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Health, The National University concern for human health and ecosystems. In Lesotho, open dumping is the oldes
of Lesotho, Roma 180, Maseru, method of solid waste disposal that threatens nearby water bodies, especially
Lesotho groundwater. There is under-presentation of monitoring data from the Ts'osane

dumpsite, and this study intended to address the gap. The study investigated
groundwater quality and level of non-carcinogenic health hazard for residents who
consume the groundwater. Chemical oxygen demand (COD), chlorides (Cl), copper
(Cu), electrical conductivity (EC), iron (Fe), lead (Pb) and pH) were analysed from

30 samples for five private boreholes within the 900 m radius from the dumpsite,
following the American Public Health Association (APHA) standard methods.

Data analysis entailed descriptive analysis, and correlation coefficient established
relationships amongst the parameters. Hazard Quotient (HQ) and Hazard Index

(HI) were used to assess communities’ risk. The results were as follows: Cl (191-
288.7 mg/L), COD (54-82.25 mg/L), Fe (0.18-1.22 mg/L) and Pb (0.05-0.08 mg/L) and
were in the order Pb>Fe>COD > Cl. The mean of 1173 uS/cm for EC was slightly
below the permissible threshold of 1500 uS/cm. Cl, COD, Fe and Pb exceeded the
World Health Organisation (WHO) limit for drinking water. The dumpsite may have
influenced groundwater quality, however, health risk assessment revealed that HQ
and HI were below 1, indicating a low likelihood of adverse health effects. The
study recommends utilisation of anti-seepage systems to avert further seepage of
pollutants into groundwater.

Keywords Dumpsites, Municipal waste, Environmental pollution, Groundwater, Lead,
[ron, Health risk assessment, Human health

1 Introduction

Municipal solid waste management has proven to be a challenge for developing and
underdeveloped countries, exacerbated by underfunding for waste management and/or
treatment prior to disposal. Stemming from inadequate funding support and low pri-
oritisation given to solid waste management, some countries resort to open disposal
of waste into dumpsites, and these are not engineered [1]. Unlined dumpsites are not
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able to trap leachate, and they have become rampant methods of solid waste disposal,
which also impact negatively the air, soil and water, together with human health. In other
regions and countries such as Lesotho, included, abandoned quarries and mining pits
are utilised for dumping waste [2-5].

Poor waste management begins from lack of segregation at point of waste genera-
tion, absence of waste collection structures, and indiscriminate disposal into the envi-
ronment. The problem is exacerbated by increase in population size, industrialisation,
urbanisation and sometimes poverty [2, 5, 6]. Global anthropogenic pollutant enrich-
ment of the environment by dumpsites consequently threatens water quality. Globally,
an estimated 1.5 billion population rely on groundwater for drinking [7, 8]. It is further
estimated that groundwater meets at least 60% of global daily needs for the rural pop-
ulation [9]. Climate change threatens water security globally, including Lesotho. Fur-
thermore, there is intermittent supply of water from the water utilily, and groundwater
seems to be a promising source, and this calls for its protection against various forms of
pollution.

In Aduramigba Estate, within the Southwestern part of the Osun state in Nigeria, a
dumpsite contaminated water, and physicochemical properties analysed were pH, EC,
trace metals and some ions [10]. From these, chlorides exceed the WHO allowable
value of 250 mg/L at 268.87 mg/L [11]. A study in Alexandria, Egypt also recorded Cl at
11,387 mg/L [12].

Groundwater at Ts'osane sustains some urban livelihoods, and these include domestic
and agricultural activities [13]. Due to augmentation of domestic, industrial, pharma-
ceutical waste disposal at the Ts'osane dumpsite, groundwater can be laden with organic
pollutants and potential toxic elements (PTEs). It has been reported that, collectively,
PTEs like mercury, copper, cadmium and lead are cumulative poisonous [14], and are
exceptionally toxic and carcinogenic [15-17].

