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Potentially toxic metals 
in irrigation water, soil, 
and vegetables and their health 
risks using Monte Carlo models
Muyiwa Michael Orosun 1,2*, Samuel Nwabachili 2, Reem F. Alshehri 3, Maxwell Omeje 4, 
Ibtehaj F. Alshdoukhi 5, Hussein K. Okoro 6, Clement O. Ogunkunle 7, Hitler Louis 8,11, 
Fakoya A. Abdulhamid 2, Stephen Erhonmonsele Osahon 2, Adamu Usman Mohammed 9, 
Emmanuel Olusegun Ehinlafa 2, Sodiq Omotayo Yunus 2 & Oluwatobi Ife‑Adediran 10

Food safety has become a serious global concern because of the accumulation of potentially 
toxic metals (PTMs) in crops cultivated on contaminated agricultural soils. Amongst these toxic 
elements, arsenic (As), cadmium (Cd), chromium (Cr), and lead (Pb) receive worldwide attention 
because of their ability to cause deleterious health effects. Thus, an assessment of these toxic 
metals in the soils, irrigation waters, and the most widely consumed vegetables in Nigeria; Spinach 
(Amaranthushybridus), and Cabbage (Brassica oleracea) was evaluated using inductively coupled 
plasma‑optical emission spectroscopy (ICP‑OES). The mean concentration (measured in mg  kg−1) 
of the PTMs in the soils was in the sequence Cr (81.77) > Pb(19.91) > As(13.23) > Cd(3.25), exceeding 
the WHO recommended values in all cases. This contamination was corroborated by the pollution 
evaluation indices. The concentrations (measured in mg  l−1) of the PTMs in the irrigation water 
followed a similar pattern i.e. Cr(1.87) > Pb(1.65) > As(0.85) > Cd(0.20). All the PTMs being studied, 
were found in the vegetables with Cr (5.37 and 5.88) having the highest concentration, followed by 
Pb (3.57 and 4.33), and As (1.09 and 1.67), while Cd (0.48 and 1.04) had the lowest concentration 
(all measured in mg  kg−1) for cabbage and spinach, respectively. The concentration of the toxic 
metals was higher in spinach than in cabbage, which may be due to the redistribution of the greater 
proportion of the metals above the ground tissue, caused by the bioavailability of metals in the 
aqueous phase. Expectedly, the hazard index (HI),and carcinogenic risk values of spinach were higher 
than that of cabbage. This implies that spinach poses potentially higher health risks. Similarly, the 
Monte Carlo simulation results reveal that the 5th percentile, 95th percentile, and 50th percentile of 
the cumulative probability of cancer risks due to the consumption of these vegetables exceeds the 
acceptable range of 1.00E−6 and 1.00E−4. Thus, the probable risk of a cancerous effect is high, and 
necessary remedial actions are recommended.

The soil, though it serves as a membrane for the surface of the earth, also serves as a reservoir for various poten-
tially toxic metals (PTMs). The PTMs are usually transferred from the hydrosphere, biomass, atmosphere, and 
 lithosphere1–3. These PTMs are generally generated as a result of both anthropogenic and lithogenic activities. 
Although PTMs generated as a result of human (anthropogenic) activities are said to be more noteworthy and 
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addressable. These anthropogenic activities include mining, smelting, industrialization, agrochemicals, urbani-
zation, domestic wastes, vehicular activities etc.4–6. When the concentration of these PTMs increases above the 
threshold frequency in the soil, it reduces the quality and productivity of the  soil7. The anthropogenic activities 
mentioned do not only affect the soil but also affect water bodies, some of which are used for irrigation. Over the 
years, an increment in the concentrations of toxic elements and metalloids present in irrigation water has been 
recorded due to the aforementioned anthropogenic activities. Contaminated irrigation waters when applied to 
the soil, in turn, cause an increase in the soil concentration which is then passed into the edible parts of a grow-
ing plant such as  vegetables8,9.

