taken upstream of the Batoke River,
at the point of impact of the river with the landfill, and downstream of the river. A1 corresponds to a control sample taken in the same
river but far away from the landfill. The water samples were taken in 1 L glass bottles (Fig. 4) by the guide for taking water from rivers
for physicochemical analysis (Loire Bretagne water agency):

Fig. 2. Sludge samples.
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2.5. Tuber sampling

Two food samples were taken from different parts of the site. (Fig. 5).
Below is the sample map (Fig. 6):

2.6. Methods of analysis in the laboratory

2.6.1. Physico-chemical parameters of water and soil in SONARA’s oil sludge landfill BATOKE
The pHwas determined using a glass electrode pHmeter; the electrical conductivity was determined using a CDM 210 conductivity

meter. Chemical Oxygen Demand (COD); Biochemical Oxygen Demand for 5 days (BOD5).

2.7. Determination of suspended solids (MES)

the amount of suspended matter retained on the filter paper is calculated by equation (1):

MES =
m1 − m0

Prise Essai
X 100 (1)

Fig. 3. Soil samples.

Fig. 4. Water samples.

Fig. 5. Cassava tuber (left) and macabo tuber (right).
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Where
{

m0 = mass of the vacuum membrane
m1 = mass of the membrane containing the suspended matter .

2.8. Determination of total hydrocarbons

The determination of the number of total hydrocarbons in the water samples was done with the Eracheck eco SNR 563/17 analyser.
Its measurement principle uses infrared (hydrocarbon absorption wavelength range).

2.9. Determination of trace metal elements (TMEs) in water, soil, oil sludge and tubers

Analyses to identify heavy metals in water samples were carried out by atomic absorption spectrometry (AAS). Hydrochloric and
nitric acid were needed to colour the sample by supplementing the metal and analysing it at a well-defined wavelength. This analysis
was carried out at the chemistry laboratory of the University of Yaoundé I.

The heavy metals that were determined are iron, copper, zinc, mercury, cadmium, arsenic, chromium and lead.
The analyses of heavy metals in hydrocarbon sludge, soils, cassava and macabo were carried out at CAPAM using the X-ray

fluorescence spectrometry method.

2.10. Determination of major anions and cations

The analyses of major anions and cations in the waters were carried out at the laboratory of hydrobiology and environment of the
University of Yaoundé I. The anions and cations that were determined are: potassium (K+), calcium

(
Ca2+

)
, magnesium

(
Mg2+

)
and

sodium (Na+), ammonium
(
NH+

4
)
,
(
SO2−4

)
, (Cl− ), nitrate,

(
NO−

3
)
, phosphate

(
PO3−4

)
.

2.11. Individual survey of the population

The survey was conducted on a household basis using a questionnaire with questions on the economy, agriculture, the atmosphere
around the landfill, Batoke water, fauna, flora and human health.

2.12. Data processing

The data processing consists of determining the contamination index (IC) and the correlation matrix between these contaminants.
Equation (2) below shows the formula for calculating the IC.

IC =
measured concentration
reference concentration

(2)

Fig. 6. Sample map.
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The average contamination index (Icm) will then allow the sampling points to be compared and characterised about the overall
pollution, to establish a ranking according to the extent of the contamination in the whole study area. The average contamination index
(Icm) is calculated using equation (3)

Icm =
ΣIc
n

(3)

n: is the number of indices for each sampled point.

2.12.1. Correlation matrix
The correlation matrix was used to determine the correlation between the different parameters.

3. Results and interpretations

3.1. The state of the Batoke landfill site

The Batoke landfill site were identified by a large sludge pit and a polluted solid waste storage area (PSW). Spills at the entrance of
the pit during the unloading of tankers, overflows from the pit and infiltration of sludge effluent are observed, which can affect the
water of the Batoke river, the soil and the groundwater table of the site. As the pit is not protected by a geo-membrane (impermeable
tarpaulin), there is no effluent retention barrier.

