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A R T I C L E  I N F O  ABSTRACT 

ORIGINAL  ARTICLE 
 Introduction: This study aimed to assess the environmental health risks of 

heavy metal pollution in groundwater around non-engineered landfills in 

Botshabelo, South Africa.  

Materials and Methods: Inductively coupled plasma mass spectrometry and 

ion chromatography were used to analyze heavy metals in groundwater 

collected during the dry and wet seasons. Ecological risk factors and potential 

ecological risk indices were used to assess ecological risks. A human health 

risk assessment method was used to assess potential public health risks.  

Results: The mean concentrations of heavy metals were as F(0.29) > Mn(0.24) > 

Al(0.08) > Ba(0.06) = U(0.06) > Mo(0.04) > Fe(0.03) = B(0.03) > Cr(0.02) = 

Cu(0.02) > Zn(0.01) mg/l and F(0.21) > Mn(0.12) > B(0.06) > Fe(0.02) > 

Al(0.01) mg/l in wet and dry season respectively. Generally, only Mn, Mo, and 

U were above the acceptable standards for drinking water. It was only Mo that 

posed a high potential ecological risk during the wet season, whereas in the dry 

season, all heavy metals showed low ecological risk. The potential ecological 

risk index revealed a significantly high and low ecological risks during wet and 

dry season respectively. There was a potential non-carcinogenic risk of Mo, U, 

and Cr during the wet season for all population groups. The study also revealed 

that Cr has an acceptable carcinogenic risk and no possibility of carcinogenic 

risks during the wet season for children and adults.  

Conclusion: It can be concluded that there is potential heavy metal pollution 

of groundwater migrating from Botshabelo non-landfill. 
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Introduction 

The daily generation of millions of tons of 

municipal solid waste worldwide continues to pose 

a major challenge to modern society 1. In 

developing nations, such as South Africa, the 

challenges of managing municipal solid waste are 

largely driven by rapid population growth, 

increasing urbanization, and limited public 

awareness and involvement 2. Although several 

waste management approaches are available, 

ranging from waste prevention and minimization to 

re-use, recycling, recovery, treatment, and 

disposal, in most developing countries, landfilling 

remains the dominant disposal method, with nearly 

90% of waste ending up in landfills 3, 4. When 

properly designed and managed, landfills can have 

a limited environmental impact. However, in many 

developing countries, landfills are often 
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inadequately managed and function below the 

required standards 5. A widespread practice is the 

uncontrolled disposal of municipal solid waste in 

non-engineered open dumps which has significant 

environmental harm 6. 

In poorly managed or non-engineered landfills, 

the resulting leachate can contaminate groundwater 

and pose risks to nearby human populations, as it 

contains high levels of microorganisms, organic 

matter and inorganic substances 5. Aralu et al. 7 

highlighted that leachate from non-engineered 

landfills is a significant source of heavy metal 

contamination in groundwater and surrounding 

environments. Heavy metals are particularly 

concerning because they are non-biodegradable, 

persistent, bioaccumulative, and toxic, with 

relatively high molecular weights. Common heavy 

metals detected in groundwater near landfill sites 

include cadmium (Cd), chromium (Cr), copper 

(Cu), nickel (Ni), lead (Pb), manganese (Mn), zinc 

(Zn), arsenic (As), iron (Fe), and mercury (Hg) 5, 7. 

Heavy metals are considered major groundwater 

contaminants, with concentrations in some areas, 

particularly in developing countries, reported to 

exceed established safety standards. When heavy 

metal levels surpass their permissible thresholds, 

they can cause severe health problems, as many are 

teratogenic, carcinogenic, and mutagenic, even at 

trace concentrations 8. Documented effects include 

cancer, neurological damage, kidney and bone 

disorders, renal infections, chronic fatigue, joint 

inflammation, dermatitis, anaemia, cardiovascular 

complications, motor dysfunction, and in extreme 

cases, death 7, 9. Moreover, when plants are irrigated 

with heavy metal-contaminated groundwater, 

bioaccumulation can interfere with their 

physiological and biochemical functions, ultimately 

reducing crop productivity 10. 

Assessing the ecological and health risks of 

heavy metals in groundwater near landfills is 

essential, given that nearly 53% of the global 

population relies on it for agriculture, industry, 

drinking, and domestic purposes 11. Although 

numerous studies have been conducted worldwide 

including in countries such as Nigeria 5, 

Bangladesh 10, Brazil 12, Iran 13, Poland, and the 

Czech Republic 14, research in South Africa 

remains relatively limited. Investigations have 

mainly focused on the Eastern Cape 15, Gauteng 16, 

and Limpopo provinces 17, with only a few studies 

reported in the Free State province 18 where the 

Botshabelo Township is located. In Botshabelo, the 

largest and most rapidly expanding township, the 

majority of generated waste is disposed of at a 

nearby non-engineered landfill that spans 15 

hectares. This site lacks critical infrastructure, such 

as leachate collection systems, waste compaction, 

and proper fencing 19 posing a significant 

environmental health concern as some community 

members use groundwater for agriculture and 

domestic use.  