Vegetables contain important diet components such as vitamins, protein, minerals, essential trace elements 
etc. Vegetables also help to buffer both acidic and toxic substances that are usually produced during digestion. 
The importance of vegetables has made their consumption spike over the years, all around the world. Unfortu-
nately, vegetables grown in contaminated soil potentially store these PTMs in their edible parts, which in turn 
are passed into the animal bodies and humans alike by ingestion, consequently posing a serious threat to food 
 safety10. Food safety has become a serious global concern because of the accumulation of these PTMs in crops 
cultivated on contaminated agricultural  soils11. The food web has become a threat to human health, and this is 
due to the accumulation of these trace elements in the environment. The potential long-term damage caused by 
the increase of these trace elements present in the vegetables beyond the threshold set by regulations for the entire 
ecosystem cannot be overemphasized. Regulatory bodies such as the Food and Agriculture Organization (FAO), 
World Health Organization (WHO), United States Environment Protection Agency (US EPA), and others con-
trol the allowable concentrations of the PTMs in  food12,13. The intake as a food of these defective vegetables can 
bring about health risks that are classified as carcinogenic and non-carcinogenic. These health risks may include 
adverse effects on the endocrine, cardiovascular, immune, and urogenital systems, skin lesions and neurological 
 problems14. Also, HMs such as Cd, As, Pb, Cr, and Ni have been associated with cancer in various parts of the 
body which include the heart, kidney, liver, stomach, blood, bone, nervous system, etc.15.

In Ilorin, the capital city of Kwara State, Nigeria, every crop is thought to be contaminated with PTMs, 
thereby making it unsafe for consumption. This is because there has been unprecedented urbanization and 
industrialization in the State that has led to the introduction of wastewater contaminated with PTMs into most 
of the irrigation canals. The contaminated water is then used as an irrigation source thereby introducing PTMs 
into the soil which in turn is passed on to crops that are grown on the soils via soil–plant transfer of PTMs. The 
food crops consumed in Ilorin are mostly cultivated around the lower Niger River basin where farming activity 
is prevalent with vegetables being one of the major crops that are grown all-year round. These farming activities 
are largely supported by the Lower Niger River Basin Development Authority (LNRDA). During the dry season, 
these vegetable farmers get involved in irrigation as a major source of water.

Several scientists have reported the level of concentration of PTMs in  water16,17,   soils4,18,19, and food 
 crops18,20–22 from various parts of Nigeria. However, there is a dearth of data on this part of the country (Ilorin) 
despite its rapid urbanization and industrialization. In fact, besides the works of Ogunkunle et al.18,17,23 that 
explore only the deterministic approach of human health risk assessment models, no other work was found. 
Unfortunately, the human health risk assessment model is a deterministic analysis model. It contains intrinsic 
factors that are not certain in the environmental system thereby making it difficult to mirror the unprejudiced 
situation of pollutants to some  extent4,5,24. As a result, a stochastic approach using the Monte Carlo simulation 
(MCS) has advertently been utilized appropriately in this study to evaluate more realistic cancer risks attributed 
to the PTMs. This concept provides researchers with the rare advantage of seeing all the possible outcomes and 
evaluate the impact of risk. This unquestionably give room for better decision-making in the midst of inherent 
uncertainties. It accomplishes the risk examination by developing models of probable outcomes by exchanging 
an array of values (probability distribution) for any factor with uncertainty. In this current work, 10,000 trials 
were utilized to ascertain the probability (which could be above or below the 95th percentile) of whether a 
population may be at risk or not.

Hence, this study was carried out to assess the concentrations of arsenic (As), cadmium (Cd), chromium 
(Cr), and lead (Pb) in the soils, irrigation waters, and the most widely consumed vegetables in Nigeria which are 
spinach (Amaranthushybridus), and cabbage (Brassica oleracea), and evaluate the potential dietary health risks 
to consumers via both stochastic and deterministic human health risk assessment models.

