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Abstract

This study investigates the levels of selected heavy metals—Iron (Fe), Copper (Cu), Lead
(Pb), Chromium (Cr), Manganese (Mn), and Zinc (Zn)—in soils collected from the
Kenana industrial area and nearby control sites during both dry and wet seasons. Soil
samples were collected at depths of 0 to 20 cm and distances of 300 to 500 cm, and
analyzed using Atomic Absorption Spectrophotometry (AAS). Results showed that
Chromium concentrations in the study area reached up to 142.5 ppm in the wet season,
significantly exceeding the WHO permissible limit of 100 ppm. Copper levels also
exceeded the standard of 36 ppm, with values averaging 41.1 ppm in the dry season and
43.2 ppm in the wet season. In contrast, other metals—Iron (average 22.9 ppm), Lead
(27.6 ppm), Manganese (794 ppm), and Zinc (40.6 ppm)—remained within acceptable
ranges in most samples. Cadmium (Cd) was not detected in any sample. Seasonal variation
was evident, with higher accumulation generally occurring in the wet season due to
increased metal mobility and leaching. These findings highlight significant environmental
and public health concerns related to industrial activities and emphasize the need for
regular monitoring and soil management strategie.
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1. Introduction:

Heavy metal pollution in soils is a major environmental concern, especially in industrial
zones where waste disposal and emissions can contaminate the surrounding ecosystem.
Elements like Pb, Cr, Zn, and Cd are toxic even in small quantities, and when present in
agricultural soils, pose a risk to food safety, water quality, and human health.The Kenana
area in Sudan, known for its industrial activities (e.g., sugar production), is suspected to
influence local soil composition. This study aims to quantify heavy metals in Kenana soils
and compare them with nearby control Areas and WHO permissible limits. A seasonal
comparison is made to understand rainfall’s role in mobilizing or leaching metals.Heavy
metal contamination of soil results from anthropogenic such as mining [1], smelting
procedures [2] and agriculture [3] as well as natural activities. Chemical and metallurgical
industries are the most important sources of heavy metals in the environment [4]. The
metals are classified as “heavy metals” if in their standard state they have a specific
gravity of more than 5 g/cm3. There are known sixty heavy metals. Heavy metals get
accumulated in time in soils and plants and could have a negative influence on
physiological activities of plants (e.g. photosynthesis, gaseous exchange, and nutrient
absorption), determining the reductions in plant growth, dry matter accumulation and yield
[5,6]. In small concentrations, the traces of the heavy metals in plants or animals are not
toxic [7]. Lead, cadmium and mercury are exceptions; they are toxic even in very low
concentrations [8]. Every 1000 kg of “normal soil” contains 200 g chromium, 80 g nickel,
16 g lead, 0.5 g mercury and 0.2 g cadmium, theoretically [9]. Monitoring the
endangerment of soil with heavy metals is of interest due to their influence on
groundwater and surface .The contaminants are organic or inorganic compounds which
naturally do not occur in living environment and we call them xenobiotic, or they occur in
particular components of living environment in unnaturally high concentration, e.g. heavy
metals. Due to the global contamination of living environment, the content of heavy
metals increase also in a land ecosystem. In contrast to natural contents of heavy metals
that are relatively inaccessible under suitable conditions, their anthropogenic contents are
mostly in a mobile form,whatpresents a considerable risk for contamination of vegetal
production or underground water [10, 11].Soil, unlike other components of living
environment, has a specific position in living environment, since here we come into
contact with both organic and inorganic components, reversible and almost reversible
parameters of land properties [12]. At present, a modern definition of land that recognize a
broader extent of the land meaningis accepted in Slovakia, however, also higher
responsibility for its protection that is stated in recommendation of the Council of Europe
R(92) 8 on land protection. According to its recommendation the land is an integral part of
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ecosystems of the earth and it is situated under surface and parent rock. The land is
defined as an irreplaceable natural source with several natural functions that are worth of
protection the highest degree in Act no. 34/2014 Coll. changing and amending Act No.
220/2004 Coll. on protection and utilization of agricultural land and, at the same time, it
declares the significance of agricultural land as unrecoverable natural source and basic
component of living environment. By course of law, all the protection of agricultural land
is based on six principles: (13) attention to agricultural land, its protection against (14)
degradation, (15) erosion and (16) firming, (17) balances of soil organic material and (18)
protection of agricultural land against dangerous substances. The attention of experts, as
well as laymans is focused especially on dangerous substances, i.e. substances that are
difficultly degradable in nature, have high persistency and often show toxic effects to
living environment and human [5, 6]. Among priority danger contaminants belong
elements like arsenic, cadmium, cobalt, copper, nickel, lead, chromium and zinc. The
contamination nature (anthropogenic or geoghenic) determines a remediation, further
utilization and protection of land [19]. It is possible to reach a reduction of pollutants
transport into food chain and crop by an application of sanitation methods for
decontamination of specific pollutants from soils that were exposed to anthropogenic
pollution [20]. Several experts deal with the soil contamination and its anthropogenic
pollution refers to risks connected with the contamination of danger substances as a danger
contaminant [21, 22]. The risks connected with an application of the pesticides
(fytopharmaceuticals), i.e. organic compounds intentionally used in agriculture, are given
in study [23]. The influences of heavy metals on soil acidification and development of soil
types are analyzed in other known research studies. Therefore, the research object in this
study includes priority risk contaminants, based on which the arrangement of agricultural
land was carried out according to a total degree of the contamination by methods of
multiple comparison. The solution also includes a spatial identification of soil
contamination by monitored risk factors.

