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Abstract: The accumulation of potentially toxic elements (PTEs) in water, soil and vegetables can
pose a severe threat to the respective organisms and lead to human health risks upon exposure. Water,
soil and vegetable samples were collected from the Mokolo River and its vicinity. Total concentration
quantification and speciation analysis of chromium (Cr) and arsenic (As) were performed using
inductively coupled plasma-mass spectrometry (ICP-MS) and high-performance liquid chromatogra-
phy hyphenated to inductively coupled plasma-mass spectrometry (HPLC-ICP-MS), respectively.
The total concentrations of Cr and As were below the maximum permissible levels (MPLs) set by the
World Health Organization (WHO) and South Africa’s Department of Water Affairs and Forestry
(DWAF) for drinking water. The soil quality guideline value of 64.0 µg/g for Cr was surpassed
in most sites and posed a great risk to the vegetables growing in it, whereas the guideline value
of 12.0 µg/g for As was surpassed in one sampling site. The observed high concentrations in soil
could be linked to the use of fertilizers and atmospheric deposits introduced through coal burning
by power stations. In vegetables, the total Cr concentration surpassed the recommended MPL of
0.5 µg/g, rendering the vegetables unsafe for human consumption. Concentrations ranging from
197 to 1180 ng/g and 374 to 17400 ng/g were detected for Cr(VI) and Cr(III), respectively. The
consumption of vegetables containing high levels of Cr and As would result in health risks in adults
and children as the total hazard quotient (THQ) exceeded 1. The consumption of some vegetables
particularly by children could cause serious health risks as the THQ > 10 was observed for some
Cr-contaminated vegetables. The incremental lifetime cancer risk (ILCR) threshold of 1 × 10−4 was
exceeded, indicating that the overall consumption of vegetables had high cancer risks for adults and
children. This study suggests that the consumption of vegetable samples would lead to health risks
in the population.

Keywords: speciation analysis; human health risk assessment; estimated daily intake; target hazard
quotient; Mokolo River

1. Introduction

Potentially toxic elements (PTEs) occur naturally in the environment, and their levels
are increasing globally due to various human activities, which include the development
of mineral resources, the processing of valuable minerals, pesticide and fertilizer appli-
cation, paint, pigment, pulp and paper production, metallurgy, tanning, chrome-plating
and the preservation of wood [1–3]. Natural origins such as the weathering of bedrock,
rock leaching and atmospheric fallouts are gradually accelerating the high presence of
PTEs in the aquatic and terrestrial environment. The accumulation of PTEs leads to the
degradation of water and soil quality when their concentrations are above the threshold.
Rapid bioaccumulation of high levels of PTEs and long-term exposure through the food
chain pose a human health risk and negative environmental impacts [4]. The primary
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exposure of PTEs to humans, in particular to those residing in the proximity of the emission
sources, is generally through ingestion, dermal contact and inhalation, which may lead to
an acute or moderate toxicity effect [5].

Arsenic (As) and chromium (Cr) species are the selected PTEs of interest for investiga-
tion since their prevalence in the environment has been considered a global concern by the
scientific community. The toxicity effects of distinct chemical species of As and Cr are de-
pendent on the predominant species, thus leading to the urgent need for transportation and
environmental fate assessment to determine health risks. The higher toxicity of hexavalent
Cr (Cr(IV)) relative to its counterpart species is favored by extreme solubility, bioaccumula-
tion and mobility in the aquatic environment and biological systems [2,6,7]. Hexavalent
Cr is mutagenic and carcinogenic, approximately 500 to 1000 times higher than trivalent
Cr (Cr(III)), an essential micronutrient required for the support of growth and metabolism
in some organisms. However, prolonged exposure to high Cr(III) levels can affect human
skin and lungs [8–10]. Species of As occurring in organic forms (monomethylarsonic acid
(MMA) and dimethylarsinic acid (DMA)) are generally less toxic when compared to the
inorganic forms (arsenite (As(III)) and arsenate (As(V)). Baig et al. (2010) [11] and Jang,
Somanna and Kim (2016) [12] outlined that inorganic species of As are categorized as class
A human carcinogens and As(V) is ten times less toxic than As(III). Health risks associated
with As species intoxication may include acute effects such as failure of the gastrointestinal,
upper respiratory, cardiovascular and pulmonary systems. Chronic effects such as the
formation of hyperpigmentation, lesions of the skin and cancer of internal organs and the
skin can also result from As exposure [13].

With the above-raised concerns and the great variation in the toxicity of As and Cr
species, speciation analysis is vital for toxicological assessments to determine the environ-
mental impacts and health risks [11,14]. The prevalence of inorganic As and Cr(V) in the
environment is a debilitating issue, particularly for communities relying on contaminated
river water for their daily needs, including the irrigation of crops, especially in dry seasons.

The human health risk assessment (HHRA) [15] is a tool for estimating the nature and
severity of health effects in populations that may be exposed to chemically contaminated
environmental media [16]. It can be used to evaluate and estimate exposure to chemicals
present in food, water, consumer products, soil, air and other materials emanating from
the past, present and future. The outcomes of the HHRA can be used to limit chemical
emissions from various human activities such as agricultural and industrial exposure
and food and consumer products [17]. To the best of our knowledge, there is little work
on understanding the transport and fate of PTEs in the soil–water–plant environment in
Mokolo River, South Africa. This instigated a need to evaluate the source and understand
the transport and fate mechanisms of As and Cr. This, in turn, allowed the determination
of the environmental exposure of these PTEs, which are of concern [18,19].

This study aimed to determine different species of Cr and As present in water, soil and
vegetables from Mokolo River and its vicinity using high-performance liquid chromatog-
raphy (HPLC) hyphenated to inductively coupled plasma-mass spectrometry (ICP-MS).
This study also focused on the determination of the total concentrations of As and Cr
present in water, soil and vegetable samples, evaluation of the effect of seasonal variation
on the concentration of PTEs in all samples and assessment of the associated health risks to
humans via the consumption of vegetables in adults and children.

2. Experiment
2.1. Study Area and Sample Collection

Lephalale is home to various industrial activities including Grootegeluk coal mine
and Matimba and Medupi power stations which are in operation for production of elec-
tricity [20]. Coal mining and its combustion used for the production of electricity generate
PTEs such as U, Pb, Mn, Cr, As and Cu, which may accumulate to toxic levels in the
environment [21]. Mokolo River is a perennial river with in-house dam, which serves as
a source of water for Lephalale community for domestic use. Furthermore, it is used for
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recreation, sand mining, fishing, irrigation of crops and drinking water for farm animals.
In this study, twenty-four water samples, twenty-two vegetable samples (chomolia (C),
mochina (M), onion (O), spinach (S), pumpkin (P) and thepe (T)), and ten loam soil samples
were collected from Mokolo River and farms in the vicinity of the river during different
seasonal flows of the river. Sample locations of soil and vegetables were formatted as
F1S1, where F represents farm, the number adjacent to it refers to the farm number, and
S represents the site on the farm. Water and sediment samples were collected from ten
sampling sites within the river, whereas soil and vegetables were collected from two farms
adjacent to Mokolo River as shown in Figure 1. All collected samples were transported to
the laboratory stored in an icebox.
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2.2. Sample Pre-Treatment

Water samples were filtered using filtration system fitted with 0.45 µm disk filter paper
and kept in a refrigerator set at 4 ◦C. A portion of filtered samples was acidified with 1%
HNO3 for total concentration determination, whereas unacidified water samples were kept
for speciation analysis. Soil and vegetable samples were dried and ground with an agate
mortar and pestle to fine powder. Speciation analysis and total quantification methods
were performed using HPLC hyphenated to ICP-MS and ICP-MS to monitor analytes at
53Cr and 75As isotopes. The analysis of water samples, digested soil and vegetables and
SRMs were performed in triplicates.