In April 2024, Ts'osane residents protested against risks associated with unknown haz-
ardous pollutants due to lack of surveillance at the dumpsite and surrounding areas. It is
specified that, one of the inappropriate regions for landfill sites is those within 40 m of a
permanent on intermittent water body or in an area overlying an aquifer with a drinking
water quality groundwater that is vulnerable to pollution [18]. The same report further
restricts landfills within 250 m of residential areas, schools or hospitals which are not
associated with the landfill facilities.

Depending on their source, pollutants may contain potentially toxic elements (PTEs).
When in excess in the human body, these PTEs are carcinogenic. Non-carcinogenic
diseases include diarrhoea, vomiting, abdominal pain, and kidney destruction [19, 20].
PTEs are able to migrate from soil, which acts as an environmental media for transloca-
tion to other environments like water. Some PTEs are also carcinogenic [21, 22] and also
considered hazardous if consumed [23]. They are persistent in the environment, bio-
accumulative and also bio-magnify [24] thus degrading the environment and threatening
human health when consumed. Another issue that is under debate is bioavailability of
PTEs, a characteristic that, when well-researched, could be used for risk assessment [25]
and ultimately be included in policies in order to protect human health. When ground-
water quality is affected, there could be a burden of diseases for the communities.

A previous study has been undertaken in the year 2008 within the same study area,
and TDS, EC, SO,, NO,, Fe and alkalinity were within the acceptable limits, whereas Pb
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was beyond the WHO levels for drinking water [2]. This study monitors water quality
as a follow up to the 2008 research. There has been no groundwater monitoring follow-
ing this period amidst disposal of industrial, medicinal and other types of waste in the
area. This study brings novelty through integration of human health risk (HHR) and haz-
ard quotient (HQ), together with heavy metal analysis of groundwater in the study area,
which have previously not been reported.

2 Materials and methods

2.1 Study area

Ts'osane dumpsite is located south-east of Maseru, the main town of Lesotho.
It is upstream of the Maqalika Reservoir (latitude 29°18'50.28” S and longitude
27°32'28.63” E) as shown in Fig. 1. The dumpsite covers about 50,000 m? of area within
an abandoned quarry mine. There also exists a dolerite dyke running within the dump-
site in the north- easterly direction. Further down to the west of the dumpsite, Moho-
kare River is situated (Fig. 1). The fractured dolerite rocks (medium-grained intrusive
basic igneous rock) have a dual nature. The first one is its ability to form a seal that
makes them impermeable, thus forming groundwater reservoirs [26] and the second
is their permeability [27]. The permeable nature is the characteristic that renders the
dumpsite position risky, since some communities in the area utilise groundwater for
domestic purposes including consumption. Leachate from the dumpsite is the potential
source of groundwater pollution. Some residents still utilise groundwater as their sole
source of water for drinking and other domestic purposes. The Department of Water
Affairs (DWA) had monitoring wells for groundwater quality and levels, and monitoring
effected every three months [28] but they are no longer in operation, making it difficult
to establish robust water quality monitoring.
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Fig. 1 Location of the Tsosane dumpsite and water sampling sites. SOURCE: (Authors)
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This active dumpsite is a depository for unsorted municipal waste from the Maseru
City Council (MCC) and industrial (e-waste and textile waste) from Maseru industries
and factories. This threatens groundwater bodies owing to leachate that may consist of
a plethora of PTEs like cadmium, chromium, lead and mercury [29]. Apart from risk
from infiltration of leachate into water bodies, scavengers have access into the site for
solid waste sorting and collection, and this further puts their health at risk. Most impor-
tantly is uncharacterised dumping of solid waste, whereby a range of electronic, textile
and domestic, and organic waste is dumped at the site, and attracting scavengers in this
manner. Waste dumped at the site has been categorised as plastic (20%), paper (20%),
e-waste (16%), ash (10%), metals (9%), food (7%), textiles (7%), medicinal waste (2%)
and glassware (1%) (George, 2024) [manuscript submitted for publication]. Residents in
the study area were actively participating in brick construction and agricultural activi-
ties that utilised lead-based pesticides and fertilisers, the latter being prominent around
borehole number 5.