Thus, there are still notable research gaps in this 

field. To the best of our knowledge, this is the first 

investigation in this area focusing on the 

environmental health risk assessment of heavy 

metal contamination in groundwater linked to a 

non-engineered landfill. Therefore, to fill this gap, 

this study seeks to (i) determine the presence of 

heavy metals and (ii) assess the possible 

environmental and health risks of heavy metals in 

groundwater around non-engineered landfills in 

Botshabelo, South Africa. The findings of this 

study are expected to enhance awareness and offer 

essential evidence to support policymakers, 

regulators, and stakeholders in formulating 

effective measures to reduce heavy metal pollution 

and safeguard environmental sustainability and 

public health. 

Materials and Methods 

Study area 

The landfill is situated in Botshabelo Township 

at S 29°14'44.72" and E 26°44'57.46" (Figure 1). 

Falling under the Mangaung Metropolitan 

Municipality in South Africa’s Free State 

Province, Botshabelo is the largest and fastest-

growing township, with a population of 

approximately 900,712. It is located approximately 

55 km east of Bloemfontein. The area is classified 

as semi-arid with a Highveld climate, characterized 

by winters from May to August and summers from 

October to February. Average summer 
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temperatures reach approximately 26 °C, while 

winter averages approximately 16 °C, with 

occasional severe frost. The region receives 

summer rainfall, averaging between 600 and 750 

mm annually. The Botshabelo landfill spans 15 

hectares and is a non-engineered site originally 

intended for general, non-hazardous waste 

disposal. It is designated as a general, medium, and 

class B landfill. Waste streams typically include 

household refuse, garden waste, construction 

rubble, indiscriminately disposed of tires, and other 

general items. On average, approximately 747 

tonnes of waste are deposited at the site monthly, 

mainly from residential and commercial sources. 

The overall waste composition includes general 

non-hazardous materials such as food waste, 

garden refuse, paper and cardboard, dense and film 

plastics, metals, glass, textiles, treated wood, and 

other assorted materials 19. Waste is scattered both 

inside and around the landfill, and the site does not 

comply with the sanitary landfill standards. It lacks 

key infrastructure, such as leachate collection 

systems, waste compaction, and secure fencing, 

with open dumping serving as the main disposal 

practice. The study area falls within the Modder 

River catchment, which is underlain by the Ecca 

and Beaufort groups of the Karoo Supergroup. 

Two main aquifer types occur in the region: 

intergranular and fractured aquifers. Dolerite 

intrusions are present within the sedimentary 

formations of the intergranular aquifers, with 

dolerite dykes yielding between 0.5 and 5 L/s on 

average from boreholes. The northern and 

northeastern areas of Bloemfontein are dominated 

by strongly structured black and red clay soils with 

a high base status 18. 

 

 
Figure 1: Botshabelo non-engineered landfill site. 

 

Sample collection and analysis 

To assess the impact of non-engineered landfills 

on groundwater, samples were collected during both 

the dry and wet seasons. Sampling approval was 

obtained from local authorities and landfill 

managers. Four boreholes were located near the 

Botshabelo landfill (Figure 1 and Table 1), from 

which groundwater samples (BH1, BH2, BH3, and 

BH4) were collected in both seasons. BH1, BH3, 

and BH4 were within the landfill at approximately 

200 m, whereas B2 was outside the landfill at 

approximately 400 m. Sampling was carried out 

directly from the boreholes using a pre-cleaned non-

reactive plastic bailer. To prevent contamination, all 

samples were collected in 750 ml high-density 

polyethylene (HDPE) bottles, which are chemically 

inert. Before use, the bottles were thoroughly 

prepared by soaking them in 10% nitric acid and 
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rinsing them several times with deionized water. 

The collected samples were clearly labelled, stored 

at 4 °C with ice packs, and transported to the 

laboratory for analysis. Heavy metals including Al, 

As, Sb, Ba, B, Cd, Co, Cr, Cu, Fe, Mn, Ni, Mo, Pb, 

Se, U, V, Zn, and F were analysed using inductively 

coupled plasma mass spectrometry (ICP-MS, 

Agilent 7500, USA) and ion chromatography at the 

Institute for Groundwater Studies, University of the 

Free State. Throughout the analysis, double-distilled 

water, along with blank and duplicate samples, was 

used to ensure the accuracy and reliability of the 

results. The precision and accuracy of the heavy 

metal measurements were confirmed to fall within 

the acceptable limits set by the national standard 

reference material, thereby guaranteeing the validity 

of the analytical process used. The analytical error 

was determined to be below 10%, and the data 

reproducibility was maintained within 5%. 