2.3. Instrumentation

Prior to each analysis, instruments were optimized to obtain optimum operating
conditions. A quadrupole Sciex Elan 6100 ICP-MS (PerkinElmer, Rodgau, Germany) was
employed to determine the total concentration and speciation analysis by coupling to HPLC.
Solid samples were dried using a BK-FD10S freeze dryer (Biobase Biodustry, Jinan, China).
Digestion and extraction of solid samples were carried out using embedded 16HF 100 rotor
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Microwave system (Anton Paar, Midrand, South Africa). Chemical species separation was
achieved using Flexar Solvent Manager HPLC (PerkinElmer, Shelton, Singapore).

2.4. Chemicals, Standards and Certified Reference Materials

Chemicals of high purity, which include 65% suprapur HNO3 (Merck, Darmstadt,
Germany), 40% HF (Merck, Modderfontein, South Africa) and H3BO3 (Sigma-Aldrich,
Taufkirchen, Germany), were utilized for digestion of samples. Stock solutions of 1000 mg/L
As (Inorganic ventures, Christiansburg, VA, USA), 1000 mg/L Cr (PerkinElmer, Shelton,
WA, USA), 1000 mg/L As(III) (Inorganic ventures, Christiansburg, VA, USA), 1000 mg/L
As(V) (Inorganic ventures, Christiansburg, VA, USA), 1000 mg/L Cr(VI) (Inorganic ven-
tures, Christiansburg, VA, USA), 1000 mg/L Cr (III) (Inorganic ventures, Christiansburg,
VA, USA), 500 mg analytical-grade MMA (Supelco, Bellefonte, PA, USA) and 500 mg
analytical-grade DMA (Supelco, Bellefonte, PA, USA) were utilized to prepare standard
solutions. An ACS reagent > 98% NH4NO3 (Thembane chemicals, Johannesburg, South
Africa), 28%–30% NH3 basis NH4OH (Sigma Aldrich, Taufkirchen, Germany), 99% dibasic
(NH4)2HPO4 (Merck, Darmstadt, Germany) and analytical grade > 99% EDTA (Merck,
Modderfontein, South Africa) were used for preparation of mobile phase and extraction
of As and Cr species. Standard reference materials (SRMs) of trace elements in natural
water (SRM 1640a) (NIST, Gaithersburg, MD, USA), San Joaquin soil (SRM 2709a) (NIST,
Gaithersburg, MD, USA) and tomato leaves (SRM 1573a) (NIST, Gaithersburg, MD, USA)
were used to evaluate methods utilized for the determination of trace elements in water,
soil and vegetables, respectively. The test and correction of interferences by polyatomic
ions were carried out using NaCl solution (Promark chemicals, Benoni, South Africa).

2.5. Preparation of Samples

Acid digestion procedure for soil samples was conducted using a method adopted
from Mekonnen et al. [22] with slight modifications. Briefly, homogenized samples were
digested using the microwave digestion system in two stages of digestion. In the first stage
of digestion, 4 mL of 65% HNO3 and 500 µL of HF were added to a vessel containing a
100 mg sample and heated at power of 700 W for 20 min. After cooling, a second stage
of digestion was carried out by adding 1 mL of H3BO3 to each vessel and further heating
for 10 min to achieve complete dissolution of the samples. Standard reference material
2709a was prepared following the same procedure as the samples. A total of 200 mg
of homogenized vegetable samples and SRM 1573a were transferred to Teflon vessels
and digested using 6 mL of 65% HNO3 to achieve a complete dissolution in one-stage
digestion. Digested samples were transferred into a 50 mL volumetric flask and diluted
with ultra-pure water prior to analysis. Blank samples were prepared following each
preparation method.

Extraction method adopted from Letsoalo et al. (2021) was used for extraction of
elemental species in vegetable and soil samples for speciation analysis. Briefly, a buffer
prepared using 0.375 M (NH4)2HPO4 and 50 mM EDTA was used for extraction of As and
Cr species in soil and vegetables collected during high- and low-flow seasons from Mokolo
River. A total of 500 mg of sample was transferred into Teflon vessels, and 15 mL extraction
solution was added to each vessel. The extracts were filtered with a syringe fitted with
a 0.22 µm syringe filter without further dilutions. Filtered water samples were injected
into HPLC column without any further pre-treatment. A gradient mode of elution using
10 mM NH4NO3 and 70 mM NH4H2PO4 at pH 8.7 mobile phase solutions was adopted for
simultaneous separation of As(III), DMA, MMA, As(V) and Cr(VI) [23]. Prior to speciation
analysis, a test solution of 50 mg/L Cl− was prepared and injected for monitoring of
polyatomic ions interferences. The HPLC-ICP-MS operating conditions are presented
in Table 1.
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Table 1. Operating conditions for HPLC-ICP-MS.

Parameter Setting

Analytical column Hamilton PRP-X100
Column dimension 4.6 mm × 250 mm, 5 µm

Guard column 4.6 mm × 150 mm, PEEK
Pump flow rate 1 mL/min
Pump pressure 2520 psi

Injection volume 100 µL
Mobile phase A NH4NO3 (10 mM) and NH4H2PO4 (0.5 mM) at pH 8.7
Mobile phase B NH4NO3 (70 mM) at pH 8.7

Nebulizer gas flow 1.18 L/min
Auxiliary has flow 1.20 L/min

Plasma gas flow 15 L/min
ICP RF power 1450 V
Lens voltage 12

2.6. Analytical Figures of Merit

Limit of detection and limit of quantification for total quantification and speciation
procedures were determined as 3 times and 10 times standard deviation (3σ) using reagent
blank measurement [20]. The external calibration method was used to determine the linear-
ity of As, As(III), As(V), MMA, DMA and Cr(VI) standards. The coefficient of determination
(R2) was used to assess the linearity, and linear equations determined from calibration
curves were used for quantification of the species of interest in the samples. Accuracy of
total quantification methods for water, soil and vegetables was evaluated using SRMs; SRM
1640a, SRM 2709a and SRM 1573a, respectively. In speciation analysis, accuracy of the
method was evaluated by spiking soil and vegetable samples at 3× LOQ and 20× LOQ
with As(III), As(V), MMA, DMA and Cr(VI) before extraction and extracts analyzed using
HPLC-ICP-MS. The percent relative standard deviation (%RSD) was employed to assess
repeatability and precision of the methods.

2.7. Statistical Analysis

The analysis of variance (ANOVA) incorporated into Microsoft Excel as an add-in was
used to evaluate variations occurring seasonally. The variations were determined using
one-way ANOVA. The variation was considered statistically insignificant if p > 0.05 and
significant if p < 0.05 at a 95% confidence level.

2.8. Human Health Risk Assessment

The HHRA was employed to determine the possibility that consuming vegetable
samples would result in carcinogenic health effects for adults and children. The estimation
of carcinogenic health effects was determined using the ILCR, a product of EDI and CFS
expressions presented in Equations (1) and (2). The CFS used for As and Cr were 0.50 and
1.50 (mg/kg/day)−1, respectively [24,25]. The EDI parameters employed were ingestion
rate, exposure frequency and duration, oral reference dosage, average body weight and
exposure time which are indicated in Table 2.

ILCR = EDI × CFS (1)

EDI =
EF × ED × FIR × C

ABW × AT
(2)
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Table 2. Parameters employed for the HHRA.

Parameter Unit Adult Children Adult Children

FIR [26] g/person/day 114.17 114.17 114.17 114.17
EF days/year 365 [27] 350 [28] 365 350
ED year 30 [27] 6 [28] 30 6

RfD [27,29] mg/kg/day 0.003 0.003 0.0003 0.0003
ABW [30] kg 68.1 13.8 68.1 13.8

AT days/year 10950 [27] 2190 [28] 10950 2190

3. Results and Discussion
3.1. Evaluation of Analytical Figures of Merit
3.1.1. Total Quantification Method

The analytical figures of merit assessment of total quantification and speciation anal-
ysis methods were in the acceptable range as recommended by the United States Envi-
ronmental Protection Agency (US EPA) for method assessment and validations. The R2

values in the range of 0.997 to 0.999 affirmed the linearity of calibration curves and accurate
detector response for the concentration determination of each analyte [9]. The lowest
concentration level at which analytes were reliably detected or quantitatively meaningful
with established accuracy and precision were comparable with other studies. The obtained
LODs and LOQs of the methods indicate high sensitivity of the analytical techniques and
were comparable to other reported studies [10,11,31]. The accuracy was evaluated using
SRMs of different matrices with obtained percentage recoveries in the range from 99.9 to
107% for Cr and 96.3 to 116% for As. These percentage recoveries are acceptable for each an-
alyte within 75 to 125% as recommended by the US EPA [32]. The precision of the methods
determined as %RSD in the range from 0.849 to 13.3% shows acceptable repeatability [33].
Analytical figures of merit for the total quantification method are presented in Table 3.