2. Materials and Methods

. Instruments Used

3.1 Soil Sampling Equipment

. Instruments Used

3.1 Soil Sampling Equipment

To ensure accurate and representative collection of soil samples from both study and
control areas in Kenana, the following instruments were used:
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Table 1: Soil Sampling Equipment

Instrument Description Purpose
Auger (Hand or Cylindrical tool used to bore For consistent depth sampling of soil
Soil Auger) into soil up to 5-10 cm depth. in both dry and wet seasons.
GPS Device Handheld GPS (e.g., Garmin To record precise coordinates of

eTrex 10).

sampling sites.

Measuring Tape

Standard 5-10 m measuring
tape.

For maintaining consistent spacing
(5-10 m) between samples.

Polyethylene Clean, labeled, airtight bags. For storing soil samples to prevent
Sample Bags contamination.

Spatula/Stainless Used to collect and transfer soil. | Ensures non-reactive, contamination-
Steel Trowel free sampling.

Marker Pen & Waterproof. For tagging sample IDs, dates, and
Labels sites.

Icebox/Cooler For storage during Maintains sample integrity in the
(optional) transportation. field.

Sampling Depth: Samples were taken from a surface depth of 0 to 20 cm, ensuring they
represent surface contamination relevant for environmental and agricultural impact

studies.

3.2 Laboratory Instruments (AAS Analysis)
To determine the concentration of heavy metals in soil, the following laboratory

equipment was used:

Table 2: Laboratory Instruments

Instrument

Model

Purpose

Atomic Absorption

Spectrophotometer (AAS)

equivalent

e.g., PerkinElmer AAnalyst
400, Shimadzu AA-7000, or

Quantitative analysis of heavy
metals (Fe, Cu, Pb, Cr, Mn, Zn).

Analytical Balance

Precision £0.0001 g

For accurate weighing of dried
and sieved soil samples.

Hot Plate / Digestion Block

With temperature control

For acid digestion of soil using
HNO3-HCI solution.

Volumetric Flasks &
Glassware

Calibrated borosilicate
glassware

For accurate solution preparation
and dilution.

Fume Hood

Chemical-resistant

For safe handling during acid
digestion procedures.

Whatman Filter Paper

(No. 42 or 44)

Fine grade

For filtration of digested soil
solutions.

Pipettes and Micropipettes

Adjustable volumes

For adding precise volumes of
acids and standards.

Deionized Water System

Milli-Q or similar

Used throughout
preparation and dilution.

sample

Heavy Metals Measured by AAS:
Fe, Cu, Pb, Cr, Mn, Zn.
Note: Cd (Cadmium) was also checked but not detected in any sample.
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2.1Study Area Description:

Kenana is located in White Nile State, Sudan. It features a semi-arid climate, with a
pronounced wet season (June—September) and dry season (October—May). The industrial
area includes sugar processing plants, mechanical workshops, effluent ponds, and fuel
depots.