 

Table 1: Sampling point locations. 

Sampling ID Coordinates Description 

BH 1 
29°14’ 41,02” S; 

26 ° 45' 10, 23" E  

The borehole is sealed with an iron cover. It is positioned on the northern side 

of the dump, which is closer to the landfill in distance. It is adjacent to the 

fence. It is not marked, less visible and covered by vegetation and plastics. 

The collar is not visible. It has a 4.8 m depth. 

BH 2 
29°14’ 37,09” S; 

26°45’13,99” E  

The borehole is located outside the landfill on its north-eastern side. There 

was no cap identified. The collar is visible and elongated. It is 4.1 m deep 

from the surface to the water table.   

BH 3 
29°14’ 42,31” S; 

26°45’14,9” E  

The borehole is located on the landfill’s eastern edge. It is far from the 

landfill. It is covered by vegetation and the collar is not visible. Its depth is 

3.1 m from the surface, making it the shallowest borehole.  

BH 4 
29°14’ 52,07” S; 

26° 45’19,34” E  

The borehole is open with no cap inserted. It is the farthest from the landfill 

located on the south-eastern side. It has a visible collar, with no vegetation 

cover. It is 10.37 m deep from the surface; the deepest borehole in the landfill 

site. 

 

Ecological Risk Assessment of Heavy Metals in 

Groundwater 

Ecological Risk Assessment 

Hakanson 20 introduced the ecological risk factor 

(ER) index, which quantitatively expresses the 

ecological risk posed by specific heavy metals in 

groundwater, as shown in Equation (1): 

𝐸𝑅 = 𝑇 𝐶𝐹𝑟
𝑖                      (1) 

where Tr is the toxic response factor of a 

chemical contaminant and CF is the contamination 

factor of the selected element. The risk level 

classifications based on the ER index range from 

low to serious ecological risks, as shown in Table 2 
21. The toxicity factors of the targeted contaminants 

are listed in Table 3. While either local water 

quality standards or global natural river 

concentrations can be applied for the 

contamination factor (CF) assessment, this study 

utilized the global natural river concentrations for 

each targeted element 22. 

Potential Ecological Risk Index 

In this study, the potential ecological risk index 

(PERI) was used to evaluate the ecological risks 

associated with the selected contaminants. It was 

calculated by summing the ecological risk values 

of the targeted heavy metals, as shown in 

Equation (2) 23. 

PERI = ∑ ER                       (2) 

PERI risk classifications range from low to 

significantly high ecological risk, as presented in 

Table 2 23. 
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Table 2: Interpretation of ecological risk assessment indices. 

Ecological risk indices Interpretation References 

ER 

Eir < 40 Low ecological risk 

21. 

40 ≤ Eir < 80 Moderate ecological risk 

80 ≤ Eir < 160 Considerable ecological risk 

160 ≤ Eir < 320 High ecological risk 

Eir ≥ 320 Serious ecological risk 

PERI 

PERI < 150 Low ecological risk 

23. 150 < PERI < 300 Moderate ecological risk 

300 < PERI < 600 High potential risk 

PERI ≥ 600 Significantly high ecological risk 

 

Table 3: Toxicity response factors/values for selected heavy metals. 

Element Toxic-response factor Reference 

Al - 

24, 25. 

Ba 1 

B - 

Cr 2 

Cu 5 

Fe 2 

Mn 1 

Mo 15 

Zn 1 

F 0.06 

 

Human Health Risk Assessment of Heavy 

Metals in Groundwater 

The human health risk assessment (HHRA) 

index was used to assess the possible health risks 

of heavy metals via the ingestion pathways as it 

remains the primary risk.  Both non-carcinogenic 

and carcinogenic risks were considered in this 

study.  The average daily dose (ADD) for the 

population via ingestion pathways was calculated 

using Equations (3) to (5) 5, 26. 

𝐴𝐷𝐷𝑖𝑛𝑔 =
𝐶 × 𝐼𝑅𝑖𝑛𝑔 × 𝐸𝐹 × 𝐸𝐷

𝐵𝑊 × 𝐴𝑇
× 𝐶𝐹             (3) 

where ADD is the average daily total exposure 

dose (mg/l/day). ADDing is the average daily dose 

(mg/l/day) for ingestion. The parameters used to 

estimate the ADDs are listed in Table 4. The risks 

of heavy metals can be classified as non-

carcinogenic or carcinogenic. To evaluate the non-

carcinogenic risks associated with heavy metals 

through the ingestion pathway and determine the 

overall non-carcinogenic impact, Equations (4) and 

(5) were used 27, 28. 