Table 3. The LODs and LOQs determined for total concentration methods of water, soil and vegetables
along with certified values and measured values of SRMs 1640a, 2709a and 1573a, respectively.

Sample Analyte LOD LOQ Certified Value Measured
Value

Percentage
Recovery (%)

Water
Cr (µg/L) 0.193 0.643 40.2 ± 0.28 40.5 ± 1.7 101
As (µg/L) 0.117 0.390 8.08 ± 0.070 8.70 ± 0.19 108

Soil
Cr (ng/g) 2.93 9.77 130 ± 4.0 130 ± 15 100
As (ng/g) 0.942 3.14 10.5 ± 0.30 10.1 ± 0.95 96.3

Vegetable Cr (ng/g) 1.30 4.33 1.99 ± 0.034 2.13 ± 0.16 107
As (ng/g) 0.418 1.39 0.113 ± 0.0024 0.131 ± 0.011 116

3.1.2. Speciation Analysis Method

Retention time identification for each species and the evaluation of analytical figures of
merit were conducted as reported in the literature [20,23]. The R2 values greater than 0.999
obtained for calibration curves constructed for different species quantification indicate a
high degree of correlation between the concentrations of the species and the peak area [34].
The LODs and LOQs obtained using reagent blanks were comparable to other reported
studies, which shows that the method employed is sensitive. The LODs higher than those
observed in this study have been reported for Cr(VI) [35,36]. The accuracy of the speciation
method was assessed using the spiking-and-recovery procedure due to a lack of SRMs
that contain certified concentrations of As and Cr species. The accuracy of the speciation
analysis method was confirmed by determining acceptable percentage recoveries which
were in the range from 91.9 to 114% and 85.3 to 113% when spiked with 3 and 20× LOQ
concentrations, respectively [32]. The %RSD values of 0.00603 to 12.4% for the speciation



Minerals 2023, 13, 930 7 of 24

analysis procedure showed high repeatability and reliability of the method [33]. The
analytical figures of merit for the speciation method are presented in Table 4.

Table 4. LOD, LOQ and percentage recoveries for soil and vegetables spiked at 3× and 20× LOQ.

Samples Analyte LOD
(ng/g)

LOQ
(ng/g)

Measured
Concentration at
3 × LOQ (ng/g)

Measured
Concentration at
20 × LOQ (ng/g)

Percentage
Recovery

(3 × LOQ) (%)

Percentage
Recovery

(20 × LOQ) (%)

Soil

As(III) 0.161 0.537 26.3 ± 0.90 30.4 ± 3.3 99.2 85.3
DMA 0.453 1.51 237 ± 22 245 ± 28 103 95.5
MMA 0.343 1.14 109 ± 9.2 116 ± 3.0 114 101
As(V) 1.59 5.30 188 ± 8.5 241 ± 18 108 91.6
Cr(VI) 0.670 2.23 120 ± 7.5 177 ± 16 98.1 110

Vegetable

As(III) 0.152 0.507 67.7 ± 3.2 64.2 ± 6.1 103 87.8
DMA 0.0932 0.311 66.2 ± 4.9 66.8 ± 5.6 104 98.0
MMA 1.35 4.50 55.4 ± 5.3 129 ± 8.3 97.6 104
As(V) 0.458 1.53 117 ± 10 123 ± 6.9 109 94.1
Cr(VI) 0.598 1.99 1030 ± 74 1130 ± 47 105 113

3.2. Species Identification and Correction of Polyatomic Interferences

The retention time is a qualitative analysis parameter and is recorded at the apex of
a chromatographic peak [37,38]. Single analyte standards were used in order to identify
the retention time of each analyte and then a mixture of standards to correlate retention
time with the identified species in a single analytical run. The resulting chromatogram
of the individual species of As and Cr is presented in Figure 2. The detection of As
and Cr species in environmental samples can be interfered with by the presence of high
concentrations of Cl, resulting in polyatomic ion interferences of Ar40Cl35 on 75As and
O16Cl37 on 53Cr. Polyatomic ion interferences were identified overlapping with MMA,
As(V) and Cr(VI). Interference at MMA, As(V) and Cr(VI) peaks affected by Cl− content
was corrected daily prior to analysis as recommended by Letsoalo et al. [39] and Low
et al. [40]. The elimination of these interferences was achieved through an inter-elemental
procedure using mathematical correction expressions [23]. In this procedure, a correction
factor (CF) for species affected by polyatomic ion interference is determined as the ratio
of the signal intensity of the interference peak at analyte mass to its signal intensity at the
interference-free m/z and is formulated as follows:

CF =
signal intensity o f isobaric ions at analyte m/z

signal intensity o f inter f erence f ree ion at its m/z
(3)

Once the correction factor was determined, the correction of the signals of analytes
was carried out using the following equation:

Corrected species area = A − (B × CF) (4)

where A is the measured species area, and B is the area of the interfering ion [23].

3.3. Total Concentrations of As and Cr in Water Samples
3.3.1. Chromium in Water Samples

In this study, the analysis of each sample was carried out in triplicates, and the standard
deviations are included as the error bars in the figures. The concentration of Cr ranged
from 0.220 to 1.78 µg/L in the high-flow season, whereas in the low-flow season, the range
was between 0.545 and 4.31 µg/L (as observed in Figure 3), where a majority of the site
concentrations were lower than the LOD value of 0.193 µg/L. It is observed that Cr content
was higher in the high-flow season than in the low-flow season, except for sites 2, 4 and 7,
where Cr content is high during the low-flow season. The overall concentrations observed
are lower than the MPL in drinking water set by the WHO, SANS and DWAF, which is
50 µg/L for Cr [41–43]. The observed concentrations were less than the MPL (100 µg/L)
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set for irrigation water [44]. Therefore, the water meets the standard for consumption and
use in agricultural activities. The high Cr content in certain sites of the Mokolo River in the
high-flow season indicates that the river experienced more contamination which could be
from anthropogenic activities, sewerage water and effluents [45]. It is expected that metal
content in low-flow seasons will be high (as observed with sites 2, 4 and 7) due to less
dilution observed with low water levels and an increased rate of the evaporation of water
bodies. However, this was not the case for most sites, as Cr is observed to dominate during
the high-flow season. A contributing factor to the high metal content could be storm water
run-off from river catchment surroundings contaminated with Cr [46]. Statistically, the
seasonal variation was insignificant (p = 0.893) at the 95% confidence level.
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3.3.2. Arsenic in Water Samples

The concentration of As in water samples ranged between 0.328 and 0.612 µg/L
during the high-flow season, whereas in the low-flow season, it was observed to be ranging
between 0.168 and 0.274 µg/L. These results are shown in Figure 4. It is observed that
high As content in water samples was detected in the high-flow season in all the water
samples. Overall low concentrations were observed for As which is an indication that the
bedrock is As-poor and discharge from industrial and agricultural activities is low. High
concentrations of As are often observed in areas where sulfide ores associated with PTEs
such as Pb, Ag and Cu are present. The associated As can be released by the effects of
high evaporation rates, mineral weathering, mineral oxide desorption and the reductive
dissolution of Fe oxides in reducing conditions [47]. Statistical analysis revealed that the
variation in As concentration between the two seasons was significant (p = 2.13 × 10−8).
This variation may be associated with slightly low industrial and agricultural discharge
observed during the low-flow season [47].
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The overall concentrations observed are lower than the MPL in drinking water rec-
ommended by the WHO, SANS and DWAF (10 µg/L) [41–43], whereas 100 µg/L is the
MPL for agricultural water by the DWAF [44]. Thus, the water meets the standards for
consumption and the irrigation of plants relative to the analyzed element. Speciation
studies were not carried out due to the low concentration of total Cr and As observed
in water. The Cr(VI) possible cancer risk is only observed for total concentrations over
50 µg/L. In this study, the overall concentration of Cr is less than 2 µg/L [41]. The overall
As content was lower than 0.700 µg/L in this study.
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3.4. Total Concentrations of As and Cr in Soil Samples

