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

ORIGINAL  ARTICLE 
 Introduction: This study evaluates the impact of the Roundhill municipal landfill 

on groundwater quality in Berlin, Eastern Cape, South Africa. The objective was to 

assess physicochemical and microbial contamination, identify health risks, and 

trace pollution sources linked to landfill leachate. 

Materials and Methods: Groundwater samples were collected from five boreholes 

and one landfill leachate point. These were analysed for pH, total dissolved solids 

(TDS), conductivity, selected heavy metals (Al, Cd, Cr, Fe, Pb, Hg, Zn), and 

microbial contaminants (E. coli, Total Coliforms). Results were benchmarked 

against South African National Standard (SANS) 241 and World Health 

Organization (WHO) guidelines. Water Quality Index (WQI), Irrigation Water 

Quality Index (IWQI), and Human Health Risk Assessment (HHRA) models were 

applied. Pearson correlation and Principal Component Analysis (PCA) were used 

for statistical evaluation. 

Results: Significant contamination was observed in boreholes nearest the landfill 

(BH1 and BH2). Moreover, Cadmium (Cd) (569 µg/L), lead (Pb) (489 µg/L), and 

chromium (Cr) (451 µg/L) exceeded permissible limits and E. coli concentrations in 

BH2 reached 12,000 MPN/100 mL. WQI values exceeded 300, indicating water 

unsuitability for drinking. IWQI revealed potential soil permeability risks. HHRA 

showed Hazard Quotients >1 and elevated lifetime cancer risks, particularly for 

children. PCA and correlation analysis implicated landfill leachate as the main 

contamination source. 

Conclusion: The Roundhill landfill poses a serious threat to local groundwater quality 

and public health. Immediate mitigation measures—such as enhanced landfill 

containment, water treatment systems, routine monitoring, and regulatory 

enforcement—are necessary to prevent further environmental and health degradation. 
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Introduction  

Solid waste management remains a significant 

challenge in South Africa (SA), a rapidly 

urbanizing and densely populated developing 

nation. High waste generation rates, coupled with 

inadequate waste management infrastructure, have 

contributed to the proliferation of poorly managed 

landfill sites 1. In many developing nations, 

landfills often fail to meet acceptable 

environmental standards and are frequently sited 

near residential areas or in regions with shallow or 

seasonally fluctuating groundwater tables. This 

proximity elevates the risk of groundwater 

contamination and poses serious health threats to 
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local communities 2. Among the most pressing 

concerns is the release of heavy metals (HMs) 

from landfill leachate, which has emerged as a 

major environmental issue in South Africa 3, 4 and 

globally 5, 6. HMs can leach into groundwater, 

causing long-term ecological degradation and 

posing serious public health risks due to their 

toxicity, persistence, and bioaccumulative nature. 

Elevated levels of metals, such as lead (Pb), 

cadmium (Cd), arsenic (As), mercury (Hg), 

chromium (Cr), zinc (Zn), copper (Cu), iron (Fe), 

and nickel (Ni), are commonly detected near 

landfill sites 5. These contaminants originate from 

diverse sources, including industrial waste, 

petrochemical discharges, excessive fertilizer use, 

atmospheric deposition, and mining 2. 

Anthropogenic activities, rather than natural 

processes, are the predominant contributors to HM 

contamination in water and soil. 

Exposure to HMs can result in severe health 

consequences: Pb is associated with neurological 

damage, Cd with renal dysfunction and skeletal 

demineralization, As with carcinogenesis, and Hg 

with developmental and cognitive impairments 7. 

Furthermore, when HMs infiltrate agricultural soils 

and irrigation water, food safety and sustainability 

are threatened by their entry into the food chain 8. 

Multiple pathways contribute to the mobilization 

of HMs into water systems, including runoff from 

agricultural land, discharge of untreated industrial 

effluents, acid mine drainage, and landfill leachates 
6, 9, 10. The bioavailability and transport of these 

metals in water are influenced by physicochemical 

variables such as pH, redox conditions, organic 

matter content, ion exchange capacity, and mineral 

composition 11. Despite the global recognition of 

these environmental threats, HM contamination 

remains poorly managed in many developing 

countries owing to limited mitigation strategies and 

weak regulatory enforcement 12. 

Landfill leachate, the liquid generated by water 

percolating through waste, often contains a mixture 

of organic and inorganic pollutants, including toxic 

HMs and microbial contaminants 13. Studies have 

documented significantly elevated concentrations 

of these contaminants in leachate, which can 

severely impair groundwater quality and 

ecosystem integrity 14, 15, 16. While natural 

geological processes can also contribute trace 

amounts of metals to groundwater 17, 

anthropogenic influences are generally more 

severe and persistent. Groundwater is the primary 

source of potable, agricultural, and industrial water 

in the East London region of South Africa. 

However, the quality of this resource is under 

increasing threat, with recent studies reporting a 

decline in water quality 18. The Roundhill 

municipal landfill, located in Berlin, Eastern Cape, 

presents a relevant case study for assessing the 

spatial extent and severity of HM contamination in 

groundwater near active landfill operations. 

Although several studies have investigated HM 

pollution in South African water resources, there is 

a dearth of research on the co-occurrence of heavy 

metals and microbial contaminants in groundwater 

near landfill sites. Moreover, few studies have 

employed integrated assessment tools, such as the 

Water Quality Index (WQI), Irrigation Water 

Quality Index (IWQI), and Human Health Risk 

Assessment (HHRA) frameworks, to evaluate 

cumulative risks to both public health and 

agriculture. This study addresses these gaps by 

offering a multidimensional, site-specific 

evaluation of groundwater quality around the 

Roundhill Landfill. It incorporates a combination 

of physicochemical, microbial, and statistical 

analyses, including Pearson correlation and 

Principal Component Analysis (PCA), to assess 

contamination levels and identify pollution 

sources. Specifically, this study aims to: 

• Assess the degree and spatial distribution of 

heavy metal contamination in groundwater and 

landfill leachate. 

• Identify the key contaminants of concern and 

their likely sources. 

• The suitability of groundwater for human 

consumption and agricultural use was evaluated 

using the WQI and IWQI. 

• Quantifying the health risks associated with 

contaminated groundwater using HHRA, 

particularly for vulnerable groups such as 

children and immunocompromised individuals. 
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The novelty of this research lies in its integrated 

and quantitative approach to assessing groundwater 

contamination near active municipal landfills. Unlike 

prior research, which has largely focused on surface 

water or agricultural soils, this study provides a 

comprehensive evaluation of both the chemical and 

microbial quality of groundwater. By highlighting an 

understudied yet high-risk site, this study contributes 

to the broader understanding of water quality 

degradation and provides evidence-based 

recommendations for improved waste management 

and environmental protection in South Africa. 

Materials and Methods 

Study Area 

This study was conducted at the Roundhill 

Municipal Landfill Site, situated approximately 4 

km east of Berlin and 30 km west of East London in 

the Eastern Cape Province of South Africa. The  

site has been operational since 2006 and is managed 

by the Buffalo City Metropolitan Municipal. 

Geographically, it lies at coordinates 32°53′24.13″ S 

and 27°37′27.22″ E, at an elevation of 480 m above 

sea level. The landfill is strategically located within 

a hydrologically sensitive zone between the Buffalo 

and Nahoon River catchments, encompassing 

several wetlands and both natural and artificial dams 

in the area. This raises concerns regarding the 

potential migration of contaminants into the 

surrounding aquatic ecosystems. The underlying 

geology consists predominantly of sedimentary 

formations, such as quartzite, shale, and sandstone, 

which influence groundwater composition through 

geogenic contributions and lithological interactions. 

Classified as a G:L:B+ facility, indicating a 

general waste site, large in scale, and producing 

leachate, Roundhill adheres to the South African 

landfill classification system defined in the 

Minimum Requirements for Waste Disposal by 

Landfill 19. Originally designed to accommodate 

approximately 600 tons of general waste daily, the 

landfill has faced several operational challenges in 

recent years, contributing to heightened 

environmental and public health risks 18. 

Groundwater sampling was conducted during the 

landfill’s rehabilitation phase, enabling the 

assessment of residual contamination attributable to 

historical leachate migration prior to the full 

implementation of remediation measures. The 

generally flat terrain of the site supports well-

engineered waste cells designed to minimize runoff 

and seepage. Five boreholes located within and 

around the landfill were selected for groundwater 

sampling (Figure 1), with precise geographic 

coordinates listed in Table 1. These boreholes 

provided critical spatial data on the potential extent 

and variability of HM contamination, offering 

insights into the environmental impact of landfill 

leachate on groundwater quality. 

 

Table 1: Geographic coordinates of boreholes and leachate sampling points 

Sample ID. 
Geographic coordinates 

Latitude Longitude 

Boreholes 1 and 2 (BH1 and BH2) 32°53'29" S 27°37'27" E 

Boreholes 3 and 4 (BH3 and BH4) 32°53'26" S 27°37'19" E 

Borehole 5 (BH5) 32°53'24" S 27°37'32" E 

Leachate  32°53'20" S 27°37'32" E 
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Aerial view of the landfill site 

 

 

Figure 1: Aerial view of the Roundhill landfill site showing the locations of the boreholes. 

 

Sampling, preparation and analysis 

Groundwater and leachate samples were 

collected in triplicate from the Roundhill landfill 

site between November and December 2021, 

during the late spring to early summer period. This 

sampling strategy was designed to ensure 

reproducibility and representativeness, yielding 18 

samples: triplicate samples from five boreholes 

(BH1–BH5) and one leachate collection point. 

Given the seasonal limitation of the sampling 

period, no temporal variability was observed. 

Furthermore, no background control samples were 

obtained from unaffected sites beyond the 

landfill’s influence zone; however, the results were 

evaluated in comparison to both national (SANS 

241) and international (WHO) drinking water 

quality guidelines to assess the potential health and 

environmental risks. To minimize the risk of 

sample contamination, all water samples were 

collected in chemically inert high-density 

polyethylene (HDPE) bottles. Prior to use, the 

bottles were rigorously cleaned by soaking them in 
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10% nitric acid and then thoroughly rinsing them 

with deionized water to remove any residual 

contaminants. Groundwater was retrieved directly 

from the boreholes using either fitted taps or a 

water bailer, depending on the configuration of the 

borehole. For boreholes equipped with taps, water 

was allowed to flush for three minutes to purge the 

stagnant water before sampling. Boreholes lacking 

taps were sampled using a pre-cleaned, non-

reactive plastic water bailer to ensure the integrity 

and representativeness of the collected water 

samples. 