Materials and methods
Study area
The study was carried out in Ilorin, the state capital and by far the most populated municipality in Kwara State, 
Nigeria (Fig. 1). It lies within longitude and latitudes: 8° 20′ N, 4° 25′ E, and 8° 50′ N, 4° 65′ E as shown in Fig. 1. 
As reported by the National Population Commission of Nigeria (NPC), Ilorin, as of 2011, had a population of 
2,748,100 with population density projected to be 74.6 p  km−2 and a growth rate of + 3.05% per year. Children 
below 14 years of age make up about 43.5% of the population while 53.3% and 3.2% of the residents are between 
the ages 15–64 years and over 64 years  respectively4,25. It was reported by the NPC that the projected population 
of the study area would be 3,599,800 in 2020. Kwara state, within which the study area is located, has an eleva-
tion above sea level of 251 m (equivalent to 823 feet). Its climate is humid wet and dry with an average annual 
rainfall of 1200  mm26. It records a yearly average temperature of 26.2 °C and hottest month temperature of 30 °C 
in the month of March. Ilorin is located in the south-western region of Nigeria with the rainy and dry months 
from April to October and November till March, respectively. The dry season follows immediately in November 
up until March. The study area has crystalline Pre-Cambrian basement complex rocks of the igneous and meta-
morphic formations. The metamorphic formation is made up of gneiss of the following types: biotite, quartzite 
augite, banded, and granitic. Pegmatite and vein quartz is comprised of intrusive  rocks27,28.
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Collection and preparation of samples
Soil and vegetables
For archetypal sampling, thirty-one (31) sample sites each covering an area of about 50 × 50  m2 as shown in 
Fig. 1 were mapped out. This covers almost all the farmlands used for the cultivation of vegetables. Surface soil 
and vegetable samples within the same rooting location were collected from all the sampling points during the 
harvesting season in March 2021. Five (5) samples of topsoil (0–15 cm) and edible parts (leaves) of the vegeta-
bles were collected from each of the mapped thirty-one (31) sample sites giving an X-shape approach, forming 
a composite sample for the given sample  location29,30. The composite samples of the soil consist of 155 samples 
to form 31 composite soil samples, the composite samples of the vegetables comprise 60 cabbages (Brassica 
oleracea) to form 12 composite samples, and 95 spinaches (Amaranthushybridus) to form 19 composite samples. 
The samples from the soil were collected from the rooting region of the vegetable plants, marked for sampling 

Figure 1.  Map and sampling points distribution of the study area.
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in labeled polyethylene bags weighing about 1 kg using a soil auger. The samples were then taken to the Chem-
istry Laboratory at the University of Ilorin, to perform the removal of the following: stone fragments, plastic 
and rubbers, shards, organic matter, and other extraneous particles, in order to make the samples  clean4. The 
samples were subjected to air-drying at room temperature for 2 weeks to minimize their moisture content, to 
get constant dry weight, and finally, prevent any chemical effects from the presence of water in the soil matrices. 
The samples were grinded to powder using an agate mortar, sieved for homogeneity using a 1 mm mesh size, 
and then kept in fit-labeled polyethylene vials before digestion. Deionized water was used to wash the vegetable 
samples in order to rid them of soil particles other contaminants. The edible part of the plant was air-dried under 
normal room conditions in the Laboratory for 24 h followed by oven drying using an electric oven at 70 °C until 
a constant dry weight was  gotten4,31. The marked vegetable plants were collected at each of the points where the 
previous sampling of soil was done.

Aqua Regia method was adopted for the digestion of the soil and vegetable samples. 1 g of each soil sample 
was put into to a clean digestion flask followed by the addition of 3 ml and 9 ml of concentrated  HNO3 and 
concentrated HCl,  respectively32,33. The mixture was then subjected to heat until there was no accompanying 
release of brown fumes, which indicated the liberation of all compounds of nitrogen present in the mixture. This 
release confirmed that the digestion process was completed. Afterwards, the digests were cooled under normal 
room conditions and few drops of distilled water were introduced into the mixture and filtered into a standard 
flask to make a 25 ml volume. This mixture was finally poured out into a polyethylene plastic reagent bottle and 
the concentrations of Pb, Cr, As and Cd in the digests were analyzed with an Inductively Coupled Plasma Opti-
cal Emission Spectroscopy (ICP-OES) following the prEN16174  procedure34. Device calibration was ensured 
using recommended procedures that use standard solutions. Detection limits for Pb, Cr, As and Cd are 0.50, 
0.50, 0.05, and 0.07 mg  l−1, respectively.