𝐻𝑄(𝑖𝑛𝑔) =
𝐴𝐷𝐷

𝑅𝑓𝐷
                                                       (4)  

where HQ is the hazard quotient and RfD is the 

reference dose of individual metal (mg/l), to which 

a community can be exposed daily, during their 

lifetime without harm (Table 5). If the HQ value 

exceeds 1, there may be potential non-carcinogenic 

effects, whereas if the HQ value is less than 1, 

there is no possibility of any health risks for 

exposure to non-carcinogenic heavy metals. The 

carcinogenic risk (CR) of heavy metals in 

groundwater was assessed using Equation (5).  

𝐶𝑅 (𝑖𝑛𝑔) = 𝐴𝐷𝐷 × 𝑆𝐹                                           (5) 

where SF is the cancer slope factor (mg/l) for 

the ingestion of individual heavy metals in 

groundwater, as presented in Table 5. If the CR 

values are greater than 1 × 10−4, the carcinogenic 

risk occurs; if the values are between 1 × 10−6 and 

1 × 10−4, the carcinogenic risk is acceptable; if the 

values are below 1 × 10−6, the risk is not 

carcinogenic 1, 27. 
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Table 4: Input parameters for the average daily dose estimation.  

Parameters Description Unit 
Values 

Reference 
Children Adults 

C Concentration mg/l   

26, 27. 

BW Body weight Kg 28 70 

EF Exposure frequency d/year 350 350 

ED Exposure duration years 6 30 

IngR Ingestion rate L/day 1.5 2 

AT Average time: Cancer days 365 × 70 365 × 70 

 Average time: Non-cancer days 365 × ED 365 × ED 

CF Conversion factor L/cm3 0.003 0.003 

 

Table 5: Oral reference doses (RfD) and cancer slope factors (CSF) for toxic heavy metals. 

Metals Oral RFD (mg/l) Oral CSF (mg/l) References 

Al  1.0 - 

26, 27, 29. 

Ba 0.2 - 

B 0.2 - 

Cd  0.001 - 

Co  0.0003 - 

Cr (IV) 0.0009 0.27 

Cu  0.04 - 

Fe  - - 

Mn  0.14 - 

Mo  0.005 - 

U  0.003 - 

Zn  0.3 - 

F  0.06  

 

Data Analysis 

Data preparation and organization were 

performed using Microsoft Excel software. 

Descriptive statistical analyses included 

calculations of minimum, maximum, mean, and 

standard deviation values. The study area map was 

produced using QGIS software (version 3.34.8). 

Results 

Heavy Metal Concentrations in Groundwater 

and Surface Water Samples 

Table 6 presents the concentrations of selected 

heavy metals in comparison to the World Health 

Organization (WHO), South African National 

Standard (SANS), and Department of Water 

Affairs and Fisheries (DWAF, South Africa) 

standards. The mean concentration of Al, Ba, B, 

Cr, Cu, Fe, Mn, Mo, U, Zn and F in wet season as 

0.08, 0.06, 0.03, 0.02, 0.02, 0.03, 0.24, 0.04, 0.06, 

0.01 and 0.29 mg/l respectively. In the dry season, 

they were 0.01, < LOD, 0.06, < LOD, < LOD, 

0.02, 0.12, < LOD, < LOD, < LOD, and 0.21 mg/l, 

respectively. In wet season, their mean 

concentrations were descending as F > Mn > Al > 

Ba = U > Mo > Fe = B > Cr = Cu > Zn while in 

dry season they were as F > Mn > B > Fe > Al. 

When compared to the acceptable standard for 

drinking water, the majority of heavy metals were 

within the acceptable limit. However, Mn was 

above the WHO and SANS standards in all 

seasons, while U was above all acceptable 

standards in the wet season. They were also above 

the DWAF acceptable standards for irrigation. 

Moreover, Mo was only above the acceptable 

standard for irrigation in wet season.  
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Table 6: Comparison of heavy metal concentrations in groundwater and surface water around the Botshabelo landfill 

site with WHO 30, SANS 31, and DWAF 32 standards. 