The presence of Cr was detected in soil samples obtained from farms 1 and 2 during
both sampling seasons, and the results are displayed in Figure 5. The levels of Cr in farm 1
ranged from 86.7 to 125 µg/g and 82.6 to 87.0 µg/g in the high- and low-flow seasons,
respectively. In farm 2, it ranged from 41.8 to 360 µg/g and 68.5 to 72.5 µg/g, respectively.
It was observed that with most farm sites, the high-flow season had higher Cr content than
the low-flow season except for F2S1. In the low-flow season, samples of soil in F1S3 and
F1S4 were not collected; hence, no Cr content was reported as the sites did not have any
vegetables growing during that season. The observed Cr content in most sites exceeded
the Canadian soil quality guideline value of 64.0 µg/g. Exceeding the guideline value can
result in discolored leaves, chlorosis, ailing root systems and stunted growth in vegetables
grown in the soil, affecting food security negatively [48]. Only F2S1 Cr content was lower
than the soil quality guideline value. The introduction of Cr into the soil may be through
the use of fertilizers (confirmed by residents of the farm), atmospheric deposits introduced
through the burning of coal by power stations in proximity and irrigation water [21,49,50].
The contribution of Cr by irrigation water was likely to be very low as it was observed
during analysis that the concentrations were extremely low in the high-flow season and
not detected in the low-flow season. Seasonally, statistical variation in Cr was insignificant
(p = 0.0670).
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The As concentrations in soil ranged from 0.50 to 32.6 µg/g and 2.89 to 6.74 µg/g in
farm 1 in the high- and low-flow seasons, respectively. In farm 2, 0.0453 to 0.520 µg/g and
9.03 to 9.14 µg/g As concentrations were observed, as shown in Figure 6. The As content
observed in each site differed and decreased from the high-flow season to the low-flow
season. Similar observations have been observed in a study by Lombard et al. [51], and this
was attributed to an inverse relationship observed between the amount of precipitation
linked to a season and total As levels. This is due to the lowering of the water level in
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seasons of less precipitation and processes such as the dissolution and oxidation of sulfide
and oxide-bearing minerals containing As [51]. The statistical variation in As in both
seasons was statistically insignificant (p = 0.726). The total As content in soil samples was
less than 48 µg/g, which is the soil screening value [28], and also less than the soil quality
guideline value of 12 µg/g [52], with the exception of F1S3, which was greater than 12 µg/g.
The observed concentrations were well within the recommended guidelines as phytotoxic
effects (reduction in various vegetable yields) have been observed where the As content in
soil is only greater than 10 µg/g [52].
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3.5. Speciation Analysis of As and Cr in Soil Samples

The speciation analysis of As and Cr species in soil samples is presented in Tables 5 and 6.
In the high-flow season, the site with high levels of As and Cr species was F1S3 with 3960,
20,600, 3110, 4850, 3000 and 30,500 ng/g for As(III), DMA, MMA, As(V), Cr(VI) and Cr(III),
respectively. The species with the highest concentration among the six was Cr(III). Amongst
the As species, DMA displayed a higher average concentration in both seasons under study,
which suggests the presence of anaerobic bacteria. The bacteria convert the more toxic
species (As(III) and As(V)) into less toxic species such as DMA. This process normally
occurs in soil chemically and biologically and is known as As volatilization [53,54]. The
accumulation of DMA and MMA in soil could be attributed to the past use of methylated
As compounds and DMA and MMA sodium salts as pesticides [54]. High concentrations of
As(III) in sites F1S1 (2010 ng/g) and F2S1 (3960 ng/g) indicate reducing soil environments
that favor As(III) presence. The reducing environments promote increased solubility, toxic-
ity and mobility of As(III) than As(V) [54]. In the low-flow season, As(V) dominates sites
such as F1S1 (1130 ng/g), F1S2 (2570 ng/g) and F2S2 (3570 ng/g), while it predominates in
F1S2 (1190 ng/g in the high-flow season), which shows the soil conditions are aerobic and
favor As(V) presence [55]. The overall trend of species amongst both seasons is observed
as MMA < As(III) < As(V) < DMA and As(III) < MMA < DMA < As(V) in the high- and
low-flow seasons, respectively. The seasonal variation was found to be insignificant as
p > 0.05 for As(III) (p = 0.342), DMA (p = 0.691), MMA (p = 0.906) and As(V) (p = 0.797).



Minerals 2023, 13, 930 12 of 24

Table 5. Concentrations of As(III), DMA, MMA, As(V), Cr(VI) and Cr(III) recorded in soil during the
high-flow season.

Soil As(III)
(ng/g)

DMA
(ng/g)

MMA
(ng/g)

As(V)
(ng/g)

Cr(VI)
(ng/g)

Cr (III)
(ng/g)

F1S1 2010 ± 197 1.79 ± 0.15 <0.343 868 ± 69 235 ± 15 2740 ± 250
F1S2 241 ± 19 348 ± 25 1200 ± 20 1190 ± 100 2120 ± 170 949 ± 77
F1S3 3960 ± 240 20,600 ± 530 3110 ± 150 4850 ± 350 3000 ± 170 30,500 ± 1800
F1S4 24.9 ± 1.3 226 ± 20 92.0 ± 8.4 158 ± 0.30 116 ± 10 385 ± 33
F2S1 359 ± 22 <0.453 71.4 ± 0.13 <1.59 236 ± 22 284 ± 26
F2S2 1.51 ± 0.088 43.4 ± 0.62 0.471 ± 0.053 <1.59 11.2 ± 0.99 34.1 ± 3.0

Table 6. Concentrations of As(III), DMA, MMA, As(V), Cr(VI) and Cr(III) recorded in soil during the
low-flow season.

Soil As(III)
(ng/g)

DMA
(ng/g)

MMA
(ng/g)

As(V)
(ng/g)

Cr(VI)
(ng/g)

Cr (III)
(ng/g)

F1S1 373 ± 16 860 ± 18 438 ± 12 1130 ± 43 2260 ± 47 635 ± 13
F1S2 452 ± 46 2560 ± 220 1070 ± 59 2570 ± 190 2200 ± 73 4540 ± 14
F2S1 <0.161 6550 ± 360 1160 ± 65 1330 ± 160 2890 ± 120 6150 ± 250
F2S2 1600 ± 71 2490 ± 150 1390 ± 140 3570 ± 120 2370 ± 59 6770 ± 170

During Cr speciation studies, Cr(III) was 100% of total Cr in the high-flow season
and 75% of total Cr in the low-flow season. Similar observations were noted in South
African studies where Cr(III) was recorded at higher levels than Cr(VI) in soil [56]. Often,
high Cr(III) levels are observed in soil sites with microbial organisms that can result in the
bio-reduction of Cr(VI) directly. The indirect reduction can also occur in the presence of
metabolites from bacteria, which results in Cr immobilization in soil and thus the high
concentrations [57]. With the proximity of power stations in the Lephalale areas, emissions
from coal-fueled power stations are reported to be major contributors of Cr species to the
atmosphere, which ultimately ends up being deposited in the soil of the area. In another
study, Cr(VI) in particular was observed to surpass the regional background in air, and
these were released through combustion [58]. The soil quality guideline value for Cr(VI) in
agricultural land use set by the Ontario Ministry of Environment (OME) is 660 ng/g [59]. In
the high-flow season, this value was exceeded only in F1S2 and F1S3, while in the low-flow
season, the value was exceeded in all sites. At a 95% confidence level, the seasonal statistical
variation in Cr(VI) (p = 0.387) and Cr(III) (p = 0.597) was insignificant as p > 0.05.