2.2 Data collection

2.2.1 Observations and surveys

Observations and surveys were done in order to categorise solid waste which was classi-
fied by source as residential, health care waste, construction, industrial and others. The
latter entailed waste that did not fall under the other four main categories. Furthermore,
it was noteworthy to assess activities which took place around the dumpsite. The sam-
pling sites (private boreholes) around the dumpsite were also identified, noting their
GPS coordinates and distances from the dumpsite (Table 1).

2.2.2 Water sampling

Water samples were taken from five private boreholes BH1, BH2, BH3, BH4 and BH5
at Ts'osane, due to absence of monitoring boreholes in the area. Three boreholes (BH2,
BH3 and BH5) were topographically upstream of the dumpsite (Fig. 1). BH5 was the fur-
thest from the dumpsite, and was selected as a control site. Two other boreholes (BH1,
BH4) were downstream of the dumpsite. GPS coordinates and distance from the dump-
site for the boreholes are shown in Table 1 below:

All the boreholes were still in use, so there was immediate sampling without removal
of stagnant water. The study followed internationally accepted protocols, and sampling
was done for six months (March to August, 2024) in accordance with the APHA [31]
methods. March is the wet month, and April to May are hydrologically mid-wet in Leso-
tho, whereas June to August are dry months [30]. A total of 30 water samples were ana-
lysed, and in-situ water analysis was done for temperature, EC, salinity and pH utilising
a glass thermometer, conductivity meter model HI 8033 and pH meter model HI 8424,
respectively.

Table 1 Details of sampling sites coordinates

Sampling point Longitude Latitude Distance from
dumpsite (metres)

BH1 $29°18'51.164" £27°32710.031" 87

BH2 $29019%6.57" £027°32713.106” 600

BH3 $29°19'3.465" E027054725.36" 800

BH4 $29018'47.042" E027°32721.576" 230

BH5 $2901977.394" £027032729.242" 900
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Water samples were collected using 500 mL polythene bottles which had been washed
with soap without metals, and rinsed with distilled water. The bottles were soaked in
10% nitric acid for a night prior to sampling. Before collection of samples, groundwater
was used to rinse each bottle. The sampling bottles were labelled and water was carefully
stored at 4 °C and transported to the laboratory for laboratory analyses. Chlorides, COD,
copper, iron and lead were analysed in the laboratory following standard methods [31]
(Sect. 2.2.3).

2.2.3 Quality control measures

Instruments calibration were performed prior to each analytical assessment according
to APHA [31] standards and manufacturer specifications. The Atomic Absorption Spec-
trometry (AAS) was calibrated for each analysis using a blank and 5 standard solutions.
Calibration verification standards were analysed after every 5 samples to ensure stability
such that results would be within + 10% of the true value [31]. Blank water samples free
of the analyte were carried through the entire analytical procedure, including digestion
for COD, and were analysed with each batch of samples. All blanks were below detection
limits indicating negligible contamination. For water parameters that could not be ana-
lysed instantly, samples were stored in a cooler box with ice medium to arrest any reac-
tions between sampling and analysis. When analysis could not be done within 24 h of
refrigeration, samples were acidified with nitric acid to a pH less than 2 [31] for iron and
lead, and H,SO, for COD. There was no need to preserve water for chlorides, but water
was refrigerated and analysed within one week. All samples were analysed in triplicate
for each water parameter, and the average calculated.

2.2.4 Water laboratory analysis

Prior to laboratory analysis, the water was filtered through a filter of 0.1-2.0 microns
pore size, and standard procedures followed for all analyses [31]. Ions were isolated
by precipitation and dissolution for chlorides analysis, and this was achieved through
titration against silver nitrate solution following methods for water analysis [31]. In this
method, silver nitrate reacts with chloride to form silver chloride. For chemical oxygen
demand (COD), potassium dichromate (K,Cr,0,) was added to heated sulphuric acid
(H,SO,) medium using a HACH COD reactor for 2 h. This was followed with cooling
of the mixture prior to adding to water samples. Readings were taken using a HACH
(model DR-2000) spectrophotometer. Excess K,Cr,O, may be added to ensure that all
organic matter (OM) in the sample is completely oxidized, thus making the method
more suitable. This is achieved through titration of the K,Cr,O, with ferrous ammonium
sulphate [32]. AAS method was used for copper analysis due to freedom from interfer-
ences [31]. Iron analysis was done following the direct AAS method, where the filtered
sample was atomised without any pre-treatment, and lead analysis was performed fol-
lowing AAS procedures.