Contaminants Unit 

Groundwater 
Recommended Standards 

Wet Season Dry Season 

Min-Max Mean ± SD Min-Max Mean±SD WHO SANS DWAF 

Al mg/ℓ 0.06-0.10 0.08 ± 0.02 0.01-0.02 0.01 ± 0.01 ≤  ≤ 0.3 ≤  

Ba mg/ℓ 0.04-0.09 0.06 ± 0.02 - - 1.3 ≤ 0.7 - 

B mg/ℓ 0.02-0.04 0.03 ± 0.01 0.05-0.06 0.06 ± 0.01 2.4 ≤ . ≤  

Cr mg/ℓ 0.01-0.02 0.02 ± 0.01 - - 0.05 ≤ 0.05 ≤  

Cu mg/ℓ < LOD-0.07 0.02 ± 0.03 - - 2 ≤  ≤  

Fe mg/ℓ < LOD-0.07 0.03 ± 0.03 0.01-0.05 0.02 ± 0.02 - ≤  ≤  

Mn mg/ℓ < LOD-0.86 0.24 ± 0.41* < LOD-0.46 0.12 ± 0.22* 0.08 ≤ 0.4 ≤  

Mo mg/ℓ 0.01-0.12 0.04 ± 0.05* - - - - ≤  

U mg/ℓ 0.01-0.11 0.06 ± 0.05* - - 0.03 ≤ 0.03 ≤  

Zn mg/ℓ < LOD-0.01 0.01 ± 0.00 - - 3 ≤ 5 ≤  

F mg/ℓ 0.25-0.38 0.29 ± 0.06 0.16-0.28 0.21 ± 0.05 1.5 ≤  ≤  

Notation: mg/l: milligram per litre; LOD: limit of detection; --: below limit of detection; ±: standard deviation; WHO: World Health 

Organization; SANS: South African National Standards; DWAF: Department of Water Affairs. *: metals above the limit. 

 

Ecological Risks Assessment 

The results of the ecological risk assessments of 

heavy metals in groundwater around the 

Botshabelo landfill based on ER and PERI for both 

wet and dry seasons are shown in Table 7. The 

risks of heavy metals below the limit of 

quantification and without toxic response factors 

were not assessed. During the wet season, only Mo 

posed a high potential ecological risk. This was 

mostly contributed by Mo and Mn. During the dry 

season, all selected heavy metals posed a low 

ecological risk. The ER risk was mostly 

contributed by Mn. Based on the potential 

ecological risk index, the wet season recorded a 

significantly high ecological risk, whereas the dry 

season showed a low ecological risk.  

 

Table 7: Ecological risk assessment of selected heavy metals in groundwater using ER and PERI.  

Contaminants Wet Description Dry Description 

Al  - - - - 

Ba 2 - - - 

B - - - - 

Cr  8 Low ecological risk - - 

Cu  10 Low ecological risk - - 

Fe  0.6 Low ecological risk 0.4 Low ecological risk 

Mn  24 Low ecological risk 12 Low ecological risk 

Mo  600* High potential risk - - 

Zn  1 Low ecological risk - - 

F  0.17 Low ecological risk 0.13 Low ecological risk 

PERI 645.8* Significantly high ecological risk 12.5 Low ecological risk 

Note: * indicates high ecological risk. 

 

Human Health Risk Assessment 

The human health risk was evaluated through the 

ingestion pathways for adults and children. In this 

study, only heavy metals with available RfD, CSF, 

and above the limit of quantification were assessed. 

Both the wet and dry seasons were considered, and 

the results are presented in Table 8. For the children, 

only Mo and U showed potential non-carcinogenic 

risk in the wet season. During the dry season, all 

selected heavy metals showed no possibility of non-

carcinogenic risk. For adults, only Cr and U showed 

potential non-carcinogenic risks during the wet 
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season. All selected heavy metals showed no 

possibility of non-carcinogenic risks during the dry 

season. The total non-carcinogenic risks of heavy 

metals through the ingestion pathway in the wet 

season were higher than those in the dry season for 

both children and adults. This also indicated the 

possibility of non-carcinogenic risks to the exposed 

population. Moreover, the carcinogenic risk 

assessment of heavy metals, as presented in Table 9, 

revealed that Cr has an acceptable cancer risk and 

no probable cancer risks during the wet season for 

children and adults, respectively. During the dry 

season, no signs of carcinogenic risk were observed. 

The total carcinogenic risk of heavy metals was 

higher in children than in adults during the wet 

season. 

  

Table 8: Hazard quotient values of heavy metals in groundwater sources during the wet and dry seasons. 