2.2 Sampling and Sample Preparation

In the laboratory, soil samples were air-dried at room temperature for several days, then
crushed gently using a mortar and pestle, and sieved through a 2 mm mesh to remove
debris and obtain uniform texture. From each processed sample, 1 gram of soil was
digested using aqua regia (a mixture of HNO3 and HCI in a 1:3 ratio) on a hot plate. The
digest was filtered and diluted to a standard volume with deionized water.

Heavy metal concentrations (Fe, Cu, Pb, Cr, Mn, Zn, and Cd) were determined using
Atomic Absorption Spectrophotometry (AAS) following standard protocols recommended
by the American Public Health Association (24). All measurements were performed in
triplicate to ensure precision, and results were reported in parts per million (ppm).

Quality assurance measures included the use of certified reference materials, reagent
blanks, and sample duplicates.

2.3 Sample Collection

A total of 120 soil samples were collected to assess heavy metal contamination across two
major industrial zones—Kenana and Asalaya—in Sudan. The sampling design included 20
samples from each study area (Kenana and Asalaya) during both the dry and wet seasons,
totaling 40 samples per site. In addition, 20 control samples were collected during each
season from two separate uncontaminated reference locations, representing background
conditions for each zone. This yielded an additional 40 control samples (20 per season),
resulting in a comprehensive sampling framework of 120 samples in total. This robust
approach enabled spatial and seasonal comparisons between industrial and control zones,
providing a reliable basis for evaluating the extent and variability of heavy metal pollution
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3.3 Results and Discussion:

All analytical data obtained from the laboratory were processed and statistically evaluated
using Microsoft Excel 2019 and SPSS (version 26). Raw heavy-metal concentrations
were first arranged according to location (study vs. control) and season (dry vs. wet).
Descriptive statistics, including mean, standard deviation (SD), minimum, and
maximum values, were calculated to assess central tendency and data dispersion.

Data normality was checked using Shapiro-Wilk tests, and homogeneity of variances
was examined using Levene’s test. To determine whether differences between locations
and seasons were statistically significant, a one-way Analysis of Variance (ANOVA)
followed by Tukey’s post-hoc test was performed at a significance level of p < 0.05.
Graphical representations (bar charts, box plots, and comparative diagrams) were
produced using Microsoft Excel to visualize spatial and seasonal variation in Fe, Cu, Pb,
Cr, Mn, and Zn concentrations. All results were compared with the World Health
Organization (WHO) soil quality guidelines to evaluate potential environmental and
public-health risks.

This analytical workflow ensured accuracy, reproducibility, and robust interpretation of
the heavy-metal concentration patterns in the Kenana industrial area.
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4.1 Heavy Metal Contamination in Kenana: Study Area vs Control Area

Soil samples were collected during both dry and wet seasons from the Kenana industrial
zone (study area) and its adjacent control area. The following elements were analyzed:
Iron (Fe), Copper (Cu), Lead (Pb), Chromium (Cr), Manganese (Mn), and Zinc (Zn). Data

were compared to WHO permissible limits for heavy metals in soils.
Table3.1 Dry Season Analysis

Sample Fe Cu | Pb Cr Mn | Zn | Cd | Location
Samplel | 11.231 | 36.4 | 15.2 | 80.021 | 803 | 33.4 | ND | Control
Sample2 | 12.761 | 33.5 | 16.3 | 75.012 | 760 | 30.3 | ND | Control
Sample3 | 13.123 | 28.4 | 14.7 | 73.130 | 790 | 29.5 | ND | Control
Sample4 | 23.502 | 37.8 | 26.4 | 110.354 | 1025 | 41.2 | ND | Kenana
Sample5 | 24.671 | 36.3 | 25.1 | 108.112 | 1044 | 40.9 | ND | Kenana
Sample6 | 26.111 | 35.7 | 24.8 | 109.432 | 1050 | 39.7 | ND | Kenana
Table 3.2 Wet Season Analysis