At the PSW storage site, this waste is dumped on the ground without a protective cover. Around the landfill are fruit trees such as
avocado, coconut, mango and wild greenery with a variety of fauna, the population of Batoke farms (maize, cassava, macabo) around
the landfill and behind the landfill is the Batoke river. Figs. 7 and 8 shows the state of the landfill site.

3.2. The geographical coordinates of the sampling points

Table 1 shows the coordinates of the different sample points.

3.3. Physical characterization of oil sludge

The physical characterization of the hydrocarbon sludge consisted of determining the pH, total hydrocarbons. The results of these
analyses are presented in Table 2.

The pH of samples B1 and B2 are basic 7.8 and 8.9 respectively. The total hydrocarbons determined in 25 g of the B1 and B2 sludge
samples are 493.7 mg/L and 458.2 mg/L respectively. The results of the hydrocarbon sludge analyses for heavy metals are presented in
Table 3.

Table 3 shows that the hydrocarbon sludge samples of samples B1 and B2 characterised are loaded with iron, copper, zinc, nickel,
arsenic, chromium, lead, calcium, rubidium, titanium and zirconium with very high concentrations. Mercury and cadmium concen-
trations are zero.

3.4. Physico-chemical parameters of water

3.4.1. Total hydrocarbons
According to Table 4, the total hydrocarbon levels in the 04 samples E1, E2, E3 and Et are zero.
Table 4 shows that the four (04) water samples E1, E2, E3 and Et respectively upstream of the landfill, at the level of the landfill,

downstream of the landfill and the control sample taken from the BATOKE river have a neutral pH in agreement with the WHO

Fig. 7. Sludge pit almost full and overgrown with weeds all around.
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standard for surface water, namely 6.5 < pH < 8.5. It can be seen that the electrical conductivity values are higher than the WHO
standard (14 μs/cm). Fig. 9a-e shows that the COD values of samples E1, E2, E3 and Et are lower than the WHO standard (120 mg/L).
The BOD5 and TSS values of samples E1, E2, E3 and Et are lower than the WHO standard, which sets respective values of 50 mg/L and
30 mg/L.

Fig. 8. Solid waste landfill area with waste dumped on the ground.

Table 1
Geographic coordinates of the various sampling points.

Sampling point Longitude Latitude

B 9.106929563 4.025635111
E1 9.106885196 4.026743521
E2 9.105554192 4.025908953
E3 9.104147126 4.025310293
S1 9.106758434 4.025798705
S2 9.106388889 4.025555556
S3 9.105888526 4.025179891
A1 9.105924178 4.0256066590
A2 9.105253921 4.0249309430

Table 2
Results of the physical parameters of the sludge.

Parameters B1 B2 Unit

pH 7.8 8.9 
Total hydrocarbon 493.7 458.2 mg/L

Table 3
Results for heavy metals in sludge.

Parameters B1 B2 EU Directive Unit

Iron 9.31 9.77 0.005 %
Copper 0.052 0.137 0.003 %
Zinc 0.609 0.615 0.009 %
Nickel 0.029 0.031 0.005 %
Mercury 0 0 – %
Cadmium 0 0 – %
Arsenic 0.004 0.0185 – %
Chromium 0.0119 0.0128 0.007 %
Lead 0.019 0.0211 0.0035 %
Calcium 0.70 4.212 – %
Rubidium 0.0006 0.0014 – %
Titanium 1.213 1.668 – %
Zirconium 0.021 0.0254 – %
Potassium 0 0 – %
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3.5. Results of analyses of heavy metals, cations and major anions in water

The results of the analyses of heavy metals and major cations and anions are given in Table 5.
Fig. 10(a–h) shows the variation in heavy metal concentrations in the water samples collected. The iron concentrations of samples