Metals 

Children Adults 

Wet Dry Wet Dry 

ADD HQ ADD HQ ADD HQ ADD HQ 

Al 1.0 × 10-2 1.0 × 10-2 2.0 × 10-3 2.0 × 10-3 7.0 × 10-3 7.0 × 10-3 8.0 × 10-4 8.0 × 10-4 

Ba 9.0 × 10-3 5.0 × 10-2 - - 5.0 × 10-3 3.0 × 10-2 - - 

B 4.0 × 10-3 2.0 × 10-2 9.0 × 10-3 5.0 × 10-2 2.0 × 10-3 1.0 × 10-2 5.0 × 10-3 3.0 × 10-2 

Cr 3.0 × 10-3 3.3 × 10-1 - - 2.0 × 10-3 2.2 × 100* - - 

Cu 3.0 × 10-3 8.0 × 10-2 - - 2.0 × 10-3 5.0 × 10-2 - - 

Fe 5.0 × 10-3 - 3.0 × 10-3 - 2.0 × 10-3 - 2.0 × 10-2 - 

Mn 4.0 × 10-2 2.9 × 10-1 1.8 × 10-2 1.3 × 10-1 2.0 × 10-2 1.4 × 10-1 1.0 × 10-2 7.0 × 10-2 

Mo 6.0 × 10-3 1.2 × 100* - - 3.0 × 10-3 6.0 × 10-1 - - 

U 9.0 × 10-3 3.0 × 100* - - 5.0 × 10-3 1.7 × 100* - - 

Zn 2.0 × 10-3 1.0 × 10-2 - - 1.0 × 10-3 3.0 × 10-2 - - 

F 4.0 × 10-2 6.7 × 10-1 3.0 × 10-2 5.0 × 10-1 2.0 × 10-2 3.3 × 10-1 2.0 × 10-2 3.3 × 10-1 

Total 1.3 × 10-1 5.7 × 100 6.2 × 10-2 6.8 × 10-1 6.9 × 10-2 5.1 × 100 5.6 × 10-2 4.3 × 10-1 

Note: * HQ > 1. 

 

Table 9: Cancer risk values for heavy metals in groundwater. 

Metals 

Children Adults 

Wet Dry Wet Dry 

ADD CR ADD CR ADD CR ADD CR 

Al  1.0 × 10-3 - 1.0 × 10-4 - 2.8 × 100 - 3.5 × 10-7 - 

Ba 1.0 × 10-3 - - - 2.1 × 10-6 - - - 

B 4.0 × 10-4 - 8.0 × 10-4 - 1.1 × 10-6 - 2.1 × 10-6 - 

Cr  3.0 × 10-4 8.1 × 10-5* - - 7.1 × 10-7 1.9 × 10-7 - - 

Cu  3.0 × 10-4 - - - 7.1 × 10-7 - - - 

Fe  4.0 × 10-4 - 3.0 × 10-4 - 1.1 × 10-6 - 7.1 × 10-7 - 

Mn  3.0 × 10-3 - 2.0 × 10-3 - 8.5 × 10-6 - 4.2 × 10-6 - 

Mo  5.0 × 10-4 - - - 1.4 × 10-6 - - - 

U  8.0 × 10-4 - - - 2.1 × 10-6 - - - 

Zn  9.0 × 10-2 - - - 3.5 × 10-6 - - - 

F  4.0 × 10-3 - 3.0 × 10-3 - 1.0 × 10-5 - 7.4 × 10-6 - 

Total 1.0 × 10-1 8.1 × 10-5 6.2 × 10-3 - 2.8 × 100 1.9 × 10-7 1.5 × 10-5 - 

Note: * Carcinogenic risk > 1. 

 

Discussion 

Heavy Metal Concentrations in Groundwater 

and Surface Water Samples 

In general, only Mn, Mo, and U exceeded the 

acceptable standards for drinking water (Table 6). 

Various studies have reported elevated 

concentration of heavy metals in groundwater 

around landfill sites. For example, in the Roundhill 

landfill, South Africa 33, and Marituba landfill, 

Brazil 12 the Mn concentration was also above the 

acceptable standard. In abandoned landfills in 

Nigeria, Afolabi et al. 1 reported that Mn was 
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within the permissible limit, which is different 

from the outcomes of this study. Odunaike et al. 11 

reported that none of the targeted heavy metals 

were detected in samples of groundwater around 

Akure E-waste landfill, Nigeria which is totally 

different from current findings. Most of these 

metals were above the acceptable limits during the 

wet season due to several hydrological and 

geochemical processes that increase leachate 

generation and enhance contaminant mobility. 

Non-engineered landfills allow rainwater to 

percolate through waste, dissolving metals and 

carrying them into groundwater. Thus, the high 

levels of manganese (Mn), molybdenum (Mo), and 

uranium (U) in groundwater near the Botshabelo 

non-engineered landfill can be linked to the 

combined influence of landfill leachate, local 

geological formations, and hydrogeochemical 

conditions. The lack of liners or leachate collection 

systems enables rainwater to seep through the 

waste, leaching metals from materials such as 

batteries, electronic waste, pigments, fertilizers, 

and industrial residues, which subsequently 

infiltrate the aquifer 17. The decomposition of 

organic matter in landfills can reduce oxygen 

levels, creating reducing conditions that increase 

the mobility of manganese (Mn), whereas alkaline 

or oxidizing conditions can enhance the solubility 

of molybdenum (Mo) and uranium (U) 33. Uranium 

can also be naturally released from phosphate-rich 

or granitic rocks, and its mobility is further 

elevated by dissolved organic matter from leachate 
34. Some studies have reported elevated uranium 