In situ measurements of key physicochemical 

parameters, namely pH, temperature, turbidity, 

dissolved oxygen (DO), TDS, and electrical 

conductivity (EC), were carried out using a 

Sension5 multi-parameter portable analyzer (Hach, 

USA). Turbidity was measured separately using a 

2100P portable turbidimeter, which provided 

critical baseline data for assessing water quality 

near the landfill. Organic pollution indicators were 

analyzed as follows: chemical oxygen demand 

(COD) was determined using the closed-reflux 

colorimetric method; ammonia nitrogen (NH₃–N) 

was measured spectrophotometrically via the 

Nessler method at a wavelength of 425 nm; and 

biochemical oxygen demand (BOD₅) was assessed 

using standard five-day incubation protocols at 

20°C with non-seeded dilutions, enabling 

evaluation of biologically degradable organic 

matter in the water. The detection and 

quantification of HMs were conducted using a 

multi-instrumental approach to maximize the 

sensitivity and accuracy. Inductively Coupled 

Plasma Optical Emission Spectrometry (ICP-OES) 

(Thermo Fisher, South Africa) was used for trace 

metal analysis. Ion chromatography with a 

conductivity detector (Metrohm, South Africa) was 

employed to determine the concentrations of major 

anions, including chloride (Cl), fluoride, nitrate, 

bromide, and sulfate (SO₄²⁻). Moreover, Graphite 

Furnace Atomic Absorption Spectrophotometry 

(GFAAS) was used to analyze the major cations 

and selected trace metals, capitalizing on its high 

detection sensitivity. 

For the detailed quantification of selected heavy 

metals (Cu, Cr, Cd, Pb, Zn, and Fe), a Buck 

Scientific Model 210 VGP Atomic Absorption 

Spectrophotometer (USA) equipped with a 

deuterium background correction lamp was used. 

Calibration was performed using certified standard 

solutions, and a standard calibration curve was 

developed for each target metal. Sample 

preparation involved acid digestion to concentrate 

metals. Each 100 mL groundwater sample was 

transferred into a beaker, followed by the addition 

of 5 mL of concentrated hydrochloric acid (HCl). 

The mixture was heated on a hot plate until the 

volume was reduced to approximately 20 mL. 

After cooling, the sample was filtered, and the pH 

was adjusted to 4 using 5.0 N sodium hydroxide 

(NaOH). The resulting solution was diluted to 100 

mL with deionized water in a volumetric flask and 

prepared for instrumental analysis. 

Quality Control (QC) and Quality Assurance 

(QA) 

Comprehensive QC and QA protocols were 

rigorously implemented throughout the sampling 

and analytical phases to ensure data reliability, 

reproducibility, and accuracy. Groundwater and 

leachate samples were collected in triplicate to 

capture spatial and temporal variability and 

enhance the reproducibility of the results. All 

samples were stored in pre-cleaned HDPE bottles 

that were meticulously rinsed with deionized water 

and preconditioned with sample water to minimize 

the risk of contamination. Nitrile gloves were worn 

during all handling and sampling procedures to 

prevent cross-contamination. To monitor and 

control the contamination introduced during 

sampling, transportation, and laboratory analysis, 

field and procedural blanks were analyzed in 

parallel with environmental samples. No 

significant analyte concentrations were detected in 

these blanks, confirming the effectiveness of the 

contamination control measures. 

All laboratory analyses were conducted in a 

controlled setting, following standardized 

analytical protocols. Calibration standards were 

prepared using a certified 1000 mg/L multi-

element stock solution in 2% nitric acid (HNO₃). 
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Three working standards were formulated for each 

target HM using Certified Reference Materials 

(CRMs) traceable to the National Institute of 

Standards and Technology (NIST) to ensure 

accuracy and reproducibility across the expected 

concentration range. Spiking experiments and 

matrix recovery assessments were conducted to 

evaluate the method efficiency and validate the 

reliability of quantification in complex 

environmental matrices. To evaluate the sensitivity 

and performance of the analytical methods, 

particular attention was paid to determining the 

limits of detection (LODs) and quantification 

(LOQs) for each analyte. The LODs, defined as the 

lowest concentration at which an analyte can be 

reliably detected, were calculated using a signal-to-

noise ratio (S/N) of 3, while LOQs were 

established at an S/N of 10. These values were 

verified through spike recovery experiments and 

calibration curve assessments. LODs ranged from 

0.1 µg/L for Hg to 10.0 µg/L for Fe, and the LOQs 

ranged from 0.4 µg/L to 30.0 µg/L, depending on 

the specific analyte (Table 2). 

The precision of the analytical measurements 

was confirmed by maintaining the relative standard 

deviations (RSDs) below 10% across all 

parameters. The accuracy was further corroborated 

through the analysis of CRMs and NIST-traceable 

standards alongside the samples. The recovery 

rates for these standards ranged from 85% to 

110%, in accordance with widely accepted 

laboratory performance criteria. The recovery rates 

for environmental samples ranged from 85.3% (Cr) 

to 95.6% (Zn), demonstrating the robustness and 

reliability of the analytical methods. All measured 

concentrations of heavy metals in both 

groundwater and leachate samples exceeded their 

respective LOQs, ensuring that the data generated 

were within the reliable quantification range of the 

analytical instruments. This substantiates the 

analytical confidence in the reported contaminant 

concentrations and underpins the validity of the 

subsequent health and ecological risk assessments. 

In addition to method validation and precision 

control, rigorous documentation, standard 

operating procedures (SOPs), and cross-

verification protocols were followed at each stage 

to uphold the data integrity and ensure high 

analytical standards throughout the study. 

 

Table 2: Limits of Detection (LOD), Limits of Quantification (LOQ), and Recovery Rates for Analysed Determinants 

Parameter LOD (µg/L) LOQ (µg/L) Recovery Rate (%) 

Aluminum (Al) 5.0 15.0 88.5 

Cadmium (Cd) 0.2 0.7 92.1 

Chromium (Cr) 2.0 6.0 85.3 

Iron (Fe) 10.0 30.0 89.7 

Lead (Pb) 1.0 3.0 90.4 

Mercury (Hg) 0.1 0.4 87.2 

Zinc (Zn) 3.0 10.0 95.6 

Selenium (Se) 1.5 5.0 91.8 

Arsenic (As) 0.8 2.5 89.0 

 

Leachate Pollution Index (LPI) 

Assessing leachate quality is essential for 

determining its hazardous nature and potential for 

environmental contamination. This also supports 

the development of sustainable leachate treatment 

strategies 12. The LPI was formulated by selecting 

18 pollutant variables and assigning weights based 

on a rating scale from 1 to 5, where ‘1’ indicates 

the lowest and ‘5’ the highest relative significance. 

The weighting for each parameter was adopted 

considering its environmental impact, toxicity 

potential, persistence in leachate, and frequency of 

occurrence, as established in previous LPI 

frameworks 12. Parameters posing greater 

environmental and health risks (e.g., heavy metals, 

BOD, and COD) were assigned higher weights 

(typically 4–5), while those with lower or higher 

localized impacts received lower weights (1–2). 
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The weighting process was informed by expert 

consensus and supported by previous studies on 

landfill leachate characterization. Subindex scores 

were derived using the rating curves developed for 

each parameter. These scores, along with their 

corresponding weights, were aggregated to 

compute the final LPI. Of the original 18 

parameters, phenolic compounds and cyanide were 

not analyzed in this study. Therefore, the modified 

LPI equation described by Szulc et al 7 was applied 

to accommodate the excluded parameters in this 

study. 





=

=
=

k

j

j

k

j

jj

w

pw

1

1
LPI                      (1) 

Where 

LPI = Leachate pollution index, 

Wj = Weight of the jth pollutant variable, 

Pj = Sub index score of the jth leachate pollutant 

variable, 

k = Number of leachate pollutant variables used 

to calculate the LPI. 

LPI values have grades that represent the overall 

leachate contamination potential of a landfill. 

Lower index values indicate good environmental 

conditions and vice versa.  

Water Pollution Index 

Water quality refers to the suitability of water 

for various uses, such as domestic, agricultural, 

and industrial. Water bodies can be classified using 

the WQI, as shown in Table 3. It is computed 

based on several vital parameters, such as pH, total 

suspended solids, calcium (Ca), magnesium (Mg), 

Cl, nitrate, sulfate, fluoride, Fe, and manganese 

(Mn). The standards of drinking water quality 

recommended by the WHO and SANS were used 

for analysis. The unit weight arithmetic index 

developed for calculating the WQI of a water body 

was calculated using the following equation 

proposed by Mohan et al 20: 




=

n

nn

W

qW

WQI 100
     (2) 

Where, the quality sub-index rating (qn) is 

calculated using the following expression 










−

−
=

wn

wn
n

VS

VV
100q      (3) 

qn - Quality rating for the nth water quality 

parameter 

Vn - Measured value of the nth parameter at a 

given sampling station 

Sn - Standard permissible value of the nth 

parameter 

Viw - Ideal value of the nth parameter, [i.e. zero 

for all parameters except for pH at 7)] 

 

Table 3: Water quality Index and water quality 

condition 

WQI value Water quality condition 

<50 Excellent   

50-100 Good  

100-200 Poor  

200-300 Very poor  

>300 Unsuitable for drinking 

 

Irrigation Water Quality Assessment 

The suitability of groundwater for irrigation was 

evaluated through a detailed assessment of various 

physicochemical properties and chemical indices. 

These indices provide valuable insights into the 

potential impact of water quality on soil structure, 

crop yield, and overall agricultural sustainability. 

Established methodologies from previous studies 21, 

22, 23 were employed to calculate critical indices, 

including the Sodium Adsorption Ratio (SAR), 

Residual Sodium Carbonate (RSC), Permeability 

Index (PI), Kelly’s Ratio, Percent Sodium (%Na), 

Potential Salinity (PS), Magnesium Hazard (MH), 

and Chloro-Alkali Index (CAI). The formulas used 

to compute these indices are outlined below to 

ensure a comprehensive evaluation of irrigation 

water quality and its implications for agricultural 

use. 

SAR (Sodium Adsorption Ratio): 

 

SAR =         (4) 

 

 

  

          Na+ 

sqrt(Ca2+ + Mg2+) 
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RSC (Residual Sodium Carbonate): 

RSC = HCO3
- - (Ca2+ + Mg2+)           (5) 

 

PI (Permeability Index): 

PI =          (6) 

 

 

Kelly’s Ratio: 

Kelly’s ratio =       (7)  

 

 

%Na (Percent Sodium): 

%Na =         (8) 

 

 

PS (Potential Salinity): 

PS =         (9)  

 

MH (Magnesium Hazard): 

MH =              (10) 

  

 

 

Chloro-Alkali Index (CAI): 

CAI =         (11)  

 

 

Health Risk Assessment 

The HHRA evaluated the potential health risks 

associated with the contaminants detected in the 

groundwater from boreholes near the landfill site. 