3.6. Total Concentrations of Cr in Vegetable Samples

The analysis of each vegetable sample was carried out in triplicates, and the standard
deviations are included as the error bars in the figures. Some vegetables were not present
for both sampling seasons. This is due to local farming practices and the availability of veg-
etables in different seasons. For instance, chomolia germinates and grows in temperatures
of 7–18 ◦C and is referred to as a cool-season vegetable [60]. In high- and low-flow seasons,
the Cr concentration ranged from 2.58 to 18.4 µg/g and 1.02 to 4.15 µg/g, respectively.
During the high-flow season, it was observed that thepe (farm 1) and spinach (farm 2)
accumulated more Cr, whereas, in the low-flow season, the highest accumulators of Cr were
the mochina and onions. It can be observed through vegetables in both sampling seasons
that less Cr content was detected in the low-flow season than in the high-flow season, as
shown in Figure 7. Statistical analysis revealed a significant variation for Cr seasonally as
p < 0.05 at a 95% confidence level. The MPLs of Cr in vegetables have not been established
in South Africa [61]. However, this level has been set by NHFPC/CFDA as 0.5 µg/g [62].
All the vegetables collected during both the high- and low-flow seasons surpassed the
MPL, which makes these vegetables unsafe for consumption. Total Cr concentrations in
vegetables were reported from Lepelle, Botshabelo and Diphuti (Limpopo Province, South
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Africa) and revealed that the average Cr content was 1.43 µg/g [13]. The reported average
value in that study was below the average values of 8.71 and 2.02 µg/g from this study in
the high- and low-flow seasons, respectively.

Minerals 2023, 13, x FOR PEER REVIEW 14 of 26 
 

 

2) accumulated more Cr, whereas, in the low-flow season, the highest accumulators of Cr 
were the mochina and onions. It can be observed through vegetables in both sampling 
seasons that less Cr content was detected in the low-flow season than in the high-flow 
season, as shown in Figure 7. Statistical analysis revealed a significant variation for Cr 
seasonally as p < 0.05 at a 95% confidence level. The MPLs of Cr in vegetables have not 
been established in South Africa [61]. However, this level has been set by NHFPC/CFDA 
as 0.5 µg/g [62]. All the vegetables collected during both the high- and low-flow seasons 
surpassed the MPL, which makes these vegetables unsafe for consumption. Total Cr con-
centrations in vegetables were reported from Lepelle, Botshabelo and Diphuti (Limpopo 
Province, South Africa) and revealed that the average Cr content was 1.43 µg/g [13]. The 
reported average value in that study was below the average values of 8.71 and 2.02 µg/g 
from this study in the high- and low-flow seasons, respectively. 

 
Figure 7. Total concentrations of Cr in vegetable samples for high- and low-flow seasons. 

3.7. Total Concentrations of As in Vegetable Samples 
The observed As levels ranged from 0.0362 to 0.663 µg/g and 0.0205 to 0.106 µg/g in 

the high- and low-flow seasons, respectively, as shown in Figure 8. In this study, high 
levels of As were observed in chomolia and spinach. Like Cr, the As content dominated in 
the high-flow season rather than the low-flow season. Compared to other studies, the av-
erage observed As levels in this study are below the average of 0.278 and 0.0499 µg/g in 
both seasons. Still, the average of 0.0700 µg/g reported by Genthe et al. in South Africa 
[13] only exceeds the average observed As level in the low-flow season. Seasonally, signif-
icant statistical variation in As was observed as p < 0.05 at a 95% confidence level. 

Figure 7. Total concentrations of Cr in vegetable samples for high- and low-flow seasons.

3.7. Total Concentrations of As in Vegetable Samples

The observed As levels ranged from 0.0362 to 0.663 µg/g and 0.0205 to 0.106 µg/g
in the high- and low-flow seasons, respectively, as shown in Figure 8. In this study, high
levels of As were observed in chomolia and spinach. Like Cr, the As content dominated
in the high-flow season rather than the low-flow season. Compared to other studies, the
average observed As levels in this study are below the average of 0.278 and 0.0499 µg/g in
both seasons. Still, the average of 0.0700 µg/g reported by Genthe et al. in South Africa [13]
only exceeds the average observed As level in the low-flow season. Seasonally, significant
statistical variation in As was observed as p < 0.05 at a 95% confidence level.

As with Cr, the MPL of As in vegetables in South Africa has not been set, but this
level was determined by the FAO/WHO as 0.1 µg/g [13,63]. Almost 82.0% and 8.33% of
vegetables collected during the high- and low-flow seasons exceeded the MPL. Due to the
observed As levels, it can be safely concluded that consuming vegetables from the low-flow
season is safer than consuming vegetables from the high-flow season.

3.8. Speciation Analysis of As and Cr in Vegetables

Vegetable sample analysis was performed in triplicate and is summarized in Tables 7 and 8
for the high- and low-flow seasons, respectively. The recorded concentrations in the
high-flow season ranged from 1.55 to 189 ng/g, 40.1 to 153 ng/g, 9.38 to 292 ng/g and
0.91 to 262 ng/g for As(III), DMA, MMA and As(V), respectively. In the low-flow season,
concentration ranged from 7.03 to 52.9 ng/g, 0.338 to 30.3 ng/g, 2.48 to 15.7 ng/g and 0.72 to
27.8 ng/g for As(III), DMA, MMA and As(V), respectively. These concentration ranges are
lower than those observed in the high-flows season. The observed concentrations are higher
than those obtained in other studies [64]. Vegetables use various mechanisms to uptake
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As. These include the absorption of As(V) from soil to plant via the high-affinity PO4
3−

transporter through the phosphate transport pathway. The other mechanisms involve the
absorption of As(III), DMA and MMA through the aquaporin channels, which is proposed
to be another pathway of absorption [54]. Overall, in this study, the most abundant species
of As was As(III), followed by As(V), while DMA and MMA were the least abundant. This
raises quite a concern as it is known that As(III) and As(V) are classified as carcinogens
in humans and their overall concentrations in this study account for 60% and 78% of As
species, in the high- and low-flow seasons, respectively [65]. Unfortunately, the MPLs of
As species in vegetables have not yet been established [66]. Statistical analysis revealed
significant seasonal variations for DMA (p = 0284), MMA (p = 0.0322) and As(V) (p = 0.0347),
while insignificant variation was observed in As(III) (p = 0.0789). The concentration ranges
of 594 to 1180 ng/g (Cr(VI)) and 1850 to 17400 ng/g (Cr(III)) were recorded in the high-flow
season, whereas ranges of 197 to 687 ng/g (Cr(VI)) and 374 to 3540 ng/g (Cr(III)) were
recorded during the low-flow season in vegetables. Higher Cr concentrations are observed
with the less toxic Cr(III), and Cr(VI) only accounts for 10% and 27% overall during both
sampling seasons, which is still substantially high in vegetables. It is suggested that the
high Cr(III) observed is due to its solubility, making it highly mobile during its absorption
by the vegetables [67]. Although Cr(III) is a crucial nutrient required for normal energy
metabolism, high levels of it in children can lead to long-term adverse health effects [68].
As with As, the MPLs of Cr species in vegetables have not yet been set [69]. Statistical
variation was seasonally significant for Cr(III) as p < 0.05, whereas, for Cr(VI), the variation
was not significant as p > 0.05 at the 95% confidence level.
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Table 7. Concentrations of As(III), DMA, MMA, As(V), Cr(VI) and Cr(III) recorded during the
high-flow season in vegetable samples.