levels in groundwater, even in areas distant from 

obvious contamination sources, due to water–rock 

interactions 35. Consequently, the inadequate 

design of the Botshabelo non-engineered landfill, 

combined with favorable geochemical conditions, 

promoted the leaching and accumulation of Mn, 

Mo, and U in the surrounding groundwater above 

the safe drinking water limits. Specifically, 

elevated Mn levels can be traced to steel scrap, 

batteries, pigments, and organic waste; high Mo 

concentrations are associated with its use in alloys, 

lubricants, dyes, and electronics; and increased U 

levels may also result from discarded phosphate 

fertilizers, ceramics, or industrial by-products, 

although geological sources are typically the 

primary contributors 36. Although many metals 

targeted in this study (i.e., Cu, Cr, and Zn) may be 

associated with electronic and industrial waste, 

their relatively low concentrations in groundwater 

around the Botshabelo landfill can be attributed to 

several local conditions. The site primarily 

receives domestic waste, whereas waste pickers 

actively recover and divert much of the electronic 

and industrial materials that would otherwise 

contribute to metal loads. Even when such metals 

are present, their movement into groundwater is 

often limited due to their strong binding to soil 

particles, precipitation under neutral to alkaline 

pH, and various natural attenuation processes. 

Furthermore, the landfill stage of decomposition, 

surrounding hydrogeological setting, and presence 

of low-permeability soils restrict leachate 

migration. Collectively, these factors account for 

the absence or low levels of commonly expected 

metals in groundwater despite the presence of 

potential sources 35.  

Ecological Risks Assessment 

The elevated potential ecological risk of 

molybdenum (Mo) observed in this study may be 

due to its relatively high toxicity response factor 

(Table 7). This heightened ecological risk is 

particularly concerning because groundwater 

naturally flows into rivers and streams, potentially 

threatening the aquatic ecosystems. The discharge 

of Mo-contaminated groundwater into nearby 

water bodies can inhibit algal growth and 

reproduction and bioaccumulate in aquatic 

invertebrates. In addition, if used for irrigation, it 

may reduce soil fertility, stunt plant growth, cause 

leaf discoloration, and lower crop yields 37. 

Consequently, the findings of this study can help 

raise awareness among the local community of the 

environmental and health risks associated with 

groundwater use. 

Human Health Risk Assessment 

The non-carcinogenic risk for chromium (Cr) 

was above the permissible limit for adults and 

below the permissible limit for children, while a 
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potential non-carcinogenic risk from molybdenum 

(Mo) and uranium (U) was observed during the 

wet season across all population groups. (Table 8) 

These findings contrast with those of studies on 

groundwater near abandoned landfills in urban 

Nigeria, where total non-carcinogenic risks were 

found to pose no health threat 1. Similarly, in 

groundwater around the Marituba Landfill in 

Brazil, exposure to non-carcinogenic risks from 

heavy metals was reported 12. Other studies also 

reported no potential non-carcinogenic risks from 

heavy metals in landfill-impacted groundwater 11. 

It is crucial to indicate that, although children are 

generally expected to show higher non-

carcinogenic risks owing to their smaller body 

weight and higher intake per kilogram of body 

mass, our analysis revealed an elevated non-

carcinogenic risk of Cr among adults. This 

counterintuitive observation implies that factors 

beyond body weight, particularly other exposure-

related assumptions used in the risk model, exert a 

greater influence on the calculated risk levels. In 

the Botshabelo area, the potential non-carcinogenic 

risks from Mo, U, and Cr during the wet season are 

a notable public health concern. Key health 

concerns include the effects of elevated 

molybdenum (Mo) exposure, which can disrupt 

copper metabolism and lead to joint pain, gout-like 

symptoms, and increased uric acid levels in the 

body. Dermal contact and inhalation of soluble or 

insoluble Mo compounds may irritate the eyes and 

nose and cause skin dryness and itchiness. 

Moreover, prolonged exposure can result in 

respiratory issues 38. Uranium primarily affects 

kidney function, as chronic ingestion through 

drinking water can lead to its accumulation in the 

kidneys, causing tubular damage and altered 

electrolyte excretion, potentially impairing renal 

function 39. Chromium, particularly in its 

hexavalent form, can induce respiratory tract 

irritation, nasal ulcers or septal perforation, 

dermatitis, gastrointestinal irritation, and non-

carcinogenic effects on the liver and kidneys 40. 