In-situ measurements were carried out to determine the pH and electric conductivity (µS  cm−1) of the soil 
and water samples.

Collection and preparation of water samples
Suitable and clean rubber test bottles were used to collect thirty (30) samples of water from the irrigation canal 
shown in Fig. 1. Immediately after collection, the water samples were subjected to filtration using 0.45 µm filter 
membranes. Following the standard  method32. Aqua Regia was used as the extracting agent for the digestion of 
the filtrates. Briefly, 100 ml of the collected water samples were measured into a clean dry digestion flask, and 3 
ml and 9 ml of  HNO3, and HCL, respectively (both concentrated) were added to the samples. Digestion of the 
samples was then completed after the mixture was heated until every nitrogenous compound is given off as brown 
fumes. The concentrations of As, Cd, Pb, and Cr in the digests were determined using an Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES) instrument following the prEN16174,  ECS34 procedure as 
stated earlier.

Quality control/quality assurance
The use of analytical grade chemicals as well as the incorporation of sample duplicates and blanks in the analytical 
procedures of the potentially toxic elements (PTE) were adhered to for accuracy. The equipment were sterilized 
and prevented from contamination. Pre-cleaning of the glass-wares was properly carried out by soaking all the 
glass-wares in 6% HCl for 24 h, after which they were thorough rinsed using distilled water and oven-dried at 
about 105 °C32,33. The blanks were analyzed same way as the samples. The percentage recovery greater than 90% 
was achieved for each of the potentially toxic elements with linear calibration curves  (R2 of 0.999).

Bioaccumulation factor (BAF)
The bioaccumulation factor, which is also known as the transfer factor, is defined as the ratio of the concentra-
tion of the PTMs found in the vegetables to that which is found in the corresponding soil. BAF values can be 
calculated using Eq. (1) below

Cvegetable denotes the concentration of PTMs (Pb, As, Cr, and Cd), found in the vegetable while  CSoil connotes 
the concentration of PTMs in the soil. In the food chain, one of the main routes that lead to the exposure of 
humans to these PTMs is the soil-to-plant transfer. A BAF value of less than 1 means that the vegetables absorbed 
(but did not accumulate) the toxic metal from the soil. BAF values that are greater than one, indicate that the 
plant absorbed and accumulated the that the toxic element from the  soil4,35.

Exposure evaluation
Evaluation of some exposure indices such as the enrichment factor (EF) and Modified Pollution Index (MPI) 
was used in the assessment of the degree of contamination of the soil, and the irrigation water.

Enrichment factor (EF)
To evaluate the enrichment factor (EF), we use the formula given below;

(1)BAF =
Cvegetable

Csoil

(2)EF =
Ci

Cref
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where  Ci = concentration of PTMs in target (soil) while  Cref = concentration of HMs given by regulatory 
bodies such as WHO, FAO, and USEPA. The classification of the results, according to Mokhtarzadeh et al.36, is 
as follows: EF < 2 implies that the enrichment is minimal; EF (2–5) implies that the enrichment is moderate; EF 
(5–20) means that the enrichment is significant; EF (20–40) implies that the enrichment is very high, and EF > 40 
implies extremely high enrichment.

Modified Pollution Index (MPI)
Equation (3) below gives the formula that is used to evaluate the MPI where  EFmean represents the mean of the 
EF for the PTMs being studied while  EFmax represents the maximum value of the EF.

MPI is a suitable and valid approach to characterize the extent or magnitude of PTM contamination for a 
given sample of vegetables. The following are the terms used for MPIs based on values:

An MPI that is less than 1 implies, not contaminated; MPI between 1 and 2 suggests slight contamination; 
MPI between 2 and 3 reveals moderate contamination; MPI between 3 and 5 means significant contamination; 
MPI greater than 5 and less than 10 implies severe contamination. Finally, MPI greater than 10 implies extreme 
 contamination36.