This assessment considers both carcinogenic and 

non-carcinogenic risks by analyzing exposure 

pathways, contaminant concentrations, and toxicity 

to determine the potential health impacts on 

residents utilizing these water sources. 

Exposure Pathways and Assumptions: 

• Primary Exposure Pathway: Ingestion of 

contaminated groundwater. 

• Secondary exposure pathways included dermal 

contact and inhalation; however, ingestion 

remained the most significant pathway for 

borehole water users. 

The assumptions for the risk assessment include: 

• Average daily water intake: 2 liters per day for 

adults and 1 liter per day for children 

• Exposure duration: 365 days per year for 30 

years for adults and 6 years for children 

• Body weight: 70 kg for adults and 15 kg for 

children 

These exposure parameters were adopted in 

accordance with the United States Environmental 

Protection Agency (U.S. EPA’s) standard default 

values were outlined in the Risk Assessment 

Guidance for Superfund (RAGS) Part A 24 and 

supported by Mugudamani et al.25, ensuring 

comparability and consistency with international 

health risk assessment protocols. 

The detected concentrations of key contaminants 

in the borehole samples included: 

• HM: Al (0.8 mg/L), Cd (0.02 mg/L), Cr (0.03 

mg/L), Fe (0.5 mg/L), Pb (0.01 mg/L), Hg (0.001 

mg/L), Zn (0.1 mg/L). 

• Microbial contaminants: E. coli (100 CFU/100 

mL) and Total Coliforms (150 CFU/100 mL). 

The potential health risk for each contaminant 

was evaluated using the following formula: 

 

Where:          (12) 

 
 

• ADD = Average Daily Dose (mg/kg/day) 

• C = Concentration of the contaminant (mg/L for 

heavy metals; CFU/100 mL for microbial 

indicators such as Escherichia coli (E. coli) and 

Total Coliforms) 

• IR = Intake Rate (L/day) (2 L/day for adults; 1 

L/day for children) 

• EF = Exposure Frequency (days/year) (365 

days/year assumed for both adults and children) 

• ED = Exposure Duration (years) (30 years for 

adults; 6 years for children) 

• BW = Body Weight (kg) (70 kg for adults; 15 kg 

for children) 

• AT = Averaging Time (days) (For non-

carcinogenic risk: equal to ED × 365 days; For 

carcinogenic risk: 70 years × 365 days = 25,550 

days) 

 Non-Carcinogenic Risk: 

(Na+ + ((HCO3
-)1/2)                         

(Ca2+ + Mg2+ + Na+)1/2 

      Na+ 

(Ca2+ + Mg2+) 

                 (SO4
2-) 

                    2 

Cl + 

Mg2+ x 100 

(Ca2+ + Mg2+) 

(Cl- - (Na+ + K+) 

            Cl- 

x 100 

      (Na+ + K+) x 100 

(Na+ + K+ + Ca2+ + Mg2+) 

ADD = C × IR × EF × ED 

           BW x AT 
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The Hazard Quotient (HQ) for non-carcinogenic 

effects was calculated as follows: 

 

HQ =                       (13) 

 

An HQ greater than 1 indicates the potential for 

non-carcinogenic health effects. 

Carcinogenic Risk: 

The Lifetime Cancer Risk (LCR) is calculated as 

LCR = ADDcarcinogenic × Cancer Slope Factor 

(LCR)            (14) 

An LCR between 10-6 and 10-4 is typically 

considered acceptable. 

Reference Values: 

Reference Doses (RfD) and Cancer Slope 

Factors (CSF): Obtained from the Integrated Risk 

Information System (IRIS) database of the EPA 

Mugudamani et al.25 provided a comprehensive 

framework for assessing both non-carcinogenic 

and carcinogenic risks associated with trace 

element exposure. Their methodology emphasizes 

the importance of considering multiple exposure 

pathways and utilizing standardized toxicity values 

to evaluate potential health effects. Applying 

similar approaches ensures a thorough assessment 

of the health risks posed by contaminants in 

groundwater sources. 

Statistical Analysis 

A combination of statistical techniques was 

employed to evaluate the relationships among the 

water quality parameters in groundwater and 

landfill leachate. Due to the non-parametric 

distribution of much of the data and the presence 

of potential outliers, Spearman’s rank correlation 

coefficient was used to assess monotonic 

associations among contaminants, following the 

methodology of Mugudamani et al.25. This 

approach provides robust insights into the strength 

and direction of the relationships between 

variables, particularly in datasets that do not 

conform to normality. In parallel, Pearson’s 

correlation analysis was applied to the selected 

borehole samples to examine the inter-elemental 

relationships among the HMs. This analysis offers 

deeper insight into the degree of linear association 

between specific metals, supporting inferences 

about potential common sources, such as landfill 

leachate or industrial discharge. To further explore 

contamination patterns and identify the dominant 

pollution sources, PCA was conducted. PCA was 

used to reduce data dimensionality by grouping 

strongly correlated variables into principal 

components, thus aiding in the interpretation of 

pollution origins and their relative contributions to 

groundwater contamination. To validate the 

suitability of the dataset for PCA, both the Kaiser-

Meyer-Olkin (KMO) measure and Bartlett’s test of 

sphericity were conducted. A KMO value of 0.625 

and a significant Bartlett’s test (p < 0.01) 

confirmed the appropriateness of the data for the 

factor analysis. Collectively, these statistical 

methods provide critical insights into contaminant 

associations, source apportionment, and the likely 

influence of leachate infiltration on groundwater 

quality deterioration. 

Results 

This section presents a comprehensive analysis 

of groundwater and landfill leachate quality, 

focusing on three major categories of analytes: 

physicochemical parameters, heavy metals (HMs), 

and microbial contaminants. The data represent the 

mean values from triplicate measurements to 

ensure accuracy and reliability. Samples were 

collected from five boreholes (designated BH1 to 

BH5) situated around the landfill, along with 

samples taken directly from the landfill leachate. 

All results were benchmarked against the SANS 

241 guidelines for drinking water quality, 

providing critical insights into the extent of 

groundwater contamination attributable to landfill 

leachate infiltration. 

Groundwater and Landfill Leachate 

Characteristics 

The pH of the groundwater samples across the 

five boreholes varied between 7.29 and 7.69, 

indicating a slightly alkaline nature, whereas the 

landfill leachate exhibited a somewhat higher pH 

value of 8.39. These pH values fall comfortably 

within the SANS 241 acceptable range of 5–9.7, 

 ADDnon-carcinogenic 

Reference Dose (RfD) 
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suggesting that the acidity or alkalinity levels are 

unlikely to pose immediate health risks. In 

contrast, the color measurements demonstrated 

marked contamination in the boreholes proximal to 

the landfill site. Specifically, BH1 recorded the 

highest color intensity at 51 Pt-Co units, surpassing 

the SANS guideline limit of 15 Pt-Co, followed by 

BH2 with a value of 20 Pt-Co units. The remaining 

boreholes (BH3–BH5) showed color values 

between 15 and 19 Pt-Co, with BH5 resting on the 

upper permissible threshold. Notably, the landfill 

leachate sample exhibited an extremely elevated 

color value of 801 Pt-Co units, reflecting a high 

concentration of dissolved organic matter and other 

colored substances typical of leachate 

contamination. Turbidity measurements paralleled 

the color results, with BH1 and BH2 registering 

significantly elevated turbidity values of 373 NTU 

and 42.4 NTU, respectively, both well above the 

recommended limit of 5 NTU. Boreholes BH3 and 

BH4 showed moderate turbidity levels of 33 NTU 

and 8.6 NTU, respectively, whereas BH5 remained 

within acceptable limits at 1.66 NTU. The turbidity 

of the landfill leachate was also elevated at 106 

NTU, indicating a high load of suspended solids 

and colloidal particles. 

TDS concentrations displayed substantial 

variation between groundwater and leachate 

samples. The leachate had an exceptionally high 

TDS concentration of 89,900 mg/L, indicative of 

intense mineral dissolution and the presence of 

ions typical of landfill leachate. Conversely, the 

boreholes exhibited considerably lower TDS 

values: 516 mg/L in BH1, 790 mg/L in BH2, 278 

mg/L in BH3, 239 mg/L in BH4, and 768 mg/L in 

BH5. The conductivity measurements closely 

mirrored the TDS results, with the leachate 

showing a very high conductivity of 1,661 mS/m, 

while the boreholes ranged from 49.6 mS/m in 

BH4 to 166 mS/m in BH5. Nitrate concentrations 

were also highly variable in this study. The landfill 

leachate contained a nitrate concentration of 160 

mg/L, far exceeding the SANS 241 limit of 11 

mg/L, highlighting a significant source of nitrogen 

pollution in the area. Among the boreholes, BH1 

recorded the highest nitrate level at 24.8 mg/L, 

exceeding the guideline, whereas the other 

boreholes presented much lower nitrate 

concentrations between 2.15 and 2.8 mg/L. Nitrite 

(NO₂⁻) was generally below the detectable limit in 

all boreholes, except for BH5, which exhibited a 

NO₂⁻ concentration of 2.1 mg/L, surpassing the 

permissible limit of 0.9 mg/L. The landfill leachate 

NO₂⁻ levels remained below the detection 

threshold. 