The study also indicated that chromium (Cr) posed 

an acceptable cancer risk for children and no 

cancer risk for adults during the wet season (Table 

9). Similarly, Afolabi et al. 1 reported no 

carcinogenic risks from heavy metals in 

groundwater near abandoned landfills in Nigeria. 

Previous research has reported carcinogenic risk 

values both within acceptable limits and above 7, 28. 

Overall, the risk assessment suggests that Cr does 

not present a significant cancer risk in this study 

area. Children are particularly vulnerable because 

of their higher water intake relative to body weight 

and the increased sensitivity of their developing 

systems to contaminants. Although adults may not 

be at immediate risk, the elevated total risk 

observed in children highlights the need for public 

health measures focused on protecting them, 

particularly during the wet season, when runoff, 

leaching, or increased metal mobility can raise 

exposure levels. Continuous monitoring and 

awareness programs are essential to prevent long-

term health effects, as chronic exposure, even 

within “acceptable” limits, can accumulate over 

time. Although human data on the oral toxicity of 

chromium (Cr) are limited, exposure can elevate 

cancer risk, cause DNA damage, promote 

metastasis, and trigger tumorigenic processes. It 

may also lead to male infertility, kidney disorders, 

and gastrointestinal diseases 40. Consequently, 

groundwater in the area should not be used for 

drinking or irrigation. 

Implications for Ecological and Public Health  

The findings indicate that the groundwater 

surrounding the Botshabelo non-engineered 

landfill is susceptible to contamination, particularly 

during the wet season, when rainfall intensifies the 

leaching of heavy metals. Elevated levels of 

manganese (Mn), molybdenum (Mo), and uranium 

(U) above the permissible drinking water limits 

suggest a potential ecological threat, with Mo 

posing a particularly high risk. These contaminants 

can accumulate in soil and aquatic systems, 

disrupting ecosystems, reducing biodiversity, and 

causing long-term ecological imbalances. 

Although ecological risks were lower during the 

dry season, the ongoing presence of contaminants 

may gradually compromise the integrity of the 

environment. From a public health perspective, 
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Mo, U, and chromium (Cr) above the safety 

thresholds during the wet season present notable 

non-carcinogenic risks to all population groups, 

potentially affecting critical organs such as the 

kidneys, liver, and nervous system. Although Cr 

showed an acceptable carcinogenic risk for adults 

and no observed risk for children, prolonged 

exposure remains a concern. The exceedance of 

drinking water standards emphasizes that 

groundwater is unsafe for consumption without 

treatment, posing heightened risks to vulnerable 

populations, including children and pregnant 

women.  

Conclusions 

In conclusion, this study shows that groundwater 

near the Botshabelo non-engineered landfill is 

susceptible to heavy metal contamination, with 

clear seasonal variations. Elevated levels of 

manganese (Mn), molybdenum (Mo), and uranium 

(U) during the wet season indicated increased 

ecological risks, with Mo being the main 

contributor to potential ecosystem disruption. 

Although the risks were lower in the dry season, 

the continued presence of contaminants points to 

possible long-term cumulative effects. Human 

health risk assessment identified non-carcinogenic 

risks from Mo, U, and chromium (Cr) across all 

population groups, along with an acceptable but 

noteworthy carcinogenic risk from Cr in adults. 

The exceedance of drinking water standards 

highlights that groundwater is unsafe for direct 

consumption, posing particular concerns for 

vulnerable populations. These results emphasize 

the urgent need for sustainable waste management 

practices, ongoing groundwater monitoring, and 

the provision of safe, alternative water sources. 

Authorities should implement an effective waste 

management system by establishing sanitary 

landfills designed to prevent leachate infiltration 

into the surrounding areas.  

Limitation of the Study and Future Research 

This study focused solely on assessing the 

presence and associated risks of heavy metals in 

groundwater around the Botshabelo non-engineered 

landfill, without examining surface water, soil, or 

plants in the area, which limits the overall 

comprehensiveness of the findings. Additionally, 

using global natural river concentrations as 

reference values for the contamination factor may 

not accurately represent the locally relevant 

ecological thresholds. The lack of slope factors and 

reference doses for certain heavy metals further 

constrains risk assessment. Future research should 

expand to include surface water, soil, and vegetation 

to provide a more comprehensive understanding of 

pollutant distribution and the associated risks. 

Studies should also consider additional parameters, 

such as physicochemical properties, per- and 

polyfluoroalkyl substances, emerging contaminants, 

and pesticides across environmental compartments, 

including groundwater, surface water, soils, and 

edible crops. Moreover, hydrogeochemical facies 

analysis is recommended to better understand the 

geochemical processes affecting groundwater 

quality.  
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