Health risk assessment
The following steps are important in the evaluation of health risk: assessment of toxicity/dose–response, exposure 
evaluation, hazard identification, and risk characterization. The risk assessment is a technique which is regularly 
employed in the assessment of the health effect of due to the exposure of humans to various trace  elements13,24. 
Hazard Identification is carried out in order to study the concentration level, and spatial distribution of pol-
lutants present in a particular site. In order to carry out exposure assessment, the population’s Average Daily 
Intake (ADI) through the ingestion of the trace elements was calculated exposure assessment was carried out. 
Toxicity resulting from the exposure intensity of the HMs was evaluated by Dose–Response (the response of 
the body system to a particular amount of trace element) assessment. The slope factor (SF) and reference dose 
(RfD) which represent a carcinogenic potency factor and a non-carcinogenic threshold respectively, were used 
as toxicity indices as shown in Table 1. To predict the non-cancerous health risks as well as the probability of 
cancer development for the populace, the following equation was used.

The ADI by ingestion of vegetables was calculated using Eq. (4) below;

where Cv is the concentration of PTMs in the vegetable, BW is the exposed person’s body weight, ED is taken 
as the duration of exposure in years, AT is expressed in days as the period over which the dose is averaged, EF 
represents the frequency of exposure in day/year, and IngRv is the ingestion rate of the vegetable. The parameter 
used is given in Table 1 below.

Assessment of non‑cancer health risks
The ratio of the estimated ADI to the RfD of a particular PTM results in the target hazard quotient (THQ) which 
is used for non-carcinogenic risk  assessment24. To calculate the THQ, the formula given in Eq. (5) is used. The 
RfD is the maximum oral dose that is allowable for a toxic substance RfD is also said to be the chronic reference 
dose for a single PTM (mg  kg−1-day−1), while ADI is the average daily intake of a single toxic element.

(3)MPI =

√

(EFmean)
2
+ (EFmax)

2

2

(4)ADIinj−veg =
Cv × IngRv × EF × ED

BW × AT

(5)THQ =
ADI

RfD

Table 1.  Exposure parameters for calculating cancer and non-cancer health risks to  humans5,24,31,37.

Risk exposure factors Values Symbols Units

Exposure duration 55 ED Years

Daily vegetable intake 65 DVI g  person−1  day−1

Body mass 70 BM kg

Conversion factor (fresh to dry weight) 0.085 Cf

Exposure frequency 365 EF Day  year−1

Time of exposure ED X 365 TA Days

Ingestion reference dose Pb (0.0035), As (0.0003), Cd (0.001), Cr (0.003) RfD mg  kg−1  day−1

Ingestion carcinogenic slope factor As (1.5), Pb (0.0085), Cr (5 ×  10–1), Cd (3.8 ×  10–1) SF (mg/kg/day)−1
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where ADI is the average daily intake of a single chemical and RfD is the chronic reference dose for the element 
(mg  kg−1-day−1)24. A HQ is greater than 1 indicates a high probability of adverse health effects on the exposed 
persons. For HQs less than 1, there is no possibility of adverse health  effects24. The Hazard Index (HI), which 
is expressed as the total sum of HQ, is calculated for the different exposure pathways using Eq. (6)15,24,38. HI is 
used to aggregate the human health risks as a result of exposure to more than a single PTM, the hazard index 
(HI) was  established24.

Assessment of cancer risk
To provide the risk index or calculate the probability of a certain populace developing cancer of any kind after 
being exposed to a carcinogen over a projected lifetime, the carcinogenic risk assessment is carried  out24,37. The 
incremental lifetime cancer risk (ILCR) that projects the likelihood of an exposed individual person developing 
malignant cells over some time is evaluated using Eq. (7)24.

where SF (mg  kg−1  day−1) represents the cancer slope factor and ADI is as defined earlier. ILCR values below 
1 ×  10–6 are generally regarded as safe and thus, posing no cancer risk to humans, while greater than 1 ×  10–4 is 
largely assumed to be high and thereby posing a higher cancer risk. Hence, the tolerable range for the ILCR is 
between 1 ×  10−4 and 1 ×  10–6.