E1 and Et are below the WHO standard (0.3 mg/L). However, the concentrations of samples E2 and E3 are higher. Copper concen-
trations in samples E1, E2, E3 and Et are below theWHO standard (2 mg/L). Zinc concentrations in samples E1, E2, E3 and Et are below
the WHO standard (3 mg/L) but the zinc concentration at the landfill is higher. Nickel concentrations in samples E1, E2, E3 and Et are
zero. The mercury concentration values of samples E1, E2, and E3 are higher than the WHO standard (0.006 mg/L) and that of Et is
zero. The cadmium concentration of samples E1 and Et are lower than theWHO standard (0.03mg/L). On the other hand, the cadmium
concentrations of samples E2 and E3 respectively at the level of the landfill and downstream of the landfill are above theWHO standard
(0.03 mg/L). The arsenic concentration values in samples E1, E2 and E3 are higher than the WHO standard (0.01 mg/L), and that of

Table 4
Results of physical water parameters.

Parameters E1 E2 E3 Et Norms OMS unit

pH 7.58 7.71 7.72 6.5 6.5–8.5 
Conductivity 105.6 104.6 103.4 16.8 14 μs/cm
TSS 8.680 13.040 12/320 8 50 mg/L
COD 0.8 1.0 0.5 0.7 120 mg/L
BOD5 8 13 25 12 30 mg/L
Total hydrocarbon 0 0 0 0 10 mg/L

Fig. 9. Graphs of physical parameters of water samples: a)pH; b)EC; c)COD; d) BOD5; e)TSS.
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sample Et is zero. The lead concentrations of samples E1, E2 and E3 are above the WHO standard (0.01 mg/L). Sample Et has a lead
concentration below the standard.

3.6. Physical parameters of soils

The results of the physico-chemical soil parameters are presented in Table 6.
The pH of the St sample respects the standard (6.5–8.5) with a value of 6.8. On the other hand, the pH of samples S1. S2 and S3 are

below the standard with values varying between 5.58 and 6.49. The electrical conductivity of the St sample respects the standard while
the conductivity values of the S1. S2 and S3 are above the standard (14 μs/cm). The total hydrocarbon levels in samples S1. S2 and S3
are below the standard (10 mg/l) and for the St sample the total hydrocarbons are zero as shown in Fig. 11(a–c).

3.7. Soil chemical parameters

The results of the heavy metal analyses in the soil are presented in Table 7.
Fig. 12(a–k) shows that the iron concentrations in samples S1, S2 and S3 are well above the Bowen standard (0.005 %) but the St

sample is below it with a value of 0.002 %. The copper concentrations in the samples are well above the Bowen standard (0.003 %) but
the St sample is equivalent to the standard with a value of 0.003 %. Zinc concentrations in samples S1, S2 and S3 are above the Bowen
standard (0.009 %), however sample St is below the standard with a value of 0.0006 %. Nickel concentrations in samples S1 and S3 are
above the standard (0.006 %) but St and S2 are below with values of 0.0006 % and 0.002 % respectively. Chromium concentrations in
samples S1 and S3 are above the Bowen standard (0.007%) whereas samples St and S2 are below the standard with values of 0.0002 %
and 0.002 % respectively. The lead concentrations in samples S1, S2 and S3 are above the Bowen standard (0.0035 %), while sample St
is below the standard with a value of 0.00003 %. The concentrations of mercury, cadmium and arsenic in the soil samples are zero.

In Table 7 we note the presence of calcium; rubidium; titanium; zirconium; and potassium in the tubers. However, the regulation on
these metals in the soil was not found.

3.8. Results of the analysis of heavy metals in food

The results of the heavy metal analyses in the cassava and macabo tuber samples are presented in Table 8.
The concentration of iron in cassava is zero, while in macabo it is higher than the limit value (0.0015 %–0.002 %). The concen-

tration of copper in cassava is lower than the limit value (0.01 %), while in macabo it is higher. The concentration of zinc in cassava is
lower than the norm (0.01 %), while in macabo the concentration is higher.

3.9. Data processing

3.9.1. Contamination index
Table 9 shows the contamination indices of all samples for all heavy metals determined.
The contamination index calculation results (refer to Table 9) indicate that all water sampling points show contamination indices

Table 5
Results of analyses of heavy metals, cations and major anions in water.