2.2.5 Ethical approval

This study received ethical clearance from The National University of Lesotho Institu-
tional Review Board (NUL-IRB) and was approved by The Ministry of Health No.: NUL/
ENV/2024/08. All the experiments were approved by the IRB, and followed the APHA
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Table 2 Oral reference dose (RfD) for heavy metals in the study area

Metal RfD (mg/kg/day)
Lead (Pb) 0.004

Iron (Fe) 0.7

Copper (Cu) 0.04

Source: USEPA [34]

Table 3 Input parameters for CDI characterisation

Parameter Symbol Units Adult Children
Ingestion Rate IR L/day 20 1.0
Exposure Frequency EF Days/year 350 350
Exposure Duration ED Years 30 6

Body weight Bw Kg 70 15
Averaging Time AT (ED x 365) Days 10,950 2190

Source: USEPA [34]

[31] guidelines. No experiments were performed on humans and/or human tissue. No

personal identifying, and no information was gathered from community members.

2.3 Health risk assessment
Human health risk assessment was the tool used for evaluation of potential human
health risk in the study area. The assessment was carried out on the basis that the pollut-
ants primarily get absorbed into the human body through drinking the water. Reference
dose (RfD) for lead was 0.004 mg/kg/day, 0.7 mg/kg/day for iron [33], and 0.04 mg/kg/
day for copper [34] as shown in Table 2. Chronic Daily Intake (CDI) and hazard quo-
tient (HQ) were calculated, where HQ >1 implied high potential for non-cancer health
risk, whereas HQ < 1 reflected low potential for non-cancer health problems. More than
one toxicant is analysed in this study, so interactions amongst them were taken into
consideration, and assumed to have additive effect if consumed. The HQs were there-
fore summed in order to obtain hazard index (HI) for all heavy metals in the study area
(Eq. 3).

Chronic daily intake (CDI) and Health quotient (HQ) were calculated by Eqgs. 1 [33]
and 2 [34] respectively.

Parameters that were used for calculations are presented in Tables 2 and 3.

chronic daily intake

HQ = (1)

Reference dose
where CDI refers to Chronic Daily Intake, being the daily dose of heavy metals in mg/L
that consumers might be exposed, and calculated as shown in Eq. 2.

CwxIRx EF x ED
DI = Bw x AT )

where Cw is the observed concentration from boreholes; IR is ingestion rate (2L/day for
adults and 1L/day for children), EF is exposure frequency (350 days in one year), ED is
exposure duration (30 for adults and 6 for children), Bw is body weight (70 kg for adults
and 15 kg for children), and AT is averaging time (calculated as ED by 365) as shown in
Table 3. HQ was considered present if it was above 1.00. Non-carcinogenic effect was
also considered negligible if HI < 1.0 and HI was calculated as shown in Eq. 3.
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HI =) (HQ)i 3)
=1

where HI is the hazard index for all toxic metals analysed in the study and n is the total

number of metals.

2.4 Data analysis

Descriptive analyses were used for distribution of water parameters within the dumpsite
area, using frequencies and percentages for samples that were beyond and within WHO
water standards for drinking water. The WHO permissible drinking water standards
were compared with the observed water parameter levels.