Monte Carlo Simulation (MCS) using ORACLE crystal ball software
Monte Carlo simulation is a mathematical technique that is used to evaluate the probable outcomes of any 
event with uncertainties. This technique is the most widely used approach that accommodates the uncertain-
ties, complexity, and variability linked with many risk-related problems particularly the ones that affect human 
safety and the  ecosystem4,39–41. The National Academy of Sciences and  USEPA42,43 have acknowledged Monte 
Carlo simulation as a means of appraising variability and uncertainty in health risk evaluations. This is because it 
presents a quantitative approach to evaluate the probability distributions for health risks within the legitimacy of 
the risk assessment  model40,41,44 and offers additional information for decision-making related to human health 
and environmental  protection45. Decisions regarding the needs for mitigation or remediation is a very critical 
task involving the analysis of risks. Decision-makers frequently come across variability, obscurities, and uncer-
tainties in risk analysis. The daily rate of ingestion of the toxic substance (i.e. Cd, Cr, As, and Pb) by individuals 
that are exposed, their estimated body weight (70 kg was adopted for this study), the quantity of PTMs in the 
collected samples and their corresponding cancer slope factors are all causes of uncertainty that complicates the 
appraisal of risk assessment. While underestimation of the cancer risks can lead to avertible radiological health 
effects on the inhabitants, its overestimation can lead to the waste of scarce resources on needless remediation. 
Health risk evaluation using the assessment models outlined earlier in "Health risk assessment", is a determin-
istic approach that underestimates or overestimates the actual  risk5,46. Consequently, a stochastic method using 
Monte Carlo simulation (MCS) has been used properly in this current work to assess more realistic risks related 
to the PTMs (Cd, Cr, As, and Pb) present in the vegetable samples. This concept provides researchers with the 
rare advantage of seeing all the possible outcomes and evaluate the impact of risk. This unquestionably give 
room for better decision-making in the midst of inherent uncertainties. It accomplishes the risk examination 
by developing models of probable outcomes by exchanging an array of values (probability distribution) for any 
factor with uncertainty. The Monte Carlo simulation then calculates the outcomes numerous times (10,000 tri-
als were used), expending several arbitrary values from the probability functions on each occasion. The Oracle 
Crystal Ball software version 11.1.2.4.850 was used to perform the Monte Carlo simulation.

Ethical approval
All authors have read, understood, and have complied as applicable with the statement on "Ethical responsibilities 
of Authors" as found in the Instructions for Authors. Experimental research and field studies on plants, including 
the collection of plant material, complied with relevant institutional, national, and international guidelines and 
legislation. Permissions were also obtained from the University of Ilorin Ethical Review Committee that permits 
the collection of the plant samples.

Results and discussion
Levels of PTMs and physiochemical parameters of the soil samples
Table 2 below presents the descriptive statistics of the concentration of the PTMs (As, Pb, Cr, Cd) in the topsoil 
samples. The pH of the soil ranged between 7.00 and 8.60 with a mean value of 7.64. The mean soil pH value is 
a little greater than 7.00 implying that this soil is a little basic. The electric conductivity (EC) had a minimum 
value of 46.8 µS  cm−1 and a maximum value of 64.3 µS  cm−1 with a mean value of 58.35 µS  cm−1.These values fall 
below the W.H.O. and F.A.O. (Food and Agricultural Organization) recommendations. EC range of between 
400 and 600 µS  cm−1 which implies that the dissolved salt in this soil was not excessive. The concentration for 
As ranged between 8.97 and 18.23 mg  kg−1 with a mean concentration of 13.23 mg  kg−1. This is greater than 
the world average of 6.83 mg  kg−1 by 1.94 times (almost twice). The max value of As (18.23 mg  kg−1) was still 
in the range of the Maximum Allowable Concentration (MAC) which has a value range of 15–20 mg  kg−1. The 
mean value is still in the range of the TAV (10–65 mg  kg−1). Similarly, Pb recorded a maximum concentration 
of 23.63 mg  kg−1, a minimum concentration of 13.31 mg  kg−1 and a mean concentration of 19.91 mg  kg−1. 