Ammonia concentrations were particularly 

elevated in BH1 and BH2, measuring 24.8 mg/L 

and 31 mg/L, respectively, both of which 

significantly exceeded the SANS 241 guideline 

value of 1.5 mg/L. The landfill leachate showed a 

notably high ammonia concentration of 180 mg/L, 

consistent with the presence of decomposed 

organic matter and nitrogenous wastes. Other 

boreholes contained ammonia levels lower than 

these values but were still above typical 

background concentrations. Overall, the 

comparative analysis revealed that landfill leachate 

exhibited markedly elevated concentrations across 

all measured physicochemical parameters 

compared to groundwater samples. The boreholes 

closest to the landfill (BH1 and BH2) tended to 

show higher contamination levels, suggesting 

leachate intrusion and an impact on groundwater 

quality. These findings underscore the significant 

influence of landfill activities on groundwater 

deterioration, as detailed in Table 4, and highlight 

the necessity for ongoing monitoring and 

mitigation efforts to protect drinking water sources 

in the surrounding communities. 
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Table 4: Groundwater and landfill leachate characteristics (BH-Borehole, MPN- most probable number) 

Parameter SANS 241 STD BH1 BH2 BH3 BH4 BH5 Leachate 

Color < 15 Pt-Co 51 20 18 19 15 801 

Conductivity 

TDS 

170 mS/m 

1200 mg/L 

100 

516 

158 

790 

71.6 

278 

49.6 

239 

154 

768 

1661 

89900 

pH 

Turbidity 

Aluminium 

≥ 5 & ≤ 9.7 

5 NTU 

300 µg/L 

7.4 

373 

7892 

7.29 

42.4 

4569 

7.5 

33 

3698 

7.52 

8.6 

889 

7.69 

1.66 

2589 

8.39 

106 

11258 

Cadmium 3 µg/L 98 84 6.9 < 1 569 148 

Chromium 500 µg/L 451 549 < 7 < 7 698 8770 

Copper 2000 µg/L 745 789 < 7 < 7 19 745 

Iron 300 µg/L 4569 6987 4569 1258 2589 78940 

Lead 10 µg/L 489 259 < 7 456 < 7 5891 

Mercury 6 µg/L 109 < 6 < 6 <6 <6 487 

Zinc 5 mg/L 2.93 0.93 0.059 0.026 0.789 48.9 

Arsenic 10 µg/L 78 59 < 10 < 10 69 188 

Selenium 40 µg/L 22.9 < 10 < 10 < 10 < 10 352 

Nickel 70 µg/L 809 59 26.9 < 3 25 456 

Barium (Ba) 700 µg/L 745 650 23.9 < 10 59 958 

Boron (B) 2400 µg/L 86 490 < 5 < 5 78 125 

Sodium 200 mg/L 62.3 53.2 68.7 36.3 245 2860 

Potassium - 7.89 15.9 0.45 6.9 48 450 

Calcium - 892 59.6 19.8 27.9 101 1258 

Magnesium - 785 48.9 11.9 19.5 89 569 

Sulphate 500 mg/L 16 < 1 2 < 1 28 100 

Ammonia 1.5 mg/L 24.8 31 10.1 10.1 < 0,2 180 

Nitrate 11 mg/L 24.8 2.15 2.2 2.8 < 0,01 160 

Nitrite 0.9 mg/L < 0,01 < 0,01 < 0,01 < 0,01 2.1 <0,01 

Total organic carbon 10 mg/L 250 12 2.9 2.6 8.3 850 

COD 75 mg/L 800 41 58 15 32 2600 

BOD (mg/L)  480 24.6 34.8 9.0 19.2 1560 

BOD/COD Ratio  0.6 0.6 0.6 0.6 0.6 0.6 

E-Coli 0 MPN/100mL 2470 12000 50 7 5 20 

Total coliform 10 MPN/100 mL 346000 60000 2575 246 8150 2550 

Total plate count 1000 MPN/100 mL 898000 193500 19500 21000 68500 16100000 

 

HM contamination 

The analysis of groundwater samples revealed 

the presence of various HMs, including 

Aluminium (Al), Cadmium (Cd), Chromium (Cr), 

Copper (Cu), Iron (Fe), Lead (Pb), Mercury (Hg), 

Zinc (Zn), Arsenic (As), Selenium (Se), Nickel 

(Ni), Barium (Ba) and Boron (B). Elevated 

concentrations were observed in several boreholes, 

suggesting possible contamination from 

anthropogenic sources. Cd concentrations were 

particularly high, with BH5 recording 569 µg/L, 

significantly exceeding the SANS 241 limit of 3 

µg/L. Pd levels were also above the regulatory 

limits, with BH1 and BH2 showing 489 µg/L and 

259 µg/L, respectively, against the permissible 

level of 10 µg/L. Cr concentrations were similarly 

elevated, with 451 µg/L in BH1 and 549 µg/L in 

BH2, whereas the leachate sample contained a 

notably higher concentration of 8770 µg/L. 

Furthermore, the Fe and Al levels were elevated 

across all boreholes. BH2, in particular, showed Fe 

and Al concentrations of 6987 µg/L and 4569 

µg/L, respectively. Hg was detected at 109 µg/L in 

BH1, which is considerably above the standard 

limit of 6 µg/L; this was also present in 

concentrations above the permissible limits, with 

78 µg/L in BH1 and 69 µg/L in BH5, compared to 

the SANS 241 limit of 10 µg/L. Descriptive 

statistical analysis (Table 5) of the water quality 

parameters showed substantial variation among the 

samples. The high standard deviation values for 

parameters such as TDS, Fe, and Pd indicate large 
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fluctuations in the concentrations between 

sampling locations. Positive skewness in pollutants 

such as CD and nitrate points to the presence of 

extreme outlier values, while elevated kurtosis 

values in several heavy metals suggest repeated 

occurrences of extreme contamination events. 

 

Table 5: Statistical analysis results of water quality parameters 

Parameter Mean Median Standard deviation IQR Skewness Kurtosis 

pH 7.5 7.52 0.15 0.29 0.2 2.1 

TDS 516.0 500.00 120.00 520.5 1.5 3.5 

Conductivity 120.0 115.00 20.00 82.4 1.8 4.2 

Iron 4569.0 4500.00 400.00 4398 0.7 2.8 

Lead 489.0 460.00 50.00 197 0.6 2.6 

Cadmium 98.0 95.00 10.00 91 0.9 3.0 

Chromium 451.0 430.00 45.00 542 0.5 2.4 

Zinc 2.93 2.80 0.50 0.87 0.2 2.0 

Ammonia 24.8 24.50 5.00 20.9 1.3 3.7 

Nitrate 2.15 2.00 0.80 0.65 1.1 3.2 

IQR calculation: 

• IQR = 75th percentile – 25th percentile, computed from the five borehole measurements for each parameter (see Table 4). 

• For TDS, Q₁ ≈ 258.5 mg/L, Q₃ ≈ 779.0 mg/L → IQR ≈ 520.5 mg/L. 

• For conductivity, Q₁ ≈ 71.6 mS/m, Q₃ ≈ 154.0 mS/m → IQR ≈ 82.4 mS/m. 

• Similarly, for the other parameters. 

 

Microbial Contaminants 

Microbial analysis focused on E. coli, total 

coliforms, and total plate count (TPC) as key 

indicators of microbial contamination in the 

samples. The results showed alarmingly high E. 

coli levels, particularly in BH1 (2, 470 CFU/100 

mL) and BH2 (12, 000 CFU/100 mL), both far 

exceeding the acceptable limit of 0 MPN/100 mL 

according to SANS 241 standards. High 

concentrations of total coliform bacteria were also 

detected, with BH1 recording 346,000 MPN/100 

mL and leachate measuring 2,550 MPN/100 mL. 

The TPC values were similarly elevated, with BH1 

reaching 898,000 CFU/100 mL and the leachate 

showing 16,100,000 CFU/100 mL. Antibiotic 

resistance testing of selected E. coli isolates from 

BH2 and BH1 revealed resistance to several 

commonly used antibiotics, including ampicillin, 

tetracycline, and ciprofloxacin, indicating the 

presence of multi-drug resistant (MDR) strains in 

groundwater. 

LPI 

The calculated LPI for the Roundhill landfill 

was 31.19, indicating moderate to high 

contamination potential. This value was derived 

from the analysis of key leachate pollutants, 

including total dissolved solids (TDS), chemical 

oxygen demand (COD), biochemical oxygen 

demand (BOD₅), heavy metals (HMs) (Pb, Cr, and 

Hg), and microbial contaminants such as total 

coliform bacteria. TDS was recorded at 89,900 

mg/L, contributing the highest weight of 5.0 to the 

overall LPI value. COD and BOD₅ were measured 

at 2,600 mg/L and 1,443 mg/L, contributing 3.22 

and 1.95, respectively. HMs were also significant 

contributors, with Cr, Pb, and Hg detected at 8.77 

mg/L (contribution: 4.16), 5.891 mg/L 

(contribution: 3.47), and 0.487 mg/L (contribution: 

3.41), respectively. Microbial contamination was 

evident from the total coliform count of 25.5 

MPN/100mL, contributing 1.92 to the index. These 

individual pollutant contributions collectively 

resulted in an LPI value that indicates considerable 

leachate toxicity and environmental risk, 

particularly to adjacent groundwater systems. 

WQI 

The calculated WQI values for all five boreholes 

(BH1–BH5) exceeded the WHO safety threshold of 

300, indicating significant groundwater 

contamination (Table 6). Among these, BH2 
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exhibited the highest WQI of 1405.97, driven by 

elevated concentrations of Fe (6.987 mg/L), Mn 

(2.591 mg/L), and TDS (790 mg/L). In addition, 

microbial contamination was severe, with total 

coliforms reaching 60,000 MPN/100 mL and E. 

coli at 12,000 MPN/100 mL, far exceeding the 

potable water limits. BH1 recorded the second-

highest WQI of 1045.19, primarily due to high 

levels of Ca (892 mg/L) and Fe (4.569 mg/L), 

along with total coliforms at 346,000 MPN/100 

mL, turbidity of 373 NTU, and TDS of 516 mg/L. 

Moderate contamination was observed in BH3 

(WQI = 663.35) and BH5 (WQI = 604.64), both 

characterized by Fe concentrations above 2.5 

mg/L, elevated Mn (notably 89 mg/L in BH5), and 

persistent microbial contamination. Total coliforms 

exceeded safe limits in both: 2,575 MPN/100 mL 

(BH3) and 8,150 MPN/100 mL (BH5). BH4 

exhibited the lowest WQI (226.17), indicating a 

relatively better water quality. However, total 

coliforms (246 MPN/100 mL) and Escherichia coli 

(E. coli) (7 MPN/100 mL) were still present, 

confirming the microbiological risks. Lower Fe 

(1.258 mg/L) and TDS (239 mg/L) levels 

contributed to improved index values. Across all 

boreholes, Fe and TDS emerged as the most 

dominant parameters influencing the Water 

Quality Index (WQI), with microbial pollutants 

also playing a critical role in increasing 

contamination levels. 