Correlation coefficient was used in order to establish existence of relationships
amongst water quality parameters in the four sampling points. Principal component
analysis (PCA) was used to provide factor loadings and for more information regard-
ing significant factors that influence water quality in the study area. The analyses were
carried at confidence limit of 95%. Kaiser normalisation was used for determination of
principal components (PCs) utilising eigenvalues above 1, using Statistical Package for
Social Science (SPSS) software version 23.0. Component loadings that are above 0.75
were considered to be the strongest, those between 0.50 and 0.74 as moderate, and those
between 0.3 and 0.50 as the weak components [35].

3 Results and discussion

3.1 Groundwater physicochemical analysis in the study area.

Table 4 shows a summary of borehole physicochemical parameters, and the minimum,
maximum and mean concentrations of physicochemical parameters per sampling point
(borehole) are shown in Table 5. The results showed that 50%, 100%, 65%, 95%, and 45%
of pH, COD, (], lead and iron sample levels respectively, exceed the WHO limits for
drinking water in the study area.

Mean values for pH varied between 8.03 (BH2) and 9.1 (BH5), and the maximum level
was slightly beyond the allowable threshold of 8.5 (Fig. 2a). These results show slight
alkalinity of groundwater in the area, and a likelihood of availability of heavy metals pre-
cipitating [36]. Table 6 shows that there was a strong positive correlation between pH
and lead (r=0.913) at p value <0.00001, and the relationship was significant. This might
indicate how pH might affect groundwater lead toxicity, whereas pH might also increase,
rendering water alkaline.

Mean COD ranged from 54 mg/L (BH4) to 82.25 mg/L (BH1), and exceeded the
WHO limit of 10 mg/L (Fig. 2b). Biodegradable waste and other oxidisable pollutants

Table 4 Summary of mean values for all sampling points (Boreholes)

BH1 BH2 BH3 BH4 BH5 Mean SD Error Bars
Temperature 20 19.98 21 19.7 205 20.24 0.515248 0.230
pH 8.6 8.03 845 844 9.1 8.524 0.385396 0.172
EC 1335 1176 1207 1054 1091 1173 109.9894 49.102
COoD 82.25 69 67.5 54 76.5 69.85 10.67064 4.764
cl 2817 266.8 2887 2315 191 2519 40.57682 18.115
Lead 0.05 0.057 0.06 0.06 0.083 0.062 0.01243 0.005
Copper 0.06 0.06 0.05 0.053 0.035 0.052 0.010262 0.004
Iron 122 1.018 0.34 0.18 0.23 0.598 0484767 0.216
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in leachate from the dumpsite might have contributed to significantly high COD in the
study area [37, 38]. However, high COD does not directly cause health problems, but an
attempt to disinfect water with high COD utilising chlorine-based disinfectants forms
Trihalomethanes (THMs) which are carcinogenic [39].

These results are in agreement with a study in Ethiopia [12] with COD level of
75 mg/L. A moderate correlation existed between COD and iron (r =0.604) at p=0.017,
and EC (r=0.571) at p=0.026 and these reflected a significant correlation. This could
explain that EC and iron play a significant role towards high COD in water bodies.

The mean level of chlorides varied from 191.03 mg/L (BH5) to 288.7 mg/L in BH3
(Fig. 3a) and the mean maximum level was beyond the permissible limit of 250 mg/L.
High chloride levels could be due to elevated total dissolved solids (TDS). TDS is the
total amount of soluble hydrogen carbonate ions, chloride salts, calcium, magnesium,
potassium, volatile solids, non-volatile solids and sulphates. On their own, chlorides
are toxic and affect taste when concentration is between 200 and 300 mg/L, and do not
have specific health problems while below 1000 mg/L [11]. Elevated chloride levels could
accelerate the corrosion of pipes in borehole systems, potentially leading to increased
leaching of heavy metals into drinking water. There was a strong positive correlation
between chlorides and EC (r =0.840) at p <0.000089 and copper (r = 0.780) at p = 0.00006,
and a moderate one with iron (r=0.588) at p =0.021 (Table 6). The relationship between
chlorides and copper, and with iron was significant, and could highlight contribution of
copper and iron to high chloride level in the groundwater. High EC in the groundwater
could show high enrichment of salts in the area.