(6)HI =
∑

HQ

(7)ILCR = ADI× SF
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According to Table 3, the mean concentration for Pb is greater than the concentration limit for soil, which is 
2.0 mg  kg−1 according to  WHO47. Cr had a maximum concentration of 91.73 mg  kg−1, a minimum concentration 
of 71.32 mg  kg−1 and a mean concentration of 81.77 mg  kg−1. Cd had a maximum concentration of 4.72 mg  kg−1 
and a minimum value of 2.05 mg  kg−1 with an average concentration of 3.25 mg  kg−1 which is greater than the 
WHO (i.e. 0.48 mg  kg−1) for  Cd47.

Levels of PTMs in the irrigation water sample
Table 4 shows the summary of the concentration of PTMs (As, Pb, Cr, and Cd) in the irrigation water sample. 
It can be seen that the water sample had a pH level of between 6.5 and 7.6with an average of 7.18. This, is in 
the WHO and FAO pH range of 6.5–8.5 and 6.4–8.4, respectively. This goes to show that the irrigation water 
is neutral i.e. not acidic, nor basic. The electrical conductivity (EC) had a value between 365 and 385 µS  cm−1. 
This is in the WHO and FAO accepted level of 400–600 µS  cm−1 as shown in the Table 3. This means that the 
level of dissolved salt in the water is below the normal standard thereby making the pH to be in the level it is. 
Electrical conductivity is used to assess the level of salinity. If the level of the EC is beyond the accepted level, 
this means that the salinity is beyond acceptable as this will increase the EC of the soil, thereby causing it to 
have an increase in the amount of dissolved salt which leads to over-flocculation of the soil. As, Pb, Cr, and Cd 
recorded minimum concentrations of 0.11, 1.11, 1.02, and 0.1 mg  kg−1, maximum concentrations of 1.31, 2.51, 
1.02, 2.51 mg  kg−1 and mean concentrations of 0.85, 1.65, 1.87, 0.2 mg  kg−1, respectively. The mean concentration 
of As (0.85 mg  kg−1) was found to be 8.5 times greater than the WHO acceptable limit of 0.1 mg  kg−1. Pb had a 
mean concentration of 1.65 mg  kg−1 i.e. 3.03 times less than the accepted WHO threshold value of 5.0 mg  kg−1. 
On the other hand, Cr had a mean concentration that is 18.7 times greater than the WHO accepted threshold of 
0.1 mg  kg−1. Finally, Cd had a mean concentration that is 20 greater than the WHO accepted value (0.01 mg  kg−1) 
(see Table 3). According to Maleki et al.54, the concentration of these metals in the irrigation water may increase 
their level in the soil which in turn may cause the metal uptake by the vegetables to upsurge thereby leading 
to an increment in their concentration in the vegetable and vice versa. The osmotic activity carried out by the 

Table 2.  Statistical distribution of concentration of PTMs in soil samples. *WA world average, *TAV trigger 
action value, *MAC maximum allowable concentration in  soil48–50.

Statistics pH EC (µS  cm−1) As (mg  kg−1) Pb (mg  kg−1) Cr (mg  kg−1) Cd (mg  kg−1) 

Min 7 46.8 8.97 13.31 71.32 2.05

Max 8.6 64.3 18.23 23.63 91.73 4.72

Mean 7.67 58.35 13.23 19.91 81.77 3.25

Median 7.55 58.45 14.21 20.4 83.52 3.12

SD 0.53 5.16 2.82 3.21 6.74 0.78

CV 0.069 0.088 4.69 6.2 12.13 4.17

WA – – 6.83 27.00 59.50 0.41

MAC – – 15–20 20–300 50–200 1–5

TAV – – 10–65 50–300 50–450 2–20

Table 3.  Recommended limit for selected PTMs in irrigation water, and soil for agriculture. 51–53 .

Matrix

Recommended limit for the selected PTMs

As Cd Cr Pb EC (µS  cm−1) pH

WHO Irrigation  water 0.1 0.01 0.1 5.0 400–600 6.5–8.5

WHO Soil – 0.48 11.0 2.0 – –

WHO Vegetables – 0.2 2.3 0.3 – –

FAO Irrigation water – – – – 400–600 6.5–8.4

Table 4.  Descriptive statistics of the PTM concentration in irrigation water samples.