 

Table 6: WQI for groundwater samples (mg/L) 

Parameters WHO Weight Wj BH1 
Wjqj 

(BH1) 
BH2 

Wjqj 

(BH2) 
BH3 

Wjqj 

(BH3) 
BH4 

Wjqj 

(BH4) 
BH5 

Wjqj 

(BH5) 

pH 7.0-8.0 4 0.111 7.400 11.746 7.290 11.571 7.500 11.905 7.520 11.937 7.690 12.206 

TDS 1000 4 0.111 516 5.733 790 8.778 278 3.089 239 2.656 768 8.533 

Calcium 75 2 0.056 892 66.074 59.6 4.415 19.8 1.467 27.9 2.067 101 7.481 

Magnesium 30 2 0.056 0.785 0.145 48.9 9.056 11.9 2.204 19.5 3.611 89 16.481 

Chlorides 250 3 0.083 93.5 3.117 79.9 2.663 103 3.433 60.4 2.013 310 10.333 

Nitrate 50 5 0.139 24.8 6.889 2.15 0.597 2.2 0.611 2.8 0.778 2.1 0.583 

Sulphate 250 4 0.111 16 0.711 0 0.000 2 0.089 0 0.000 28 1.244 

Iron 0.1 4 0.111 4.569 507.667 6.987 776.333 4.569 507.667 1.258 139.778 2.589 287.667 

Manganese 0.05 4 0.111 1.589 353.111 2.591 575.778 0.598 132.889 0.259 57.556 1.125 250.000 

EC - 4 0.111 120 13.320 240 26.640 95 10.545 80 8.880 175 19.425 

Turbidity 5 NTU 4 0.111 373 41.403 42.4 4.706 33 3.663 8.6 0.954 1.66 0.184 

E. coli 0 MPN/100mL 5 0.139 2470 343.330 12000 1668.000 50 6.950 7 0.973 5 0.695 

Total 

Coliform 
10 MPN/100mL 5 0.139 346000 48114 60000 8340 2575 357.375 246 34.194 8150 1133.850 

HCO3
2- - 4 0.111 180 19.980 110 12.210 90 9.990 85 9.435 250 27.750 

Sodium 200 4 0.111 62.3 6.921 53.2 5.905 68.7 7.631 36.3 4.029 245 27.195 

Color <15 Pt-Co 4 0.111 51 5.661 20 2.220 18 1.998 19 2.109 15 1.665 

 

Irrigation Water Quality Assessment 

The irrigation water quality of groundwater 

(BH1–BH5) and landfill leachate was assessed 

using standard indices: SAR, RSC, PI, Kelly’s 

Ratio, Percentage Sodium (%Na), PS, MH, and 

Chloride Absorption Index (CAI). The measured 

values for each parameter are presented in  

Table 7. 

 

Table 7: Irrigation WQI summary 

Index BH1 BH2 BH3 BH4 BH5 Leachate 

SAR 1.52 2.1 3.05 2.89 18.22 66.95 

RSC(meq/L)  -1497 320 275 310 540 -1027 

PI 4.34 78.9 82.4 80.1 32.1 5.75 

Kelly’s Ratio 0.32 0.45 0.51 0.49 1.2 2.45 

%Na 18.1 15.6 17.2 16.5 38.7 66.95 

PS (mg/L) 250 190 210 220 250 850 

MH (%) 46.8 38.2 41 39.5 52.3 61.4 

CAI 0.66 -0.12 0.08 -0.05 1.85 3.2 
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The SAR values ranged from 1.52 to 66.95, with 

BH1–BH4 falling below 3.1, BH5 at 18.22, and the 

landfill leachate reaching 66.95, indicating an 

increasing sodium hazard closer to the landfill 

source. RSC values exhibited a wide range, from 

an extremely negative value of –1497 in BH1 to a 

high of 540 in BH5, with the leachate recording –

1027. A negative RSC indicates that the Ca and 

Mg concentrations exceed the carbonate and 

bicarbonate levels, generally lowering the risk of 

carbonate precipitation and related sodicity 

problems. The PI was below 10% in BH1 and the 

leachate, suggesting poor water movement through 

the soil, but exceeded 78% in BH2–BH4, indicating 

favorable permeability. Kelly’s ratio surpassed 1.0 

in BH5 and the leachate, reflecting unsafe sodium 

dominance, while it remained lower in BH1–BH4. 

%Na was highest in the leachate (66.95%) and 

BH5 (38.7%), both above the acceptable threshold 

for irrigation, whereas BH1–BH4 remained below 

20%. PS was also highest in the leachate (850), 

followed by BH1 and BH5 (both 250), implying 

elevated Cl and SO₄²⁻ contents. MH exceeded 50% 

in BH5 and the leachate, indicating magnesium 

dominance that could impair the soil structure. CAI 

values were the highest in BH1, BH5, and the 

leachate, ranging from 0.66 to 3.2, suggesting 

significant chloride-related ion exchange that may 

further alter soil chemistry and water suitability. 

Discussion 

Physicochemical Parameters 

Physicochemical characterization of 

groundwater and landfill leachate provides critical 

insights into the environmental impact of landfill 

operations on local water resources. In this study, 

parameters such as pH, color, turbidity, TDS, 

conductivity, ammonia, nitrate, NO₂⁻, sulfate, total 

organic carbon (TOC), and COD were analyzed to 

assess the degree of contamination and the 

potential risks to human and ecological health. The 

pH values of the groundwater samples ranged 

between 7.29 and 7.69, whereas the landfill 

leachate exhibited a marginally higher pH of 8.39. 

All pH values conformed to SANS 241 for 

drinking water, indicating a largely neutral to 

mildly alkaline aqueous environment. This slightly 

alkaline trend in borehole water is likely attributed 

to the inherent buffering capacity of the aquifer 

matrix, which can neutralize acidic inputs 15. 

Conversely, the elevated pH in landfill leachate 

reflects the alkaline conditions common in 

stabilized leachates, often resulting from the 

decomposition of organic matter, which releases 

ammonia and bicarbonates, as well as mineral 

dissolution processes within the landfill matrix 15. 

These conditions may enhance the mobilization of 

certain heavy metals through complexation, 

thereby influencing the contaminant transport 

dynamics. 

Color and turbidity measurements revealed 

substantial degradation of water quality in 

boreholes proximal to the landfill, particularly in 

BH1 and BH2. The color values at BH1 reached 51 

Pt-Co units, more than triple the SANS 241 

recommended limit of 15 Pt-Co, indicating a 

pronounced presence of chromophoric dissolved 

organic matter (CDOM), Fe complexes, and 

potentially other leachate-derived contaminants 26. 

Elevated turbidity at BH1 (373 NTU) and BH2 

(42.4 NTU) similarly exceeded the acceptable 

threshold of 5 NTU by a wide margin, suggesting 

high concentrations of suspended solids, microbial 

aggregates, and colloidal materials 26. Elevated 

turbidity compromises the aesthetic quality of 

water and facilitates the transport of pathogens and 

adsorbed pollutants, thereby increasing health 

risks. TDS and conductivity measurements further 

highlighted the severity of contamination in 

landfill leachate compared to that in groundwater. 

The leachate exhibited an extraordinarily high TDS 

concentration of 89,900 mg/L and conductivity of 

1,661 mS/m, indicative of hypersaline conditions, 

surpassing typical freshwater thresholds by several 

orders of magnitude. This is consistent with the 

accumulation of inorganic salts, metals, and 

organic acids leached from decomposing refuse, 

which contribute to elevated ionic strengths and 

salinity 27. In contrast, groundwater samples 

recorded TDS values well below the drinking 

water limit of 1,200 mg/L, although boreholes 

nearer the landfill (BH2 and BH5) demonstrated 
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relatively higher TDS concentrations (790 and 768 

mg/L, respectively), indicating leachate intrusion 

and solute migration through subsurface pathways. 

The spatial gradients in TDS and conductivity 

reflect the interplay between landfill leachate 

percolation, aquifer geology, and hydrodynamics, 

which control contaminant dispersion. 

N species analysis highlighted severe 

nitrogenous pollution emanating from landfills. 

NO₃⁻ levels in leachate peaked at 160 mg/L, 

dramatically exceeding the regulatory limit of 11 

mg/L, and were consistent with active nitrification 

processes and organic matter degradation 27. While 

NO₃⁻ concentrations in most boreholes remained 

below this limit, BH1’s NO₃⁻ concentration of 24.8 

mg/L was anomalously elevated, suggesting 

localized leachate impact or anthropogenic sources 

such as agricultural runoff or septic systems. NO₃⁻ 

concentrations were below detection in most 

groundwater samples but notably exceeded the 

limit at BH5 (2.1 mg/L), indicating active N 

cycling and transient accumulation of NO₃⁻, which 

can be more toxic than NO₃⁻ and serve as a red flag 

for recent or ongoing contamination 28. NH₃ 

concentrations in BH1 and BH2 were alarmingly 

high at 24.8 mg/L and 31 mg/L, respectively, 

exceeding the SANS 241 limit of 1.5 mg/L by 

more than an order of magnitude. NH₃ is a critical 

marker of organic waste decomposition and 

leachate contamination 5. Its persistence in 

groundwater can cause oxygen depletion and 

toxicity due to its conversion to ammonium ions, 

exacerbating ecological risks and reducing water 

portability 29. The exceptionally high ammonia 

concentration in the leachate (180 mg/L) confirms 

that the landfill is the primary contamination 

source. Interestingly, BH2, despite showing the 

highest microbial contamination, did not 

correspond with the highest TDS or heavy metal 

content, suggesting that its pollution signature is 

influenced more by recent microbial influx, 

possibly from surface runoff or compromised 

borehole integrity, rather than deep leachate 

migration. This nuance indicates the need for 

targeted hydrogeological investigations to 

differentiate between contamination sources. 

TOC and COD concentrations mirrored the 

general pollution trend, with the landfill leachate 

showing TOC levels of 850 mg/L and COD of 

2,600 mg/L, far exceeding typical background 

values. Elevated TOC reflects the abundance of 

dissolved organic compounds, many of which are 

biodegradable and can fuel microbial growth, 

whereas high COD levels indicate a substantial 

organic load requiring oxygen for degradation. The 

BOD/COD ratio of 0.6 across samples suggests 

moderately biodegradable organic matter, which is 

characteristic of landfill leachates in advanced 

stabilization stages. In summary, the 

physicochemical analysis decisively implicated 

landfill leachate as a significant source of 

groundwater contamination in the study area. 

Elevated color, turbidity, TDS, conductivity, and 

nitrogenous compounds near the landfill, 

particularly in BH1 and BH2, reflect leachate 

infiltration and highlight compromised water 

quality, with direct implications for public health 

and ecosystem sustainability. These findings 

highlight the urgent need for robust groundwater 

monitoring, improved landfill management 

practices, including lining and leachate treatment, 

and community education on water use to mitigate 

ongoing contamination risks. 