Parameters Samples

E1 E2 E3 Et norms Unit

Iron 0.043 1.73 0.58 0.06 0.3 mg/L
Copper 0 0.012 0.01 1 2.0 mg/L
Zinc 0.06 0.44 0.33 0.015 3.0 mg/L
Nickel 0 0 0 0 0.02 mg/L
Mercury 0.012 0.22 0.15 0 0.006 mg/L
Cadmium 0 0.37 0.02 0 0.003 mg/L
Arsenic 3.7 18.7 31.6 0 0.01 mg/L
Chrome 13.7 18.76 21.63 0.15 0.3 mg/L
Lead 0.72 6.81 5.36 0.002 0.01 mg/L
Major cations
Na+ 18.9 27.3 39.4 5.32 200 mg/L
NH4+ 0.01 0.86 0.15 0.45 0.50 mg/L
K+ 1.23 3.78 2.34 2.67 12 mg/L
Mg2+ 35.2 42.7 30.78 12 50 mg/L
Ca2+ 17.8 35.5 23.4 1.53 100 mg/L
Minor anions
SO2−

4 2.5 14 16.7 3 250 mg/L
Cl− 0.03 1.72 0.65 0.07 250 mg/L
NO−

3 0.12 1.78 4.5 0.05 50 mg/L
PO3−

4 0.06 1.98 0.48 0.35 – 
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Fig. 10. graphs of heavy metal concentration variations in water samples: a)Fe; b)Cu; c)Zn; d) Hg; e)Cd; f)As; g)Cr; h)Pb.
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Table 6
Results of physical soil parameters.

Parameters Samples

S1 S2 S3 St norms unit

pH 6.49 6.10 5.58 6.8 6.5–8.5 –
Conductivity 30.1 40.3 24.8 13 14 μs/cm
Total hydrocarbon 4.2 3.2 0 0.6 10 mg/L

Fig. 11. graphs of physical parameters of soil samples: a)pH; b)EC; c)TH.

Table 7
Results of heavy metal analyses in soils.

Parameters S1 S2 S3 St EU directive unit

Iron 12.973 32.927 10.852 0.002 0.005 %
Copper 0.0196 0.0231 0.0185 0.003 0.003 %
Zinc 0.0104 0.0130 0.1574 0.0006 0.009 %
Nickel 0.006 0.0020 0.0221 0.0005 0.005 %
Mercury 0 0 0 0 – %
Cadmium 0 0 0 0 – %
Arsenic 0 0 0 0 – %
Chromium 0.008 0.002 0.017 0.0002 0.007 %
Lead 0.0048 0.0192 0.010 0.00003 0.0035 %
Calcium 4.3847 2.0522 4.7146 0 – %
Rubidium 0.0004 0.0014 0.0032 0 – %
Titanium 3.1474 5.7815 2.4745 0 – %
Zirconium 0.0397 0.0583 0.0567 0 – %
Potassium 3.3720 0 0 0 – %
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exceeding 1 for iron, zinc, chromium, lead, and cadmium, except for the point sampled downstream of the landfill. This particular
point exhibits a contamination index lower than 1 for iron and 1 for lead. Conversely, all water sampling points show contamination
indices lower than 1 for copper.

4. Correlation matrix

4.1. Discussion

4.1.1. Inventory of the BATOKE landfill site
Based on the condition of the landfill mentioned previously, there is a potential for pollution of the soil, the BATOKE River, and the

plantations situated 50 m from the landfill. This pollution may occur through the infiltration and leaching of biohazardous waste, or
the leaching of Persistent, Bioaccumulative, and Toxic Substances (PBTs) deposited on the ground.