The range of 1054 uS/cm (BH4) to 1335 uS/cm (BH1) for EC was observed (Fig. 3b),
this was within the WHO limit of 1500 uS/cm. This depicts low ability of water to
conduct electricity and hence low enrichment with salts [7]. A study in Central-West-
ern Guanzhong Basin, China found the lowest EC of 201 uS/cm [40]. Similar studies
obtained EC in the range 283-1044 pS/cm [41] and this might reflect slight migration
of leachate from the dumpsite into groundwater. A strong positive correlation existed
between EC and chlorides (r=0.840) and iron (r=0.704) at p=0.00339, showing a mod-
erate correlation with COD (r=0.571) at p=0.026, and copper (r=0.568) at p=0.027.
This association might highlight the role played by chlorides, COD, and copper on EC
of the groundwater. Other water characteristics that may be associated with high copper
levels.

are high temperatures and low pH [42].

Mean values for lead were in the range of 0.05 mg/L (BH1) to 0.083 mg/L (BH5) as
shown in Fig. 4a, exceeding the WHO limit of 0.01 mg/L. High concentration of lead
in the groundwater is attributable to leaching from the dumpsite, and the main source
might be e-waste materials like batteries, together with lead-based paints [43, 44]. The
control site (BH5) exhibited a high concentration of lead, and this could be attribut-
able to agricultural activities in the area, which utilised lead-based fertiliser and pesti-
cides. However, the hydrogeological properties of the study area are primarily of igneous
formation, and could have contributed to high levels of lead through deposition into
groundwater. Other metals which are found in igneous hydrology and could be depos-
ited into the groundwater include iron, arsenic, cadmium and zinc, to mention a few.
Lead is capable of dissolving and increasing concentration of other ions, thus increas-
ing EC of water. Lead accumulates in teeth, bones, skin and spinal cord tissues [45, 46]
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Fig. 2 Variations of pH and COD within the study area
Table 6 Correlation matrix for Tsosane groundwater quality
Parameter Temperature pH EC cob Chlorides  Lead Copper Iron
Temperature 1.000
pH 0.286 1.000
EC 0210 -0.514 1.000
CcOoD 0.243 0339 0.571 1.000
Chlorides 0.145 —-0.839 0.840 0.113 1.000
Lead 0404 0913 -0.626 0.019 -0.837 1.000
Copper —0496 —0.904 0568  —0.057 0.780 —0.995  1.000
Iron -0324 -0424 0.704 0.604 0.588 -0.748 0737 1.000
Variarions of chlorides in the Variation of EC across the study
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Fig. 3 Mean concentrations of chlorides and EC in the sampled boreholes

thus prolonging its toxicity in the human body. Besides, lead disrupts calcium absorp-
tion, thus risking bone strength and fracture [47]. Other health problems from lead
pollution in drinking water include headaches, fatigue, decreased 1Q, damage to the

central nervous system, reproductive system and liver, and anaemia [48, 49]. Children’s
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Fig. 4 Lead and iron variations within the study area

bodies absorb lead faster than adults, and their central nervous system (CNS) and brain
are still developing, thus making them the most vulnerable group to lead pollution in
water, even for short-term exposure [6]. Findings from this study are in conformity
with those obtained by various studies by Murtaza & Sabihakhurram [50] in Pakistan
(0.04 mg/L); Boateng et al. [51] in Kumasi, Ghana (1.56 to 3.57 mg/L); Abdullahi et al.
[41] at 0.865 mg/] in Nigeria and Olafisoye [52] at 0.16 mg/L in Kumasi, Ghana. In this
study, lead had a strong positive correlation with pH (r=0.913) with p<0.00001, and a
moderate correlation with temperature (r=0.404) at p=0.135 which reflects that the
correlation is not significant. A positive correlation of lead with pH might show contri-
bution of acidic conditions to lead toxicity. Insignificant correlation of lead with tem-
perature might imply that lead toxicity is not highly influenced by temperature, implying
a need for further research with regard to other possible sources of lead. Other underly-
ing issues could be water chemistry, soil composition and these have to be studied and
monitored.