Vegetable As(III)
(ng/g)

DMA
(ng/g)

MMA
(ng/g)

As(V)
(ng/g)

Cr(VI)
(ng/g)

Cr (III)
(ng/g)

F1S1-S 63.0 ± 5.8 62.0 ± 0.52 34.3 ± 0.19 99.8 ± 6.7 963 ± 57 15000 ± 840
F1S2-C 25.6 ± 0.65 40.1 ± 3.1 35.3 ± 0.73 8.97 ± 0.51 722 ± 62 3820 ± 330
F1S2-P 67.5 ± 6.5 <0.0932 34.3 ± 0.87 92.3 ± 4.1 602 ± 19 7780 ± 250
F1S2-S 49.1 ± 2.5 <0.0932 61.3 ± 6.6 262 ± 6.7 1090 ± 55 10,200 ± 520
F1S3-C 189 ± 4.3 131 ± 6.8 292 ± 3.6 48.9 ± 4.2 731 ± 24 1850 ± 60
F1S3-S 160 ± 11 <0.0932 70.7 ± 8.7 95.7 ± 4.5 764 ± 40 5930 ± 310
F1S4-T 100 ± 1.4 119 ± 6.1 107 ± 3.5 1.05 ± 0.090 956 ± 40 17,400 ± 740
F2S1-C 16.1 ± 1.5 53.4 ± 3.1 9.48 ± 0.36 <0.458 1060 ± 87 1960 ± 120
F2S1-S 502 ± 31 <0.0932 <1.35 81.3 ± 3.5 1180 ± 97 9220 ± 480
F2S2-C 1.55 ± 0.15 <0.0932 31.7 ± 0.24 0.91 ± 0.070 594 ± 18 1850 ± 55
F2S2-S 54.7 ± 1.2 153 ± 0.095 27.7 ± 1.8 12.1 ± 0.91 962 ± 88 11,100 ± 1000

Table 8. Concentrations of As(III), DMA, MMA, As(V), Cr(VI) and Cr(III) recorded during the
low-flow season in vegetable samples.

Vegetables As(III)
(ng/g)

DMA
(ng/g)

MMA
(ng/g)

As(V)
(ng/g)

Cr(VI)
(ng/g)

Cr (III)
(ng/g)

F1S1-C 41.8 ± 2.1 0.338 ± 0.032 <1.35 0.870 ± 0.087 197 ± 13 1690 ± 110
F1S1-M 52.9 ± 2.6 6.17 ± 0.57 <1.35 27.8 ± 0.99 687 ± 8.7 2590 ± 33
F1S1-O 34.0 ± 1.5 <0.0932 15.7 ± 0.36 19.9 ± 1.1 603 ± 23 1550 ± 58
F1S1-S 7.83 ± 0.62 7.47 ± 0.55 2.48 ± 0.096 0.720 ± 0.045 668 ± 22 652 ± 22
F1S2-C 28.1 ± 2.7 6.54 ± 0.097 5.42 ± 0.075 4.28 ± 0.071 566 ± 38 1790 ± 100
F1S2-M 37.8 ± 1.6 30.3 ± 2.9 3.66 ± 0.23 6.86 ± 0.40 608 ± 18 3540 ± 110
F2S1-C 31.5 ± 1.7 1.38 ± 0.091 4.89 ± 0.24 1.45 ± 0.12 517 ± 9.3 483 ± 8.6
F2S1-S 8.60 ± 0.30 3.85 ± 0.19 3.74 ± 0.34 2.40 ± 0.062 585 ± 8.7 1240 ± 18
F2S2-C 7.03 ± 0.44 <0.0932 6.97 ± 0.00042 2.20 ± 0.13 646 ± 31 374 ± 18
F2S2-O 13.8 ± 1.0 <0.0932 <1.35 3.29 ± 0.20 500 ± 28 1750 ± 98
F2S2-S 28.6 ± 0.86 1.09 ± 0.054 3.55 ± 0.20 5.30 ± 0.31 579 ± 8.7 931 ± 51

3.9. Bioaccumulation Factor

For vegetable samples, further data analysis was carried out using the bioaccumu-
lation factor (BAF). The BAF is used to measure the capability of vegetables to accumu-
late/bioaccumulate and translocate PTEs, as well as other minerals, from their respective
soil sites [24,70]. This is measured by determining the ratio of PTE concentration in plants
relative to PTE concentration from the respective soil, as shown in Equation (5).

BAF =
Cp

Cs
(5)

where C is the concentration (µg/g) in soil (s) and vegetables/plants (p). A vegetable is
considered capable of excluding a metal if the BAF is less than 0.1, whereas, if it is greater
than 0.1, the vegetable is considered a slight accumulator of a PTE. In contrast, a BAF
greater than 1 is an indication that a vegetable is capable of extracting or accumulating
PTEs under its natural environmental conditions [24,60,71].

In the high-flow season, most vegetable samples were observed to be unable to
accumulate Cr, with spinach from F1S1 and F2S1 being slight accumulators of Cr. For
As, vegetable samples of spinach and chomolia in F2S2 and F2S1, respectively, displayed
the ability to accumulate As under natural environmental conditions as the BAF was
greater than one. The accumulation can be affected by the environmental adaptability of
the vegetable. It is suggested that the accumulation might be a result of the vegetables
experiencing increased PTE stress that results in the PTE binding to the increased low-
methyl-esterified pectins in response to the stress experienced [60,72,73]. The remaining
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vegetable samples were observed to be incapable of accumulating As while spinach, thepe
and chomolia vegetables were slightly accumulating As shown by a BAF greater than 0.1
in Figure 9. In the low-flow season, all vegetable samples were incapable of accumulating
both Cr and As, as the BAF was lower than 0.100 for all samples, as shown in Figure 10.
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Figure 9. Graphical representation of BAF observed in vegetable samples during high-flow season
for Cr and As.
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3.10. The Human Health Risk Assessment
3.10.1. Non-Carcinogenic Effects

The HHRA was employed to assess the potential non-carcinogenic health risks of
Cr and As from vegetables obtained during the study. Only oral ingestion of Cr and As
through vegetables was considered when the HHRA was carried out for both adults and
children in this study, to determine whether these PTEs may cause human health risks
when the vegetables are consumed [74]. It was assumed that the available vegetables in the
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farm contributed 100% toward the daily intake of vegetables so as to avoid erroneously
underestimating the associated health risk [75,76].

Estimated Daily Intake

Calculations were performed to determine if consuming vegetable samples grown on
farms near the Mokolo River would lead to non-carcinogenic risks for human health linked
to the consumption of PTEs. These calculations involved determining the EDI and THQ.
The outcomes of the EDI are presented in Tables 9 and 10.

Table 9. EDI for adults and children consuming various vegetables during the high-flow season.

Adult
Cr

Children
Cr

Adult
As

Children
As

Vegetables EDI

F1S1-S 0.0270 0.1276 0.000440 0.00312
F1S2-C 0.00765 0.0362 0.000189 0.00134
F1S2-P 0.0141 0.0668 0.000330 0.00234
F1S2-S 0.0190 0.0901 0.000630 0.00447
F1S3-C 0.00435 0.0206 0.00112 0.00793
F1S3-S 0.0113 0.0534 0.000553 0.00392
F1S4-T 0.0310 0.147 0.000554 0.00394
F2S1-C 0.00411 0.0195 0.000061 0.000433
F2S1-S 0.0175 0.0829 0.000713 0.00506
F2S2-C 0.00507 0.0240 0.000137 0.00097
F2S2-S 0.0204 0.0965 0.000421 0.00299

RfD
(mg/kg/day) 0.003 0.003 0.0003 0.0003

Table 10. The EDI for adults and children consuming various vegetables during the low-flow season.