Fig. 12. graphs of heavy metal concentration variations in water samples: a)Fe; b)Cu; c)Zn; d) Ni; e)Cr; f)Pb; g)Ca; h)Rb; i)Ti; j)Zr; k) K
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4.2. Characterization of oil sludge

4.2.1. pH
In Tables 2 and it is indicated that the pH of samples B1 and B2 is basic, with values of 7.8 and 8.9. According to sources [16,17],

this value ranges from 5.5 to 8. However, based on [18], the pH of sludge containing zinc, copper, nickel, lead, chromium, and iron
should fall between 6.5 and 7.5. The increase in pH may be attributed to the presence of heavy metals such as zirconium, calcium,
rubidium, titanium, and arsenic in these oil sludges.

4.2.2. Total hydrocarbon
As per Table 2, the total hydrocarbons found in 25 g samples of B1 and B2 are 493.7 mg/L and 458.2 mg/L, respectively. These

levels indicate the presence of total hydrocarbons in these hydrocarbon slurries. Additionally [18], mentions that the total petroleum
hydrocarbon content in oil sludge can vary from 5 to 86.2 % by mass, with the more common range being 15–50 %. This prevalence of
total hydrocarbons may be attributed to the quality of the crude oil used or the refining methods employed at SONARA.

4.2.3. Heavy metals in sludge
Table 3 indicates that the characterised oil sludge contains high concentrations of iron, copper, zinc, nickel, arsenic, chromium,

Fig. 12. (continued).
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lead, calcium, rubidium, titanium, and zirconium. According to Ref. [18], refinery oil sludge contains heavy metals such as zinc,
copper, nickel, lead, chromium, and iron. However, their chemical composition can vary widely depending on the source of crude oil,
processing method, equipment, and reagents used in the refining process.

4.3. Physico-chemical parameters of water and soil

4.3.1. pH
The data presented in Table 6 indicates that the pH levels of soils S1, S2, and S3 are predominantly acidic, aligning with the findings

of [11] which ranged from 5.64 to 5.87. In contrast [8,12], reported pH levels ranging from 6.88 to 8.46 and 6.43 to 7.90, indicating an
acidic to basic and acidic to neutral range, respectively. The acidity of the landfill soils may be attributed to the presence of heavy
metals such as iron, copper, zinc, nickel, chromium, and lead. In Table 4, the pH values of the water samples range between 6.5 and
7.72, which falls within the range indicated by the WHO. On average, these values are higher than those reported by Ref. [19]
(6.26–6.97).

4.3.2. Electrical conductivity
The electrical conductivity of the St sample (control soil) complies with the standard, while the conductivity values of the S1, S2

and S3 soil samples are all higher than the standard and the values obtained by Ref. [8] (EC = [2; 10,5] μs/cm). This indicates a
significant presence of heavy metals in the sampled soils.

4.3.3. Total hydrocarbon
The levels of total hydrocarbons in samples E1, E2, E3, Et, S3 and St are zero. This could be explained by the fact that there was a

dilution of the total hydrocarbons because the sampling was done during the rainy season. The river flow was high. For samples S1 and
S2, the total hydrocarbons are in trace amounts, varying between 600 and 4200 μg/L but lower than the norm against the value of 211
025 73 μg/L obtained by Ref. [20]. The presence of these traces could be explained by the infiltration of these total hydrocarbons into
the soil.

4.3.4. Iron
The samples E1, Et, and St show no signs of iron contamination, possibly due to their distance from the landfill. Elevated iron levels

Table 8
Results of heavy metals in food.

Result

heavy metals cassava macabo Limit value Unit
Iron 0 0.0168 0.0015–0.002 %
Copper 0 0.0117 0.01 %
Zinc 0.0011 0.0109 0.01 %
Nickel 0 0 – %
Mercury 0 0 – %
Cadmium 0 0 – %
Arsenic 0 0 – %
Chrome 0 0 – %
Lead 0 0 – %
Calcium 0.3462 0.09  %
Rubidium 0.0045 0.007  %
Titanium 0.0467 0.09  %
Zirconium 0.0131 0  %
Potassium 1.422 1.206  %

Table 9
Indices of contamination of the different samples.