A range of 0.18 mg/L (BH4) to 1.22 mg/L (BH1) was recorded for iron (Fig. 4b), and
the mean maximum value exceeded the WHO permissible level of 0.3 mg/L. High levels
of iron in the area suggest that waste contains scrap metals and e-waste materials like
electrical cables, and the dumpsite leachate could have introduced iron (Fe) into ground-
water [53, 54]. However, hydrogeological nature of the study area might have contrib-
uted to high levels of iron, which is frequently deposited into groundwater from earth’s
surface. Boateng et al. [51] reported much higher Fe (10.88 to 25.61 mg/L) in Ghana.
High levels of iron in drinking water cause bronchitis, nausea, stomach upsets and liver
damage [55].

Mean values for copper varied from 0.035 mg/L (BH5) to 0.06 mg/L (BH1 & 2) and the
results were within the allowable WHO concentration of 2 mg/L, and water was suitable
for human consumption. Acceptable levels of copper were found in similar studies by
Abd El-Salam and Abu-Zuid [12]. Boateng et al. [51] obtained Cu of 1.73 to 1.98 mg/L,
quite higher than in this study.

3.2 Health risk assessment

CDI values for lead, iron and copper ranged from 0.00137 to 0.00227; 0.00334 to 0.027
for iron and 0.000959 to 0.00164 for lead, iron and copper respectively (Table 7). Similar
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Table 7 CDI, Health Quotient and Hazard Index of groundwater

Sampling site Population  CDI HQ values HI
Lead Iron Copper Lead Iron Copper

BH1 Adult 0.00137 0.033 0.0016 0.342 4775 0.041 0431
Children 0 0 0 0 0 0 0

BH2 Adult 0.0015 0.027 0.0016 0.390 3.984 0.041 0.0470
Children 0 0 0 0 0 0 0

BH3 Adult 0.0016 0.0093 0.00137 0411 1.331 0.0342 0458
Children 0 0 0 0 0 0 0

BH4 Adult 0.0016 0.0049 0.00096 0411 0.704 0.0239 0441
Children 0 0 0 0 0 0 0

BH5 control Adult 0.0022 0.0063 0.00142 0.568 0.900 0.036 0613
Children 0 0 0 0 0 0

studies by Adeyeye et al. [55] and Onyele [56] detected iron CDI of 0.02, and lead CDI
value of 0.00466 in North eastern China and South eastern Nigeria respectively, whereas
Oyem [33] recorded CDI of 0.0075 for lead in Agbor and Owa, in Nigeria.

Findings of this study show that the heavy metal order is Fe>Pd>Cu. The CDI is
below RfD values for all the heavy metals, and findings reflected zero (0) for children,
thus reflected negligible risk for water consumption in the study area.

Hazard Quotient for lead, iron and copper was between 0.342 and 0.568; 0.0070 and
0.0478; and 0.0239 and 0.0410 respectively. HQ below 1.00 suggests that there is low
potential for non-cancer health risks for residents at Ts'osane, with regard to lead, iron
and copper exposure. Similar studies by Njoku et al. [20] and Jessica et al. [48] con-
cur with this study, where HQ below 1.00 was obtained for lead, iron and copper in
Ogun State, Nigeria boreholes and Islamabad, Pakistan respectively. Hazard index was
recorded as 0.431 (BH1), 0.470 (BH2), 0.458 (BH3), 0.441 (BH4), and 0.616 (BH5). The
HI below 1.00 might indicate that long-term health risk is low in the study area and non-
carcinogenic adverse effects are negligible. A similar study by Njoku [20] obtained negli-
gible HI for groundwater in Ogun State, Nigeria. On the contrary, studies by Zhang [39]
and Boateng [51] obtained HI that was above 1.00.