Adult
Cr

Children
Cr

Adult
As

Children
As

Vegetables EDI

F2S2-C 0.00172 0.00813 0.0000307 0.000145
F1S1-C 0.00319 0.0151 0.0000758 0.000359
F1S1-M 0.00553 0.0262 0.000150 0.000709
F1S1-O 0.00362 0.0171 0.000121 0.000572
F1S1-S 0.00222 0.0105 0.0000345 0.000163
F1S2-C 0.00398 0.0188 0.0000780 0.000369
F1S2-M 0.00699 0.0331 0.000136 0.000643
F1S2-S 0.00248 0.0117 0.000179 0.000845
F2S1-C 0.00169 0.00797 0.0000694 0.000329
F2S1-S 0.00307 0.0145 0.0000347 0.000164
F2S2-C 0.00172 0.00813 0.0000307 0.000145
F2S2-O 0.00379 0.0179 0.0000322 0.000152
F2S2-S 0.00254 0.0120 0.0000683 0.000323

RfD 0.003 0.003 0.0003 0.0003

The RfD can be considered an acceptable dose of a substance (Cr and As in this study)
that will not produce any harmful effect in a given population’s lifetime [77]. The recom-
mended RfD for Cr is 0.003 mg/kg/day. The EDI in all vegetables for adults and children
was observed to exceed the recommended RfD. Therefore, it will harm the population’s
health if it does not decrease below the acceptable value. Regarding As, the majority of
the EDIs observed exceeded the acceptable RfD of 0.0003 mg/kg/day, with only F1S2-C,
F2S1-C and F2S2-C recording EDIs below the RfD. The consumption of these vegetables, as
observed with Cr, will result in harmful health effects on the population.
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In the low-flow season (Table 10), the recorded EDI values decreased from those
observed in the former season. In adults, 58.3% of the vegetable samples (contaminated
with Cr) resulted in EDIs greater than the RfD. In contrast, the EDI observed in vegetable
samples contaminated with As was below the RfD. There is a great concern in children
as most vegetables consumed recorded an EDI greater than the threshold RfD value for
Cr and As, which poses a risk of developing harmful health effects amongst children in
the population.

Total Hazard Quotient

The non-carcinogenic health risks were estimated using the THQ, and the results are
expressed in Table 11.

Table 11. Hazard quotients observed in vegetable samples during the high-flow season.

Cr As
Adult Children Adult Children

Vegetables THQ THQ

F1S1-S 8.99 42.5 1.47 6.94
F1S2-S 6.35 30.0 2.10 9.94
F1S2-C 2.55 12.1 0.629 2.98
F1S2-P 4.71 22.3 1.10 5.21
F1S3-C 1.45 6.86 3.72 17.6
F1S3-S 3.76 17.8 1.84 8.72
F1S4-T 10.3 48.9 1.85 8.75
F2S1-S 5.84 27.6 2.38 11.2
F2S2-S 6.80 32.2 1.40 6.65
F2S1-C 1.37 6.49 0.20 0.962
F2S2-C 1.69 8.00 0.46 2.15

The hazard quotient for Cr in the high-flow season for adults and children was greater
than 1.00 in all vegetable samples and ranged from 1.37 to 10.3 and 6.49 to 48.9 for adults
and children, respectively. The highest THQ was observed in thepe obtained from farm
1 in site 4. This is an indication that consumption of the vegetable samples will result in
health risks in adults. It will result in serious chronic risks for children as most vegetables
have a THQ greater than 10.0 [29]. The THQ for As in vegetables ranged from 0.203 to 3.72
and 0.962 to 17.6 in adults and children, respectively. The THQ for chomolia obtained from
F1S2, F2S1 and F2S2 are below 1.00, which indicates that their consumption will have no
health risk effects. In contrast, all other vegetable consumption will result in health risk
effects in adults. In children, most vegetable samples will have health risk effects with
F1S3-C and F2S1-S, resulting in serious chronic risks.

The THQ values observed during the low-flow season (Table 12) are lower than
those observed in the high-flow season. In adults, consuming seven vegetables (F1S1-C,
F1S1-M, F1S1-O, F1S2-C, F1S2-M, F2S1-S and F2S2-O) will lead to health risks linked to
Cr consumption, whereas the remaining vegetables will not result in health risks upon
consumption. In children, it was observed that consumption of all the vegetable samples
would result in health risk effects, with F1S2-M consumption resulting in chronic health
risks associated with Cr exposure. For As, adults’ consumption of vegetables would not
have health effects as the THQ is less than 1. In children, the opposite is observed as
the consumption of eight vegetable samples (F1S1-C, F1S1-M, F1S1-O, F1S2-C, F1S2-M,
F1S2-S, F2S1-C and F2S2-S) will result in health risk effects associated with As consumption,
whereas the four remaining vegetable samples (F1S1-S, F2S1-S, F2S2-C and F2S2-O) are
safe for consumption.
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Table 12. Hazard quotients observed in vegetable samples during the low-flow season.

Cr As
Adult Children Adult Children

Vegetables THQ THQ

F1S1-C 1.06 5.02 0.253 1.20
F1S1-M 1.84 8.72 0.499 2.36
F1S1-O 1.21 5.72 0.403 1.91
F1S1-S 0.742 3.51 0.115 0.545
F1S2-C 1.33 6.27 0.260 1.23
F1S2-M 2.33 11.0 0.453 2.14
F1S2-S 0.826 3.91 0.595 2.82
F2S1-C 0.562 2.66 0.231 1.10
F2S1-S 1.02 4.84 0.116 0.548
F2S2-C 0.573 2.71 0.102 0.484
F2S2-O 1.26 5.98 0.107 0.508
F2S2-S 0.848 4.01 0.228 1.08

Overall, the consumption of the vegetables will lead to more health risks in children
than in adults. This vulnerability of children has been observed in other studies [78,79].
The susceptibility of children is due to the larger intake of children per kilogram of body
weight, which results in a higher dose than adults [80].

3.10.2. Carcinogenic Effects Based on As(III), As(V) and Cr(VI)

Speciation analysis was conducted to determine the toxicity/carcinogenicity because
total concentration yielded insufficient information for health risk assessments. This is
due to certain species of PTEs being more toxic than others, which cannot be accurately
determined from total concentrations studies [81]. Therefore, the evaluation of carcinogenic
effects was based on results obtained from speciation studies of As(III), As(V) and Cr(VI).
Consumption of a vegetable leads to carcinogenic risks if the threshold ILCR is greater
than 10−4. The acceptable ICLR ranged from 10−6 to 10−4, and an ICLR value of less
than 10−6 denotes that cancer risks are negligible. The obtained results are presented
in Tables 13 and 14.

Table 13. The ILCR data obtained from the analysis of As(III), As(V) and Cr(VI) during the high-
flow season.

Vegetable
As(III) As(V) Cr(VI) Total Risk (As(III) +

As(V) + Cr(VI))
Adults Children Adults Children Adults Children Adults Children

ILCR

F1S1-S 1.59 × 10−4 7.53 × 10−4 2.52 × 10−4 1.19 × 10−3 2.43 × 10−3 1.15 × 10−2 2.84 × 10−3 1.34 × 10−2

F1S2-C 6.48 × 10−5 3.06 × 10−4 2.27 × 10−5 1.07 × 10−4 1.83 × 10−3 8.64 × 10−3 1.92 × 10−3 9.05 × 10−3

F1S2-P 1.71 × 10−4 8.07 × 10−4 2.33 × 10−4 1.10 × 10−3 1.52 × 10−3 7.20 × 10−3 1.92 × 10−3 9.11 × 10−3

F1S2-S 1.24 × 10−4 5.87 × 10−4 6.61 × 10−4 3.13 × 10−3 2.75 × 10−3 1.30 × 10−2 3.54 × 10−3 1.67 × 10−2

F1S3-C 4.78 × 10−4 2.26 × 10−3 1.24 × 10−4 5.84 × 10−4 1.85 × 10−3 8.75 × 10−3 2.45 × 10−3 1.16 × 10−2

F1S3-S 4.04 × 10−4 1.91 × 10−3 2.42 × 10−4 1.14 × 10−3 1.93 × 10−3 9.14 × 10−3 2.58 × 10−3 1.22 × 10−2

F1S4-T 2.53 × 10−4 1.20 × 10−3 2.65 × 10−6 1.25 × 10−5 2.42 × 10−3 1.14 × 10−2 2.68 × 10−3 1.26 × 10−2

F2S1-C 4.07 × 10−5 1.93 × 10−4 N/A * N/A * 2.67 × 10−3 1.26 × 10−2 2.71 × 10−3 1.28 × 10−2

F2S1-S 1.27 × 10−3 6.01 × 10−3 2.05 × 10−4 9.72 × 10−4 2.97 × 10−3 1.41 × 10−2 4.45 × 10−3 2.11 × 10−2

F2S2-C 3.92 × 10−6 1.85 × 10−5 2.31 × 10−6 1.09 × 10−5 1.50 × 10−3 7.11 × 10−3 1.51 × 10−3 7.14 × 10−3

F2S2-S 1.38 × 10−4 6.54 × 10−4 3.07 × 10−5 1.45 × 10−4 2.43 × 10−3 1.15 × 10−2 2.60 × 10−3 1.23 × 10−2

* N/A: Not available (The concentration of As(V) in F2S1 was less than the LOD (0.458 ng/g) hence the ILCR data
for the vegetable is not reported.).
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Table 14. The ILCR data obtained from the analysis of As(III), As(V) and Cr(VI) during the low-
flow season.