Sampling point Parameters

Iron Copper Zinc Chrome Nickel Lead Calcium The average index of contamination

Water
Indicator 1 1 1 1 – 1 1 
Upstream of the landfill 0.72 0 4 91.33 – 1 11.63 21.74
At landfill level 28.83 0.012 29.33 125.06 – 9.46 23.20 41.43
Downstream of the landfill 9.67 0.01 22 144.2 – 7.44 15.29 33.10
Soils
Indicator 1 1 1 1 1 1 – 
Landfill entrance 6486.5 6.53 17.33 40 12 160 – 1120.4
BH treatment area 16463.5 7.7 21.66 10 4 640 – 2857.81
DSP area 5426 6.16 262.33 85 44.2 333.33 – 1019.5
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in water samples E2 and E3, as well as soil samples S1, S2, and S3, as shown in the table, may be attributed to various sources such as
leaching from hydrocarbon sludge, paint cans in the PSWs, seepage of oil sludge into the soils, or dissolution of iron oxide from the
pozzolan quarry adjacent to the landfill. Notably, the highest iron concentration in sample E2 (1.73 mg/L) is lower than the average
value (4.29 mg/L) reported by Ref. [19].

4.3.5. Copper
The water samples E1, E2, E3 and Et unpolluted by copper could be explained by the lack of dissolution of the metal copper in these

waters. Copper concentrations in soil samples S1, S2 and S3 are very high; these concentrations could be explained by the infiltration of
copper by leaching from sludge and PSW. The St sample is equal to the standard. The presence of copper in this control soil could be a
natural phenomenon originating from the volcanic soil.

4.3.6. Zinc
Fig. 10c shows that the zinc concentrations in the water samples are below the standard. This could be explained by the fact that

there was no dissolution of zinc. The average of these values is higher than that obtained by Ref. [21] which is 0.1 mg/L. On the other
hand, Fig. 7c shows that the soil samples S1, S2 and S3 are all polluted by zinc. This pollution could come from the leaching and
infiltration of oil sludge and PSW. The sample St is lower than the standard, but its presence in this soil could be a natural phenomenon
coming from the volcanic soil.

4.3.7. Lead
Samples E1, E2, E3, S1, S2 and S3 have lead concentrations above the standard as shown in Figs. 10 and 12 with a minimum value

for the water samples of 0.002 mg/L corresponding to the control sample below the WHO target value (0.01 mg/L) and that (0.01 mg/
L) obtained by Refs. [19,21], 0.039 mg/L. This pollution could be from dissolution of lead from oil sludge by leaching of oil sludge,
leaching of PSW or leaching of volcanic soils. For the Et and St samples their lead concentrations are lower than the standard, but their
presence in this soil could be a natural phenomenon originating from the volcanic soil. Studies have shown that long-term lead
exposure causes memory impairment.

4.3.8. Nickel
Table 5 shows that the nickel concentrations of the 03 samples E1, E2, E3 and Et are zero. On the other hand, soil samples S1 and S3

have very high nickel contamination. This pollution could be explained by: for sample S1, the infiltration of hydrocarbon sludge
discharged at the pit entrance and for sample S3 by the leaching of PSW. For samples, S2 and St. the concentrations are lower than the
standard. This could be explained for S2 by the fact that during the treatment of the sludge on the S2 soil, a good part of the nickel was
eliminated, and for the St. soil it could be a natural phenomenon coming from the volcanic soil.

4.3.9. Mercury; cadmium
The concentrations of mercury and cadmium in samples S1, S2, S3, Et, and St are all zero as presented in Tables 5 and 7 This could

be explained by the fact that the oil sludge and PSWs do not contain mercury and cadmium. On the other hand, water samples E1, E2
and E3 have mercury and cadmium concentrations above the standard as shown in Fig. 10d and e. The presence of mercury could be a
result of the water cycle. Mercury in the atmosphere comes into contact with water vapour at high temperatures, after condensation,
the mercury falls back into the water as mercury oxide as shown in equation (4). The origin of cadmium in water could be atmospheric
fallout.