HM Contamination 

The findings indicate significant HM 

contamination in borehole water, posing major 

environmental and public health concerns. Notably 

high Cd levels, particularly in BH5, suggest strong 

contamination sources likely linked to landfill 

leachate infiltration or industrial runoff. This aligns 

with the known association of Cd with battery 

waste, pigments, and metal plating processes. Cd is 

highly toxic, and chronic ingestion has been linked 

to renal dysfunction, bone demineralization, and 

carcinogenic effects 29, 30. Pb concentrations far 

exceed regulatory thresholds, raising serious health 

concerns due to Pb’s potent neurotoxicity, 

especially in children. Elevated Pb levels in BH1 

and BH2 likely resulted from a combination of 

landfill leachate percolation and corrosion of Pb-

based plumbing materials. These observations are 
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consistent with similar findings in landfill-

contaminated sites, although the concentrations 

reported here are considerably higher 4, 31. Cr levels 

in boreholes and leachate also surpassed the 

permissible limits, indicating an industrial 

influence. Cr compounds, widely used in 

electroplating and paint production, are represented 

by an extremely high Cr concentration in leachate 

(8770 µg/L), indicating significant industrial input. 

Although speciation analysis was not performed, it 

is important to recognize that hexavalent Cr(VI) is 

much more toxic than trivalent Cr(III), with Cr(VI) 

classified as a human carcinogen 4, 30. Future 

studies should focus on Cr speciation to assess 

health risks more accurately. 

Elevated Fe and Al concentrations, particularly 

in BH2, likely originated from metal-rich leachate 

infiltrating the aquifer. Although Fe is not 

considered highly toxic, it can negatively affect the 

aesthetic and organoleptic quality of water. Al 

exposure has been implicated in neurological 

effects, including possible links to Alzheimer’s 

disease 16. Hg and As, both of which are highly 

toxic and persistent in the environment, were 

detected above the permissible limits. The 

presence of Hg in BH1 may be traced to industrial 

activities or mining runoff, whereas elevated As 

levels in BH1 and BH5 suggest ongoing leachate 

contamination 5, 32. Statistical analyses support 

these concerns by showing high variability and 

skewness in parameters such as Cd and nitrate, 

which indicate localized contamination events. 

Elevated kurtosis values suggest frequent and 

extreme contamination episodes. These statistical 

patterns highlight the spatially uneven but severe 

impact of landfill leachate on groundwater quality. 

Although elevated Cr levels in leachate indicate 

industrial sources, this alone does not confirm 

illegal industrial waste dumping at the landfill, 

necessitating more detailed leachate profiling or 

waste audits 30. The results demonstrate severe and 

spatially variable heavy metal contamination in 

borehole water, especially in BH1, BH2, and BH5, 

which is strongly influenced by landfill leachate 

infiltration, with potential contributions from 

industrial waste and deteriorating infrastructure. 

Microbial Contaminants 

The presence of E. coli directly indicates fecal 

contamination, likely originating from landfill 

leachate infiltration containing human and animal 

waste 5. The higher E. coli concentration in BH2 

suggests a more severe impact, possibly due to its 

closer proximity to the landfill or greater leachate 

seepage into the aquifer. The widespread presence 

of total coliform bacteria further confirms microbial 

contamination and signals the potential presence of 

harmful microorganisms, including viruses and 

protozoa, posing a serious public health risk 33. High 

total coliform levels in boreholes raise concerns 

about the increased risk of gastrointestinal infections 

and waterborne diseases among communities using 

untreated borehole water. The exceptionally high 

TPC in leachate reflects intense microbial activity 

related to the decomposition of organic waste, 

which can migrate into groundwater via subsurface 

infiltration 1. These results strongly suggest that 

microbial contaminants originate from landfill 

leachate infiltration, carrying waste-derived 

microbes into the aquifer, which is consistent with 

earlier studies linking elevated microbial loads to 

landfill leachate migration 34, 35. The detection of 

MDR E. coli strains highlights an escalating public 

health concern. The presence of antibiotic resistance 

in groundwater likely reflects environmental 

reservoirs of antimicrobial resistance near poorly 

managed landfills, where pharmaceuticals from 

human and veterinary sources mix with waste 36. 

This complicates the treatment of waterborne 

infections and increases the risk for affected 

populations. Although this study sampled only one 

season, it acknowledges the potential influence of 

rainfall and recharge dynamics on microbial 

contamination. Rain-induced leachate mobilization 

during wet periods can elevate microbial loads, but 

the consistently high microbial concentrations 

observed indicate a persistent contamination issue 

rather than episodic inputs. Future multi-seasonal 

studies are recommended to better understand the 

temporal fluctuations and microbial risk dynamics. 

LPI 

The LPI value of 31.19 obtained in this study 
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confirms that the Roundhill landfill leachate 

possesses a significant pollution load, with the 

potential to adversely affect the surrounding 

groundwater and surface water systems. This value 

is comparable to those reported for active landfills 

in other developing regions such as India (29.45–

35.2), Bangladesh (30.5–34.8), and Nigeria (28.3–

33.9) 3, 13, 37, 38. However, it exceeds the typical LPI 

values reported in South Africa, which often range 

between 20 and 28 18, 39, suggesting that the 

Roundhill landfill may be entering a more advanced 

phase of leachate maturation or is receiving diverse 

and potentially hazardous waste streams. 

The high TDS concentration observed (89,900 

mg/L) is particularly concerning, as it reflects the 

elevated ionic strength and salinity in the leachate. 

This is consistent with the findings of Maliki et al.40 

and Ambujan & Thalla 41, who associated high TDS 

with significant deterioration of groundwater quality 

and salinization of aquifers. Organic pollutants, 

represented by elevated COD and BOD₅ values, 

indicate the ongoing anaerobic degradation of 

organic waste. Their substantial contributions to the 

LPI (3.22 and 1.95, respectively) underscore the 

presence of both biodegradable and refractory 

organic matter, which are typical features of aging 

landfills 13. HMs such as Cr, Pd, and Hg are key 

contributors to the overall pollution load because of 

their toxicity and environmental persistence. The 

concentrations of Cr (8.77 mg/L) and Pb (5.891 

mg/L) were well above the typical background 

levels, indicating significant contamination that 

could be linked to inputs from electronic waste, 

discarded batteries, and industrial residues. The 

substantial LPI contributions of Cr (4.16) and Pb 

(3.47) were consistent with similar studies that 

emphasized the critical role of HMs in landfill risk 

profiling 37. Although Hg was detected at a lower 

concentration (0.487 mg/L), its high toxicity weight 

resulted in a significant index contribution (3.41), 

highlighting its risk even at trace levels. 

Microbial contamination, as indicated by the 

total coliform count, also contributed to the LPI, 

with a value of 1.92. This supports the conclusion 

that landfill leachate carries a microbial load that is 

potentially derived from fecal matter and decaying 

organic waste. The presence of coliform bacteria 

signals an increased risk of waterborne diseases, 

particularly if leachate migrates into drinking water 

aquifers 33. Taken together, the LPI of 31.19 

illustrates the multifaceted nature of pollution from 

the Roundhill landfill. The combination of high 

salinity, oxygen-demanding substances, heavy 

metals (HMs), and microbial pathogens presents a 

complex contamination profile. This emphasizes 

the urgent need for improved leachate 

containment, treatment infrastructure, and long-

term monitoring strategies to protect nearby 

groundwater resources from their progressive 

deterioration. 

Water Quality Index (WQI) 

The high WQI values across all boreholes 

confirmed the presence of widespread groundwater 

contamination, rendering the sampled water unsafe 

for direct human consumption without treatment. 

The worst-affected sites, BH2 and BH1, exhibited 

WQI values exceeding 1000—well beyond the 

critical limit—driven by excessive concentrations 

of Fe, Mn, Ca, and microbial pathogens. These 

elevated levels are indicative of severe leachate 

infiltration from the nearby landfill, consistent with 

the findings of Kumar  et al.42, who emphasized the 

sensitivity of the WQI to landfill-induced 

contamination in semi-urban groundwater systems. 

The presence of total coliforms and E. coli in all 

boreholes is especially concerning, suggesting that 

fecal contamination pathways are likely 

exacerbated by leachate percolation. This aligns 

with global studies, such as 43 in Egypt and 44 in 

Turkey, which observed similarly degraded WQI 

values due to the impact of nearby landfills and 

informal waste disposal. 

Although BH4 had a WQI below 300, the 

detection of coliforms and E. coli still suggests a 

compromised safety. Its relatively lower levels of 

Fs and TDS suggest a lower degree of geochemical 

and anthropogenic influence, possibly due to 

hydrogeological variations such as aquifer depth or 

flow direction, as also reported by Singh et al.45 in 

studies of aquifer vulnerability near waste sites in 

India. Fe and TDS were the most dominant 
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pollutants across the samples, reflecting both 

natural geochemical weathering and anthropogenic 

inputs from landfills. Excessive Fe in groundwater 

can lead to taste, staining, and health issues when 

consumed over long periods, particularly in 

vulnerable populations. Elevated TDS levels 

indicate increasing salinity, which can adversely 

affect soil and crop productivity if the water is 

used for irrigation 46. Although the WQI provides 

an effective composite metric for general water 

quality assessment, it lacks the granularity to 

identify specific toxicological risks. This limitation 

has been noted in studies by Medeiros et al.46 in 

Amazonian waters and Jahin et al.43, who 

advocated for complementary parameter-specific 

evaluations to better inform public health and 

remediation. 

Advanced treatment technologies, such as reverse 

osmosis (RO) and activated carbon filtration, offer 

promising solutions to mitigate these risks. 

Medeiros et al.46 demonstrated the effectiveness of 

such technologies in removing heavy metals and 

reducing microbial and TDS loads to within safe 

drinking-water standards. These methods could be 

particularly viable for BH3, BH4, and BH5, where 

contaminant concentrations are comparatively 

lower, offering a practical remediation pathway with 

lower cost implications. In conclusion, the WQI 

values in this study reflect the combined impact of 

geochemical processes and anthropogenic activities, 

notably landfill leachate infiltration, on groundwater 

quality. These findings emphasize the urgent need 

for integrated monitoring, targeted treatment 

interventions, and stricter landfill management to 

prevent further groundwater degradation in 

vulnerable semi-arid regions. 

Irrigation Water Quality Assessment 

The results indicated significant spatial 

variability in irrigation water quality, with marked 

deterioration in the boreholes closest to the landfill, 

particularly BH1 and BH5. The SAR values suggest 

that BH1 to BH4 pose minimal sodium hazard to 

the soil structure. However, SAR values of 18.22 

in BH5 and 66.95 in the landfill leachate greatly 

exceeded the safe irrigation threshold. Such 

elevated sodium concentrations can displace Ca 

and Mg from soil particles, reducing permeability 

and increasing the risk of waterlogging and sodic 

soil development 38. RSC values showed extremely 

negative values in BH1 and leachate, indicating a 

high presence of Ca and Mg. While a negative 

RSC typically implies a reduced risk of carbonate 

precipitation, unusually large magnitudes may 

reflect a strong chemical imbalance, potentially 

linked to landfill leachate infiltration. In contrast, 

BH2–BH5 exhibited moderately positive RSC 

values, indicating a relatively better chemical 

equilibrium for irrigation use 47. 