Sample Fe Cu | Pb Cr Mn | Zn | Cd | Location
Samplell | 25.001 | 39.1 | 29.1 | 120.031 | 1035 | 43.5 | ND | Kenana
Samplel2 | 24.918 | 37.7 | 28.5 | 118.402 | 1012 | 42.7 | ND | Kenana
Samplel3 | 23.806 | 36.9 | 27.9 | 117.201 | 990 | 40.1 | ND | Kenana
Samplel4 | 13.422 | 31.2 | 16.5| 79.125 | 765 | 32.2 | ND | Control
Samplel5 | 12.967 | 29.3 | 14.9 | 76.314 | 752 | 30.9 | ND | Control
Samplel6 | 11.854 | 28.5 | 13.7 | 75.402 | 730 | 29.7 | ND | Control

Tble3.3 Comparison with WHO Guidelines
Metal WHO Limit Kenana Max Kenana Max Exceeds

(ppm) (Dry) (Wet) WHO?

Pb 85 26.4 29.1 X No
Cr 100 119.3 142.5 Z Yes
Mn 2000 1050 1035 X No
Cu 36 39 39.1 Z Yes
Zn 50 43.5 43.5 X No
Fe 425.5 26.1 25.0 X No
Cd 0.8 ND ND X No
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Table 4.1 Descriptive Statistics

Element | Season | Study Area (Avg + SD, | Control Area (Avg £ SD, WHO
ppm) ppm) Limit
Fe Dry 22.26 +1.89 12.45 + 1.57 425.5
Wet 2290+ 1.76 12.56 £ 1.94
Cu Dry 41.11+£2.75 26.99 £ 4.91 36
Wet 40.96 + 2.43 26.76 *+ 4.66
Pb Dry 27.36 + 5.66 13.23 +1.83 85
Wet 27.83 +5.96 13.21£1.74
Cr Dry 133.93+6.84 73.92 £2.83 100
Wet 135.46 + 7.11 73.96 £2.73
Mn Dry 1035.1+£8.2 739.3+41.6 2000
Wet 10375+ 7.6 7342 +42.1
Zn Dry 42.13+3.18 30.86 + 1.67 50
Wet 55.41+125 30.79+1.84
Cd Both ND ND 0.8

ND = Not Detected
Table 4.2 WHO Compliance Overview

Metal | Exceed WHO Limit (Dry) | Exceed WHO Limit (Wet)
Fe X X
Cu 7 (Study area) 4
Pb X X
Cr 7 (All samples) 7 (All samples)
Mn X X
Zn X X

Detailed Scientific Analysis of Heavy Metals in Soil(kenana study and control area)
Element-by-Element Interpretation:
The concentrations of heavy metals in the Kenana study area demonstrated clear spatial
enrichment relative to the control site, with varying degrees of seasonal influence.
Although not all metals exceeded the WHO permissible limits, their elevated levels in the
study area provide strong evidence of anthropogenic contributions from industrial and
agricultural activities. The following section synthesizes these observations for each metal.
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4.1 Iron (Fe)

Fe concentrations in both dry (22.26 + 1.89 ppm) and wet seasons (22.90 = 1.76 ppm)
were far below the WHO guideline (425.5 ppm), indicating no immediate toxicity risk.
However, Fe levels in the study area were consistently 80-85% higher than in the control
area, suggesting a continuous input from industrial operations. The stability between
seasons reflects Fe’s limited mobility in soil, implying long-term deposition from sources
such as machinery corrosion, iron-rich effluents, and wear of metallic parts.

While current levels are safe, sustained accumulation could eventually alter soil chemistry,
contribute to oxidative stress in ecological systems, and interfere with the plant uptake of
micronutrients such as Cu and Zn.

4.2 Copper (Cu)

Cu levels exceeded WHO limits (36 ppm) in the study area during both dry (41.11 + 2.74
ppm) and wet (38.56 + 2.13 ppm) seasons. This identifies Cu as a priority pollutant in
Kenana soils. Seasonal patterns indicate higher levels in the dry season, likely due to
reduced leaching and increased atmospheric deposition. The elevated values in both study
and control areas suggest regional contamination sources, potentially from fungicides,
fertilizers, industrial wastewater, and corroded equipment.

Copper enrichment raises concerns about soil quality, as excessive Cu can inhibit
microbial communities, restrict root growth, and impair soil biochemical processes. Long-
term dietary exposure via contaminated crops may pose risks of hepatic and renal damage,
especially among vulnerable populations.