Hg +H2O→ HgO+ 2H (4)

The mercury (Hg) in the atmosphere is likely to return to the ground in the form of HgO through dry and wet deposition processes.
Wet deposition occurs when mercury compounds are washed out of the atmosphere by rain or snow. During precipitation events,

raindrops or snowflakes capture airborne mercury particles and carry them to the ground.
And dry deposition refers to the direct transfer of mercury from the atmosphere to land surfaces without involving precipitation.

Gaseous elemental mercury (GEM) and other forms can be deposited through dry processes. Measurement uncertainties arise due to
incomplete capture of targeted forms and interference from unwanted forms. The total global Hg deposition includes both wet and dry
deposition [22]. Forests play a critical role in Hg cycling, acting as both sinks and sources. Vegetation uptake contributes to the
removal of atmospheric Hg but continued deforestation and climate change threaten this role [23].

4.3.10. Arsenic
Water samples E1, E2 and E3 have arsenic concentrations above the standard as shown in Fig. 10. This pollution could be due to the

leaching of arsenic from the oil sludge. On the other hand, the arsenic concentrations in the soil samples Et, S1, S2, S3 and St are zero as
shown in Tables 5 and 7 The absence of arsenic in these samples could be explained by the fact that there was a natural elimination of
arsenic by certain soil microorganisms or by the presence of clay in these soils.

4.3.10.1. Chrome. Water samples E1, E2 and E3 and soil samples S1 and S3 have concentrations above the standards as shown in
Figs. 10 and 12. This increase in concentration could be due to the leaching of oil sludge and PSDs or the infiltration of liquid effluents
from the BH into the soil. On the other hand, the chromium concentration of the samples Et, S2 and St are negligible (below the
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standard); this could be explained for S2 by the fact that during the treatment of the sludge on this soil, a good part of the chromium
was eliminated.

4.4. Results of the analysis of heavy metals in food

4.4.1. Iron
Iron is an essential element for humans and other organisms. The concentration of iron in cassava is zero, while it is above the limit

value in macabo. This high concentration could be due to the absorption of iron from the soil by the plant roots or by watering the plant
with copper-contaminated water. Excess iron causes digestive disorders in humans (O. P. S. 1987).

4.4.2. Copper
Copper is an essential trace element for life [24]. The copper concentration in cassava is above the limit value. This high con-

centration could be due to the absorption of copper from the soil by the roots of the plants or by watering the plants with
copper-contaminated water. Copper in high doses and in its oxide forms is a poison for humans [25].

4.4.3. Zinc
Zinc in small amounts is necessary for plants and humans. The concentration of zinc in cassava is lower than the norm, while in

macabo it is high. Zinc in high doses causes nausea, gastrointestinal disorders, respiratory disorder and skin effect [26].

4.4.4. Other metals
The presence of rubidium, titanium, zirconium in tubers is noted, but the regulations do not refer to the limit of concentrations of

these metals in food. The presence of these metals in food could be due to their absorption in contaminated soil by the roots of these
plants. Studies have shown that the consumption of these metals could cause cancer [27].

Heavy metals pose significant health risks due to their toxicity. They can accumulate in the body, leading to various acute and
chronic effects, including gastrointestinal issues, kidney dysfunction, neurological disorders, and cancer. Exposure routes include
ingestion, inhalation, and dermal contact, often linked to industrial activities and contaminated food or water sources. Symptoms vary
by metal and exposure duration, with children being particularly vulnerable. Treatment typically involves chelation therapy to remove
metals from the body [28–30].

Young people (infants, toddlers, children) may be more sensitive than adults to dietary exposure containing concentrations of
heavy metals in excess of standards. Although they are more fragile than adults, the standards set the same values for both categories,
with a few exceptions. According to the Food and Drug Administration maximum daily limit for lead in children’s food and reduced it
by half. For adults, the limit is 12.5 μg/day to protect against fetal exposure and reduce infant exposure during nursing.