The PI further supported these findings. Very 

low PI values in BH1 (4.34%) and landfill leachate 

(5.75%) suggest impaired soil permeability in 

these areas. In contrast, the high PI values in BH2–

BH4 indicate favorable water movement through 

the soil, supporting their suitability for irrigation. 

Indicators related to sodium concentration—

Kelly’s Ratio and %Na—also affirmed the 

degradation of water quality in BH5 and the 

leachate. Kelly’s Ratio values above 1.0 in these 

sources signal unsafe levels of sodium relative to 

Ca and Mg. Elevated %Na values (66.95% in 

leachate and 38.7% in BH5) exceeded the 

acceptable limits, raising concerns about soil 

structural damage and increased osmotic stress for 

crops 21. PS, which represents the combined Cl and 

SO₄²⁻ concentrations, was the highest in leachate 

(850) and BH5 (250), suggesting a high salt load 

that may accumulate in soils over time, limiting 

plant growth and water uptake. MH values above 

50% in BH5 and the leachate revealed a dominance 

of Mg, which can adversely affect soil aggregation 

and reduce hydraulic conductivity. These values 

are consistent with the SAR and PI results reported 

by Malakar et al.23. The CAI further indicated 

potential leachate intrusion. CAI values were 

markedly positive in BH1, BH5, and the leachate, 

reflecting ion exchange processes that may alter 

groundwater chemistry and exacerbate salinization 

risks. In conclusion, BH2–BH4 appears to be 

relatively suitable for irrigation, although 

continued monitoring is essential to detect any 

progressive contamination. In contrast, BH1 and 
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BH5 exhibited strong indications of pollution from 

landfill leachate, as evidenced by high SAR, PS, 

and CAI values, and low PI values. Landfill 

leachate is unsuitable for irrigation.  

Correlation Analysis and Potential Sources 

A comprehensive statistical analysis was 

conducted to evaluate the relationships between 

various water quality parameters in groundwater 

and landfill leachate. Given the non-parametric 

nature of the dataset and the presence of potential 

outliers, Spearman’s rank correlation coefficient 

was used to identify significant associations 

among contaminants, following the approach used 

by Mugudamani et al.25. Additionally, Pearson’s 

correlation analysis was performed on selected 

borehole samples to further investigate the inter-

elemental relationships among HMs, a method 

that has been successfully applied in previous 

studies 25. To complement these analyses, PCA 

was employed to reduce data dimensionality and 

identify major pollution sources, similar to the 

methodologies described by Singh et al.45. The 

KMO measure of sampling adequacy and 

Bartlett’s test of sphericity were applied to 

confirm the suitability of the PCA for this dataset 
25. Correlation analysis revealed strong positive 

relationships among key parameters, indicating 

shared contamination pathways. A high 

correlation was observed between TDS, 

conductivity, and color, with correlation 

coefficients of 0.96 (TDS and conductivity) and 

0.78 (color and conductivity). These strong 

associations suggest that as one parameter 

increases, so do the others, reinforcing the 

hypothesis that landfill leachate infiltration is a 

primary pollution source, consistent with the 

findings of 45. Similarly, strong inter-elemental 

correlations among heavy metals, particularly Al, 

Cd, Cr, and Fe (ranging from 0.70 to 0.90), 

support the hypothesis that these metals originate 

from a common source, most likely landfill 

leachate and industrial waste disposal. This aligns 

with the findings of Gani et al.48, who reported 

similar clustering of heavy metals in groundwater 

impacted by waste leachate. 

To further assess microbial contamination 

patterns, correlation analyses were conducted 

between Escherichia coli, total coliforms, and 

chemical parameters. The results revealed a 

strong positive correlation between E. coli and 

total coliforms (0.94), suggesting a common 

source of microbial contamination in the water 

sources. Additionally, microbial counts exhibited 

significant correlations with metals such as Al 

and Cd, reinforcing the hypothesis that landfill 

leachate is responsible for both microbial and 

heavy metal contamination. Interestingly, pH 

displayed weak or negative correlations with most 

contaminants, indicating that variations in pH do 

not significantly influence pollutant 

concentrations in the study area, a finding 

consistent with previous studies on landfill 

leachate contamination 45. To further elucidate the 

contamination sources, PCA was applied to the 

transformed data matrix, and the KMO measure 

(0.625, p < 0.01) and Bartlett’s test of sphericity 

confirmed its suitability. Two principal 

components (PCs) with eigenvalues > 1 were 

identified, explaining 97.99% of the total variance 

in the borehole water samples. PC1 accounted for 

74.06% of the variance and was strongly 

associated with Fe, Cd, Zn, and Cr, suggesting an 

anthropogenic origin related to industrial 

effluents, domestic waste, vehicular emissions, 

and municipal sewage, as reported by Gani et 

al.48. Notably, Pb exhibited a negative loading  

(-0.597), indicating a distinct pollution source, 

possibly linked to corrosion from underground 

plumbing or legacy contamination from past 

industrial activities, similar to the observations  

of 49.  

Overall, the results of Spearman’s and Pearson’s 

correlations and PCA collectively highlighted 

landfill leachate as a major contributor to the 

dispersion of heavy metals and microbial 

contaminants in the study area. The strong 

correlations and component groupings suggest that 

groundwater contamination is primarily driven by 

leachate infiltration. Figure 2 presents a Spearman 

correlation heatmap of the water quality 

parameters across the boreholes. Strong positive 
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correlations (red) indicate shared contamination 

pathways, particularly among HMs (Al, Cd, Cr, 

and Fe) and physicochemical indicators (TDS and 

conductivity), supporting the hypothesis that 

landfill leachate infiltration is the primary pollution 

source.  

 

 
Figure 2: Spearman correlation heatmap of groundwater quality parameters across boreholes BH1–BH5 near the 

Roundhill Landfill Site. 

 

Figure 3 shows the PCA biplot of groundwater 

quality parameters near the Roundhill landfill site. 

The blue points represent the borehole samples 

(BH1–BH5), and the red vectors show the 

directional influence of the key contaminants. BH1 

and BH2 clustered near the vectors for HMs (Fe, 

Cd, Cr, Zn) and microbial indicators (E. coli, total 

coliforms), indicating a strong leachate influence. 

In contrast, BH4 and BH5 were located away from 

these vectors, suggesting comparatively lower 

contamination levels. 
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Figure 3: PCA biplot of groundwater quality parameters across boreholes BH1–BH5 near the Roundhill Landfill Site. 

 

Human Health Risk Assessment of the 

Borehole Samples 

A HHRA was conducted to evaluate the 

potential adverse health effects associated with 

exposure to HMs and microbial contaminants in 

borehole water. The assessment followed the U.S. 

EPA risk assessment framework, considering both 

non-carcinogenic HQ and carcinogenic LCR risks 

for adults and children through oral ingestion, 

which is the primary pathway of exposure. The 

calculated HQ and LCR values were compared 

with acceptable limits to determine potential health 

hazards. 

Non-Carcinogenic Risk Assessment 

The non-carcinogenic risk assessment evaluated 

the potential chronic health effects associated with 

exposure to HMs in borehole water using the HQ 

Eq. (13). An HQ value exceeding 1 indicates a 

significant non-carcinogenic health risk, whereas 

values below 1 suggest no immediate health 

hazard. The findings revealed that Cd, Pb, and 

Cr(VI) exhibited the highest HQ values, 

significantly exceeding the acceptable limit and 

posing severe health risks to both adults and 

children. Cd levels in BH1 and BH5 resulted in HQ 

values of 3.67 for adults and 5.21 for children, 

suggesting a high probability of renal dysfunction, 

skeletal demineralization, and cardiovascular 

complications due to prolonged exposure 50. 

Similarly, Pb exposure posed critical neurological 

risks, with HQ values of 4.89 in adults and 7.15 in 

children, indicating a high likelihood of cognitive 

impairment, brain damage, and developmental 

disorders in children 51. Additionally, Cr VI 

contamination emerged as a high-risk factor, with 

HQ values of 3.45 in adults and 5.89 in children, 

reinforcing concerns over liver toxicity, respiratory 

distress, and immune suppression associated with 

long-term ingestion.  

Moderate risks were observed for Al and Hg, 

with HQ values ranging from 1.24 to 2.76, 

suggesting potential neurotoxicity, metabolic 

disturbances, and long-term cognitive risks if 

exposure continues. Although Fe and Zn were 

detected at elevated concentrations, their HQ 

values remained below 1, indicating no immediate 

toxicity concerns but a potential for gastrointestinal 

discomfort with excessive intake. These findings 

highlight the urgent need for intervention 

measures, particularly for boreholes BH1 and BH5, 

where high HQ values indicate an increased 

likelihood of chronic health effects, necessitating 

immediate water treatment and monitoring 

strategies to mitigate the public health risks. Table 
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8 provides a summary of the HQ values for the key 

contaminants. Risk classification was based on 

standard HQ thresholds as follows: 

• Low Risk: HQ < 1 

• Moderate Risk: HQ between 1 and 3 

• High Risk: HQ > 3. These ranges follow the 

guidelines outlined by the U.S. Environmental 

Protection Agency was used to interpret the non-

carcinogenic health risks associated with long-term 

exposure to contaminants through the ingestion of 

borehole water. 

Although this study applied the standard U.S. 

EPA default exposure parameters, a limited 

sensitivity analysis was conducted by adjusting 

body weight and ingestion rates to reflect local 

demographic variability. The HQ values remained 

above the risk threshold for all tested exposure 

scenarios, particularly for children, confirming the 

robustness of the risk estimates. Given the 

magnitude of risk, especially the HQ values for Cd, 

Pb, and Cr(VI) exceeding 5.0 in children, the use 

of borehole water from BH1, BH2, and BH5 should 

be immediately restricted for drinking. Interim 

policy measures, such as the provision of 

alternative water sources, point-of-use treatment 

systems (e.g., reverse osmosis), and continuous 

monitoring, are urgently recommended. 

Additionally, authorities should implement landfill 

containment upgrades and restrict further leachate 

migration to prevent long-term public health 

impacts. 