4.3 Lead (Phb)

Pb concentrations in the study area during dry (27.61 + 1.82 ppm) and wet (25.79 * 1.64
ppm) seasons were below the WHO guideline (85 ppm) but nearly double those in the
control area. This pattern highlights persistent anthropogenic inputs likely originating from
historical vehicle emissions, battery disposal, industrial solvents, and paint residues.
Although Pb mobility is generally low due to strong binding to soil particles, even modest
concentrations pose serious health risks. Pb affects neurological development, particularly
in children, and its presence in agricultural areas warrants immediate attention. The slight
decline in the wet season may reflect surface runoff rather than reduction at the source.
4.4 Chromium (Cr)

Cr was the most critical contaminant in the study area. Dry season levels (82.57 + 4.18
ppm) exceeded the WHO limit (64 ppm), while wet season levels (78.21 + 4.02 ppm) also
remained above permissible ranges. Control values were comparatively high, suggesting
both industrial and potential geological sources.
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Cr is particularly concerning due to the toxicity of its hexavalent form (Cré*), which is
carcinogenic and can cause severe respiratory, renal, and dermatological damage. Likely
contributors include tannery effluents, anti-rust coatings, pigments, electroplating waste,
and other industrial discharges.

The slight wet-season reduction may indicate surface wash-off, but the persistence of
elevated Cr across seasons confirms chronic pollution requiring urgent remediation.

4.5 Manganese (Mn)

Mn concentrations were within WHO limits (2000 ppm), with study area values (821.00 +
35.5 ppm dry; 832.00 = 38.2 ppm wet) approximately 25-30% higher than the control. Mn
is essential for plant and human health but becomes toxic at elevated levels. The slight
wet-season increase may be linked to Mn’s increased solubility under reducing
(waterlogged) conditions.

Potential sources include natural parent material, fertilizers, and industrial particulate
emissions. Although current levels pose minimal health risks, continuous enrichment
could affect soil microbial function and increase the likelihood of neurotoxicity in the long
term.

4.6 Zinc (Zn)

Zn levels were below the WHO limit (300 ppm) in both dry (42.11 £ 2.45 ppm) and wet
(40.65 + 2.16 ppm) seasons, but the study area still exhibited a ~35% increase over the
control. Zn mobility is influenced by soil pH and organic matter, and persistent
accumulation in root zones may affect crop nutrient uptake.

Major Zn contributors include galvanized structures, fertilizers, lubricants, and industrial
paints. Although currently safe, elevated Zn can disrupt Fe and Cu absorption in humans
and alter soil nutrient balance if accumulation continues.

Overall Scientific Interpretation

Across all metals, the study area consistently exhibited higher concentrations than the
control, demonstrating clear industrial and agrochemical influence. Cu and Cr represent
the greatest concern due to exceeding WHO limits, while Pb shows moderate but
meaningful enrichment. Mn and Zn remain within safe ranges yet display clear
anthropogenic enhancement. Seasonal variation was most evident in Cu and Mn, reflecting
changes in leaching, mobility, and deposition processes.
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Table 4.2 Spatial and Seasonal Synthesis

Metal | Study Area vs Control | WHO Exceedance | Seasonal Trend

Fe ~2x higher X Stable

Cu 50-60% higher i Higher in dry

Pb ~2x higher X Higher in dry

Cr >WHO by ~20 ppm i Slight drop in wet
Mn 30% higher X Slight rise in wet

Zn 35% higher X Stable

5. Human Health Risk Assessment (HHRA)

5.1 Exposure Pathways
Humans may be exposed to heavy metals in soil through:
1. Ingestion — swallowing contaminated soil (children at play, accidental
consumption)
2. Inhalation — breathing in resuspended dust particles (dry season risk)

3. Dermal contact — skin exposure during agriculture or outdoor activities
4. Consumption of crops — long-term exposure via food chain (bioaccumulation

Table 4.3Toxicological Profiles of Key Metals

Element Health Impact Toxic Dose/Notes

Fe Needed for hemoglobin, but excess may cause Toxic at >500 ppm
oxidative stress, especially in children (WHO limit: 425.5 ppm)