Table 10
Matrix of correlations between physico-chemical parameters of water.
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4.5. Data proccessing

4.5.1. Contamination index
According to Table 9, all water sampling points in the BATOKE River downstream of the landfill at the landfill and upstream of the

landfill have a very high pollution load of iron, zinc, chromium, lead and cadmium. This would reflect the impact of the landfill on the
chemical composition of the BATOKE River water.

The comparison of the classification of the sampling points according to their average water contamination indices gives the
following decreasing order of contamination: At the landfill > Downstream of the landfill > Upstream of the landfill.

Soil sampling points at the landfill entrance, at the BH treatment area and at the PSD disposal area have a very high pollution load
of iron, zinc, copper, nickel, chromium and lead. This would reflect the impact of this landfill on the soil. The comparison of the
classification of the sampling points according to their average soil contamination indices gives the following decreasing order of
contamination: BiH treatment area > landfill entrance > PSD disposal area.

4.5.2. Correlation matrix
Examination of the correlation matrix (Tables 10 and 11) between variables reveals that the linear correlations are either positive

or negative (meaning that these variables vary on average in both directions):

✓ Some have a perfect correlation (coloured in purple "1") namely:
• conductivity/Cu (Table 10): this could be explained by the abundance of copper in the water; the higher the concentration of
heavy metals in the medium, the higher the conductivity

• Pb/Rb et Rb/Zr (Table 11): this correlation between the elements could be explained by their common source which is oil
sludge;

✓ Others have a very strong correlation (coloured in red "0.9") namely:
• pH/Conductivity (Table 10): this correlation could be explained by the fact that when the pH increases the conductivity
decreases;

• conductivity/Cr (Table 10): this correlation could be explained by the fact that the higher the conductivity of a medium, the
greater the presence of heavy metals;

• NO−
3 /SO

2−
4 (Table 10); this correlation could be due to natural denitrification of nitrate in the presence of iron increases the

sulphate;

• Kþ/NH4+ this correlation could be justified by the fact that these two elements could come from fertilizers;
✓ Other elements have average correlations (coloured in blue "0.7 to 0.8") namely:

• pH/Ca2þ (Table 10): dissolution of calcite could lead to an increase in pH;
• Cu/Ni, Ar et Ni/Cr (Table 11); these correlations between metals could be explained by their common sources;

✓ Other elements have low correlations (coloured in green « 0.5 »);
• pH/Cu, Ni, As (Table 10); pH/Ni, As, Cr (Table 11): This could be explained by the fact that the mobility of these metals could be
favoured by the variation of the pH;

• pH/NO−
3 (Table 10): this relationship could be explained by the fact that the presence of nitrate ions could increase the pH;

Table 11
Matrix of correlations between physico-chemical parameters of sludge, soil and tubers.
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• conductivité/Zn, Hg, As, Pb (Table 10): this correlation could be explained by the fact that the higher the conductivity of a
medium, the greater the presence of heavy metals.

• Cu/Zn, Hg, As (tableau 10): Cu/Cr (Table 11) these correlations between metals could be explained by their common sources;
✓ Tables 10 and 11 show that all parameters that have the matrices coloured in black have no correlation.

5. Conclusion

This investigation aimed to evaluate the ecological repercussions of the BATOKE oil sludge landfill on water, soil, and food, to
conform to the landfill management regulations, or ultimately, shutter and rehabilitate the site. This endeavour encompassed on-site
inspections to gauge the situation; sampling and characterization of the sludge enabled the identification of various pollutants
comprising the sludge and their harmful nature; analysis of the physical properties of the water and soil indicated compliance with
established standards. Nevertheless, chemical parameter assessments unveiled elevated concentrations of iron, copper, zinc, nickel,
chromium, lead, cadmium, arsenic, and mercury in the water and soil, surpassing stipulated standards. Furthermore, chemical
evaluations ascertained the presence of iron, copper, and zinc levels exceeding the standards in food items, with additional hazardous
metals such as zirconium, titanium, and rubidium detected in these foodstuffs. In light of the analysis outcomes, it is evident that the
landfill exerts adverse effects on its immediate surroundings and potentially on the resident population through the consumption of
water and food.
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