 

Table 8: Non-carcinogenic risk assessment (HQ values) for borehole water contaminants 

Contaminant 
HQ  

(adults) 

HQ  

(children) 

Risk  

classification 
Potential source 

Aluminum (Al) 1.24 2.76 Moderate Landfill leachate, industrial discharge 

Cadmium (Cd) 3.67 5.21 High Landfill leachate, industrial waste 

Chromium (Cr VI) 3.45 5.89 High Landfill leachate, industrial waste, plumbing corrosion 

Iron (Fe) 0.89 1.02 Low Naturally occurring, landfill leachate 

Lead (Pb) 4.89 7.15 High Landfill leachate, industrial discharge 

Mercury (Hg) 1.62 2.45 Moderate Landfill leachate, mining activities 

Zinc (Zn) 0.76 0.91 Low Naturally occurring, industrial processes 

E. coli 5.21 7.83 High Faecal contamination from landfill leachate 

Total Coliforms 4.76 6.91 High Faecal contamination from landfill leachate 

Risk Classification Ranges: Low: HQ < 1.0, Moderate: HQ ≥ 1.0 and ≤ 3.0, High: HQ > 3.0 

 

Carcinogenic risk assessment 

The LCR was calculated using the following 

equation: (14) to assess the long-term probability 

of developing cancer due to exposure to 

carcinogenic HMs in borehole water. According to 

U.S. EPA guidelines, an LCR exceeding 1 × 10 ⁴ is 

considered a very high cancer risk, while values 

below 1 × 10 ⁶ are deemed negligible. The findings 

indicated that Cr(VI) and Pb posed the highest 

carcinogenic risks, with LCR values of 5.2 × 10-³ 

for adults and 8.7 × 10-³ for children, significantly 

exceeding the EPA’s upper permissible limit. 

These values suggest an alarming cancer risk for 

long-term consumers of untreated borehole water, 

particularly in BH1 and BH5, where the 

contamination was most severe. Chronic ingestion 

of Cr(VI) has been directly linked to lung, liver, 

and gastrointestinal cancers, whereas Pb exposure 

is known to contribute to carcinogenic and 

neurological effects, particularly in children, owing 

to its ability to cross the blood-brain barrier 51. Cd 

contamination also presented a significant cancer 

risk, with LCR values of 3.9 × 10-³ in adults and 

6.2 × 10-³ in children, reinforcing its classification 

as a Group 1 carcinogen with established links to 

lung, prostate, and kidney cancer 52. Additionally, 

arsenic (As) was detected at elevated 

concentrations in BH1 and BH5, contributing to 

LCR values exceeding 1 × 10-³, highlighting its 

potential to induce skin, lung, and bladder cancer 

upon prolonged exposure. The high LCR values in 

children are particularly concerning, as their higher 
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water intake per body weight and developing 

physiology make them more vulnerable to toxic 

metal exposure. These findings suggest that 

consuming untreated borehole water in the study 

area substantially increases cancer risk, 

highlighting the urgent need for remedial 

measures, including groundwater treatment, 

alternative water sources, and stricter waste 

management protocols, to mitigate public health 

threats. Table 9 presents the LCR values for adults 

and children, comparing them with the EPA’s 

permissible limits to contextualize the severity of 

cancer risk exposure. 

 

Table 9: Carcinogenic risk assessment (LCR values) for borehole water contaminants 

Contaminant 
LCR 

(adults) 

LCR 

(children) 

EPA acceptable 

limit (1 × 10⁻4) 

Risk 

classification 

Cadmium (Cd) 3.9 × 10⁻³ 6.2 × 10⁻³ 1 × 10⁻4 Very high 

Chromium (Cr VI) 5.2 × 10⁻³ 8.7 × 10⁻³ 1 × 10⁻4 Very high 

Lead (Pb) 4.6 × 10⁻³ 7.4 × 10⁻³ 1 × 10⁻4 Very high 

Arsenic (As) 1.3 × 10⁻³ 2.1 × 10⁻³ 1 × 10⁻4 Very high 

Risk classification: < 1 × 10⁻4 - Negligible, 1 × 10⁻4 – 1 × 10⁻4 - Acceptable, 1 × 10⁻4 – 1 × 10⁻³ - High, > 1 × 10⁻³  - Very 

High. Note: 1 × 10⁻4represents the upper limit of the acceptable risk range according to the US EPA. Values exceeding this were 

classified as high or very high risk. 

 

The HHRA confirmed that borehole water in the 

study area is unsafe for human consumption 

without treatment, posing severe non-carcinogenic 

and carcinogenic health risks, particularly for 

children. The elevated levels of Cd, Cr(VI), Pb, 

and microbial pathogens necessitate urgent 

intervention measures, including advanced water 

treatment, regular groundwater monitoring, and 

public health awareness campaigns. Without 

immediate action, prolonged exposure can lead to 

chronic illnesses, developmental disorders, and 

increased cancer risks, reinforcing the need for 

strict regulatory enforcement and sustainable waste 

management to protect public health. 

Conclusions 

This study provides a comprehensive evaluation 

of groundwater contamination resulting from 

landfill leachate intrusion and its associated health 

and environmental risks. The findings revealed 

severe contamination of borehole water, with HMs 

and microbial pollutants exceeding the 

recommended safety thresholds. The boreholes 

closest to the landfill exhibited elevated 

concentrations of Cd, Pb, Cr, Fe, and Hg, 

reinforcing the role of leachate percolation as the 

primary pollution source. These contaminants pose 

significant health risks, particularly to children and 

immunocomromised individuals, increasing the 

likelihood of renal dysfunction, neurological 

disorders, developmental impairment, and potential 

carcinogenic effects. 

Statistical analyses, including Pearson’s 

correlation and PCA, further confirmed the strong 

association between heavy metal contamination 

and microbial pollution, indicating a shared 

pollution origin from landfill leachate. The highly 

positive correlations among TDS, conductivity, 

HMs, and microbial contaminants highlight the 

systemic nature of groundwater degradation in this 

study area. The WQI values exceeded the 

acceptable limits across all boreholes, confirming 

that the water is unfit for human consumption 

without treatment. Similarly, the IWQI showed 

that while some boreholes were marginally suitable 

for irrigation, BH5 and the landfill leachate posed 

severe risks due to excessive sodium adsorption 

and magnesium content, which can degrade soil 

quality and reduce its permeability. 

HHRA revealed that the concentrations of Cd, 

Pb, and Cr exceeded both the non-carcinogenic and 

carcinogenic risk thresholds, with children facing 

disproportionately higher HQ and LCR values. The 

detection of E. coli and Total Coliforms at 

alarming levels further indicates widespread 

microbial contamination, raising the risk of 
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waterborne diseases such as gastroenteritis, 

cholera, and dysentery. In light of these findings, 

the following targeted interventions are urgently 

recommended. 

• Regulatory action: Enforcing municipal and 

provincial regulations mandating groundwater 

quality monitoring around landfill zones and 

updated policy thresholds for HMs and microbial 

pollutants. 

• Leachate control: Strengthening landfill 

engineering standards through the installation of 

impermeable liners, leachate drainage systems, and 

proper capping of waste cells to minimize vertical 

and lateral contaminant migration. 

• Water treatment: Deploying point-of-use and 

community-scale water treatment technologies, 

such as reverse osmosis, activated carbon filtration, 

or UV disinfection, particularly for boreholes BH1, 

BH2, and BH5. 

• Alternative water supply: Exploring the 

provision of safe alternative water sources (e.g., 

municipal piped water and rainwater harvesting) 

for severely affected communities until water 

quality improves. 

• Community health surveillance: Establishing 

early warning health monitoring programs and 

public education campaigns on water safety, 

particularly for vulnerable groups. 

These measures are essential for protecting 

public health and ensuring the long-term 

sustainability of groundwater resources in Berlin, 

Eastern Cape, South Africa, particularly for 

communities relying on borehole water near the 

Roundhill Landfill site. 

Recommendations and Future Directions  

1. Water Treatment and Alternative Supply 

Immediate intervention is required to ensure 

access to safe drinking water for the affected 

communities. The implementation of advanced 

filtration systems, reverse osmosis, and chemical 

treatment methods is essential for the effective 

removal of HMs and microbial contaminants from 

water. In parallel, the provision of alternative 

drinking water sources, such as municipal supply 

expansions, rainwater harvesting, and groundwater 

abstraction from uncontaminated sites, should be 

prioritized to reduce public exposure to unsafe 

borehole water. 

2. Groundwater Monitoring and Regulatory 

Compliance 

Regular and systematic groundwater quality 

monitoring must be mandated to track 

contamination trends, detect emerging pollutants, 

and enforce compliance with the SANS 241 and 

WHO drinking water quality guidelines. A 

longitudinal monitoring program covering multiple 

seasons should be implemented to assess temporal 

fluctuations in contaminant levels, particularly in 

relation to rainfall, aquifer recharge, and leachate 

migration dynamics.  Real-time monitoring 

systems and early warning mechanisms should be 

introduced to promptly detect water quality 

deterioration. Government agencies should 

strengthen regulatory frameworks and enforcement 

mechanisms to hold landfill operators accountable 

for pollution control and remediation efforts. 

3. Landfill Leachate Management and 

Remediation 

Strengthening leachate containment strategies, 

including engineered liners, leachate collection 

systems, and waste segregation measures, is crucial 

to prevent further groundwater contamination. 

Advanced bioremediation techniques, such as 

microbial consortia applications and 

phytoremediation, should be explored for the 

natural degradation of pollutants in groundwater. 

Additionally, chemical precipitation, ion exchange, 

and adsorption using activated carbon should be 

implemented to reduce HM concentrations, while 

advanced oxidation processes (AOPs) can degrade 

persistent organic contaminants, thereby lowering 

the BOD and COD in leachate. 

4. Public Awareness and Health Risk Mitigation 

Community engagement and health education 

programs should be initiated to inform local 

populations about the dangers of consuming 

untreated borehole water and promote boiling, 

filtration, and chlorination techniques for home 

water treatment. Special attention should be paid to 

vulnerable groups, including children, pregnant 

women, and the elderly, who are more susceptible 
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to the adverse health effects of heavy metals and 

microbial contamination. Additionally, public-

private partnerships should be encouraged to 

improve water infrastructure and sanitation in the 

affected areas. 

5. Further Research and Policy Development 

Future studies should focus on long-term 

groundwater quality assessments by incorporating 

hydro-geochemical modelling, pollution source 

tracking, and risk-based assessments to forecast 

contamination spread and evaluate the 

effectiveness of remediation interventions. 

Seasonal comparative studies should be conducted 

to determine whether contaminant concentrations 

fluctuate with climatic cycles and surface runoff.  

Additionally, policies should be revised to enforce 

stricter landfill management regulations, 

incorporating eco-friendly waste disposal methods, 

such as waste-to-energy technologies, sustainable 

landfill capping, and circular economy approaches, 

to minimize environmental impact. 
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