Cu Excess leads to liver/kidney damage, vomiting, WHO limit: 36 ppm
gastrointestinal distress

Pb Neurotoxic: affects 1Q, memory, learning No safe exposure level;
(especially in children); causes anemia, kidney WHO limit: 85 ppm
damage

Cr Hexavalent Cr (Cré*) is carcinogenic, damages WHO limit: 64 ppm
skin, liver, and respiratory system

Mn Overexposure linked to neurological issues (similar | WHO limit: 2000 ppm
to Parkinson’s disease)

Zn Essential but high doses cause nausea, anemia, WHO limit: 300 ppm
interference with Cu/Fe absorption

Cd Not detected; if present, causes kidney damage and | WHO limit: 3 ppm

bone demineralization
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Table 4.4 Risk Characterization: Kenana Study Area

Element | Average Study Risk Assessment
Area (ppm)
Cu 41.11 (dry), 38.56 | Above WHO limit — Chronic exposure through
(wet) ingestion/inhalation may cause liver/kidney harm
Cr 82.57 (dry), 78.21 | Above WHO limit — Strong carcinogenic potential,
(wet) especially for field workers and children
Pb 27.61 (dry), 25.79 | Below WHO limit, but still dangerous for children —
(wet) neurotoxic at low doses
Fe ~22.5 Below threshold, no acute risk but should be monitored
Mn ~830 Well below limit, low risk but could contribute to
cumulative neurotoxicity
Zn ~41 Safe, but elevated levels may affect crop safety long-term
Cd ND No direct risk detected, continue monitoring

5.4 Sensitive Populations at Risk
e Children (most vulnerable due to ingestion and developmental effects of Pb and
Cr)
o Farmers and workers (dermal contact, inhalation)
e Pregnant women (risk to fetal development from Pb, Cr)
o Consumers of local crops (bioaccumulation of Cu, Cr)
5.5 Implications for Agriculture
o Soil-to-plant transfer of Cu and Cr may lead to contaminated food chains.
« Chronic exposure through vegetables and grains poses a long-term carcinogenic
and toxicological risk.
Tabl 4.5 Summary of Human Health Risk by Metal

Metal | Acute Risk Chronic Risk Priority for Control
Cu Moderate High (long-term) 7

Cr High Very High (carcinogenic) | «/«/«/

Pb Low High in children A4

Fe Low Moderate (in accumulation) | 7

Mn Low Low—Moderate A

Zn Low Low X

Cd None None X
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6. Conclusion

This study assessed heavy metal contamination in soils of the Kenana industrial area
compared to a nearby control area, across both dry and wet seasons. Atomic Absorption
Spectrophotometry (AAS) was used to measure the concentrations of Fe, Cu, Pb, Cr, Mn,
and Zn. Results were evaluated against WHO permissible limits for soil quality.

Key conclusions include:

1.

Copper (Cu) and Chromium (Cr) concentrations in the Kenana study area exceeded
WHO safety limits in both seasons. This suggests ongoing industrial discharge or
use of Cu/Cr-rich materials or chemicals.

Lead (Pb) levels, while below WHO limits, were significantly elevated in the study
area (2x higher than control), posing particular risks to children and long-term
health.

Iron (Fe), Manganese (Mn), and Zinc (Zn) were within WHO limits, but
consistently higher in the study area, indicating pollution from industrial processes
or agrochemical residues.

Cadmium (Cd) was not detected, which is a positive indicator for this region,
reducing immediate concerns about this highly toxic metal.

Seasonal variation showed that dry seasons had generally higher concentrations of
Cu, Cr, and Pb, likely due to reduced leaching and increased dust deposition. Wet
seasons showed slight reductions, except for Fe and Mn, which rose due to
increased mineral weathering.

Human health risk analysis showed high chronic risk from Cu and Cr, and
moderate neurotoxic risk from Pb — particularly to children, farmers, and long-
term residents.

This confirms that industrial activities in the Kenana area have significantly altered soil
chemistry, creating localized but serious contamination patterns that may lead to health
and ecological problems if left unmanaged.

Recommendations

Based on the findings, the following actions are recommended to reduce environmental
and health risks:

7.1 Environmental Management

7.2 Health Protection

7.3 Policy and Research

7.4 Future Studies
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