Vegetables
As(III) As(V) Cr(VI) Total Risk (As(III) +

As(V) + Cr(VI))
Adults Children Adults Children Adults Children Adults Children

ILCR

F1S1-C 1.06 × 10−4 5.00 × 10−4 2.20 × 10−6 1.04 × 10−5 4.98 × 10−4 7.47 × 10−4 6.06 × 10−4 1.26 × 10−3

F1S1-M 1.34 × 10−4 6.33 × 10−4 7.03 × 10−5 3.33 × 10−4 1.74 × 10−3 2.61 × 10−3 1.94 × 10−3 3.58 × 10−3

F1S1-O 8.61 × 10−5 4.07 × 10−4 5.04 × 10−5 2.38 × 10−4 1.52 × 10−3 2.29 × 10−3 1.66 × 10−3 2.94 × 10−3

F1S1-S 1.98 × 10−5 9.37 × 10−4 1.82 × 10−5 8.61 × 10−6 1.69 × 10−3 2.53 × 10−3 1.71 × 10−3 2.63 × 10−3

F1S2-C 7.09 × 10−5 3.36 × 10−4 1.08 × 10−5 5.12 × 10−5 1.43 × 10−3 2.15 × 10−3 1.51 × 10−3 2.54 × 10−3

F1S2-M 9.56 × 10−5 4.52 × 10−4 1.74 × 10−5 8.21 × 10−5 1.54 × 10−3 2.31 × 10−3 1.65 × 10−3 2.84 × 10−3

F2S1-C 7.96 × 10−5 3.77 × 10−4 3.67 × 10−6 1.74 × 10−5 1.31 × 10−3 1.96 × 10−3 1.39 × 10−3 2.35 × 10−3

F2S1-S 2.18 × 10−5 1.03 × 10−4 6.07 × 10−6 2.87 × 10−5 1.48 × 10−3 2.22 × 10−3 1.51 × 10−3 2.35 × 10−3

F2S2-C 1.78 × 10−5 8.40 × 10−5 5.57 × 10−6 2.64 × 10−5 1.63 × 10−3 2.45 × 10−3 1.65 × 10−3 2.56 × 10−3

F2S2-O 3.49 × 10−5 1.65 × 10−4 8.32 × 10−6 3.94 × 10−5 1.26 × 10−3 1.90 × 10−3 1.30 × 10−3 2.10 × 10−3

F2S2-S 7.22 × 10−5 3.42 × 10−4 1.34 × 10−5 6.35 × 10−5 4.88 × 10−4 2.44 × 10−4 5.74 × 10−4 6.50 × 10−4

In the high-flow season, it was observed that most of the vegetable samples surpassed
the recommended threshold risk limit of 1 × 10−4. This was not the case for F1S2 C (adults:
As(III) and As(V)), F1S4 T (adults and children: As(V)), F2S2-C (adults and children: (As(III)
and As(V)) and F2S2 (adults: As(V)) as the observed cancer risk value was below the limit
indicating that these individual species would have lower chances of cancer risks. Amongst
the three species, Cr(VI) displayed a higher cancer risk in the vegetables. The overall cancer
risk associated with consuming these vegetables indicated that all these vegetables have
a high chance of cancer risk. In adults, the overall cancer risk ranged from 1.92 × 10−3

to 3.54 × 10−3 in farm 1, whereas it ranged from 1.51 × 10−3 to 4.45 × 10−3 in farm 2.
This means that an excess of 191 to 354 cancer cases per 100,000 adult exposure would
occur in farm 1, and 151 to 445 cancer cases per 100,000 adult exposure would occur. In
children, 167 cancer cases and 211 cancer cases per 10,000 children exposure would occur if
the vegetable with the highest ILCR (F1S2-S and F2S1-S) was consumed from farm 1 and
farm 2.

In the low-flow season, a decrease in the cancer risk was observed for adults, partic-
ularly with As(III) and As(V), as most samples had a cancer risk less than the threshold.
Only F1S1-C and F1S1-M displayed a cancer risk exceeding the As(III) species threshold.
Another decrease was observed in children consuming most vegetables containing As(V)
species. Regarding As(III), a cancer risk below the threshold was recorded for F1S1-S
and F2S2-C. Higher probabilities of cancer risks were observed in adults and children
consuming vegetable samples containing Cr(VI), which surpassed the recommended ILCR
threshold. The trend of the risk of developing cancer upon consumption of the vegetable
was as follows: F2S2-S < F1S1-C < F2S2-O < F2S1-C < F2S1-S < F1S2-C < F1S2-M < F2S2-C
< F1S1-O < F1S1-S < F1S1-M. Overall, F1S1-C recorded a high cancer risk of 97 cases per
50,000 adults exposed and 357 cancer cases per 100,000 children in farm 1. In farm 2, it was
83 cases per 50,000 adults exposed and 8 cancer cases per 50,000 children exposed. Overall,
all the vegetables, when consumed, led to higher cancer cases observed, with the cancer
risk in children being higher than that observed in adults. Amongst the two sampling
seasons, more cancer risks were observed in the high-flow season than in the flow season.
The average risk for adults and children was determined using vegetables that were present
in both seasons such as F1S1-S, F1S2-C, F2S1-C, F2S1-S, F2S2-C and F2S2-S. The greatest
risk in adults and children was observed with F2S1-S consumption with 149 cancer cases
per 50,000 adults exposed and 469 cancer cases per 40,000 children exposed per year. From
the above data, these vegetables’ consumption will result in greater cancer risks in children
than in adults which is also observed in similar studies such as that of Bello et al. [82,83].
Cr(VI) is the most dominant carcinogen, and its exposure, as well as that of As species, to
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the environment should be controlled to save the population from exposure and associated
health risks [84].

4. Conclusions

Successful determination of total concentrations (Cr and As) and speciation studies
(As(III), As(V), DMA, MMA, Cr(III) and Cr(VI)) were achieved by applying optimized and
validated analytical methods for the quantification of analytes in different sample matrices.
The results of this study revealed that the water meets the standard for use as total Cr and
As were less than the MPLs set by the WHO and DWAF. The As species were identified
in soil and vegetable samples. In soil, As species’ presence was associated with chemical
transformation by anaerobic bacteria and redox reactions taking place at different sites.
Cr(III) was the dominant species in soil compared to Cr(VI), which was also observed in
other studies. In vegetables, the total Cr reported surpassed the recommended MPL for
both seasons, and the MPL for As was mostly surpassed in the high-flow season.

This study revealed that non-carcinogenic health risks associated with vegetable
consumption would be far greater in children than in adults with THQs suggesting that
serious chronic risks could be observed. The carcinogenic risk assessment indicated that the
probability of higher cancer risks associated with vegetable consumption was 4.73 times
more in children than adults. When the assessment was based on the toxic As and Cr
species, Cr(VI) had the highest cancer risk. Overall, it was concluded that the consumption
of contaminated vegetables could result in high cancer risks for both adults and children.
Further studies need to be carried out to explore more PTEs, different exposure pathways
and different sources of PTEs in rural areas where farming is the main source of food
and livelihood.
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