3.3 Potential sources of heavy metals in groundwater (Principal Component Analysis)

The mean values of water quality parameters were subjected to principal component
analysis (PCA) as a multivariate technique, with Varimax Rotation [57, 58] in order to
get the key parameters that may influence water quality within the study area. Three
components were derived from the PCA (Table 8). The first principal component (PC1)
explains 59.89% of variance, while the second principal component explains 25.09% vari-
ance, and together account for 84.98% of the total variance. Highest loadings in the first
PC were copper, chlorides, iron and EC (Table 8) in that order. This indicates that cop-
per is the dominant variable that influences the first PC. Highest loadings in the second
PC were COD, temperature and iron, and COD was the dominant variable. COD could
imply that pollution is being influenced by organics.

This analysis therefore points to copper and COD as the significant water quality
parameters that influence groundwater quality in the area. The positive correlations
amongst the heavy metals, EC and COD as discussed in Sect. 3.1 are in support of this
finding, and, chlorides, iron and EC, and temperature are the other significant parame-
ters for management of pollution in the study area. Nevertheless, physicochemical water
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Table 8 Component loadings of water quality parameters

Parameter Component
1 2 3

Temperature -0.276 0.630 0.709
pH —0.866 0.397 -0.299
EC 0.780 0.558 0.157
COoD 0.159 0.905 —-0.395
Chlorides 0.897 0.149 0414
Lead -0976 0.203 0.207
Copper 0.956 -0.272 —0.096
Iron 0.809 0.326 —0.464
Eigenvalues 4.787 1927 1.169
% of variance 59.838 24.091 14613
Cumulative variance % 59.838 83.928 98.541

analysis results portray the highest risk from the listed parameters as lead, and not cop-
per, and this calls for close monitoring of the metal.

4 Conclusions and recommendations

The study concludes that groundwater at Ts'osane has high levels of chlorides, COD,
iron and lead. The other conclusion drawn is that even though lead and iron pollution
is typical of waste from dumpsites, it is insufficient to tie groundwater pollution on the
dumpsite alone. The groundwater pollution status and response could depend on hydro-
geology and geological conditions of the study area, together with other anthropogenic
activities. Residents who consume groundwater from some of the boreholes investigated
in this study are vulnerable to health problems, and sustainable management of ground-
water resources is vital. The health risk assessment has shown that groundwater in the
study area is not entirely suitable for human consumption due to high levels lead and
iron. However, CDI, HQ and HI are negligible, indicating non-carcinogenic risk to resi-
dents. It should also be reflected that long-term exposure to these heavy metals could
lead to water toxicity due to bioaccumulation and biomagnification, and might pose
health threats to the residents.

From these findings, the study recommends the following:

1. Extended and frequent monitoring of groundwater resources that incorporates other
heavy metals;

2. Urgent re-location of the dumpsite and rehabilitation of the area within the dumpsite,
as a measure that reduces further migration of pollutants into water bodies;

3. Future dumpsites have to be lined to prevent leachate from infiltrating into the ground
and polluting groundwater; leachate collection systems have to be installed too, and
lining material should prevent sideways movement towards available surface water
bodies;

4. Lesotho should consider closing operations in dumpsites that are in proximity to
residential areas, in order to prevent environmental pollution, which leads towards
communities’ diseases and/or deaths;

5. Institutes of higher learning, research institutes/ scientists and government must
collaborate and evaluate and monitor water resources’ pollution, incorporating issues
of variations in climatic conditions. These will strengthen informed policies regarding
protection of the environment and human health;
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6. In the long-run, planning and population growth of countries have to be taken into
consideration when siting dumpsites, and;

7. Environmental and health policies have to implemented, so as to protect human
health from adverse effects of pollution.

5 Limitations

1. Waste at Ts'osane has not been characterised, and this is one of the knowledge gaps
that need to be addressed by future studies in order to ascertain that the dumpsite is
the main source of groundwater pollution.

2. The study was limited to copper, iron and lead as heavy metals in the study area. This
gap that needs to be addressed by future studies in order to draw comprehensive
conclusions.

3. Other climatic and geological factors that may lower or speed up decomposition
of decaying matter and seepage of leachate into groundwater were not taken into
consideration, and future studies should consider them.
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