Statistics pH EC (µS  cm−1) As (mg  kg−1) Pb (mg  kg−1) Cr (mg  kg−1) Cd (mg  kg−1)

Min 6.5 365 0.11 1.11 1.02 0.1

Max 7.6 385 1.31 2.51 2.51 0.31

Mean 7.18 377.67 0.85 1.65 1.87 0.2

Median 7.3 380 1.03 1.51 1.92 0.2

SD 0.32 6.71 0.42 0.45 0.51 0.07

CV 22.44 56.28 2.02 3.67 3.67 2.86
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vegetable in obtaining water that is already contaminated with these PTMs and from the soil is believed to lead 
to the bioaccumulation of PTMs in the vegetables.

Levels of PTMs in vegetable samples
Table 5 below shows the concentration of PTMs found in the vegetable samples collected from the farms. For 
cabbage, the concentrations of As, Pb, Cr and Cd range from 0.57 to 1.5, 2.97 to 4.21, 3.64 to 6.56, and 0.24 to 
0.63 mg  kg−1 respectively, with an estimated average value of 1.09, 3.57, 5.37, 0.48 mg  kg−1. Similarly, for spin-
ach, the concentrations of As, Pb, Cr, and Cd range from 1.02 to 2.11, 1.24 to 4.89, 1.83 to 7.21 and 0.41 to 1.69 
mg  kg−1 with corresponding means of 1.67, 4.33, 5.88 and 1.04, respectively. It was observed that the estimated 
average value of Cd found in the spinach and cabbage was respectively 5.2 and 2.4 times beyond the  WHO47 
threshold value (0.2 mg  kg−1) of Cd that is recommended to be present in the vegetable sample. Similarly, 
the mean concentration of Cr in the spinach and cabbage was 2.5 and 2.3 fold greater than the concentration 
threshold placed by  WHO47. The mean concentration of Pb found in the spinach and cabbage was very much 
higher (i.e. 14.4 and 11.3 times respectively) than the provided concentration threshold of Pb recommended 
by WHO (0.3 mg  kg−1) (see Table 3). Recall that Cd at a high level of concentration causes cancer, hyperten-
sion and Anaemia, and prolonged exposure to enhanced doses of Cr may lead to deleterious effect in sensitive 
organs such as kidney and liver. Low exposure to Pb can harm the central nervous system particularly those of 
infants and children, protracted kidney disease, blood pressure, and  cancer5. It can be observed from Fig. 2, that 
the toxic element’s concentrations were higher in spinach than in cabbage. This revelation is in agreement with 
the findings of Ahmed et al.10, Maleki et al.54, and others where the higher concentrations were attributed to 
deposits on the leaves of spinach during irrigation as well as root uptake from soil (absorbed by root hairs and 
translocated to leaves). Additionally, the variation of the toxic elements in the spinach and cabbage, is depend-
ent on the physiochemical nature of the soil and the vegetable’s capacity to absorb each toxic chemical which is 
greatly affected by environmental factors, planting and farming methods, specie of plant, climatic conditions, 
etc. The bioaccumulation factor (BAF) also referred to as the transfer factor, was evaluated to assess the mobil-
ity of the potentially toxic metals in the soil–plant system. The BAF values for cabbage range between 0.18 (Pb) 
and 0.07 (Cr), and ranged between 0.23 (Cd) and 0.07 (Cr) for spinach. While these values are all less than 1, 
implying that the toxic metal was only absorbed by the vegetables but not accumulated, it was observed that the 
BAF values for spinach were higher than the values for cabbage for all the metals. This corroborates the fact that 
spinach poses a higher risk than cabbage.

Pollution evaluation
The enrichment factor (EF) of the understudied PTMs found was analyzed and presented in Table 6. As had a 
least value of 1.31, highest value of 2.67, and a mean value of 1.94. Pb had a minimum value of 0.49, a maximum 
value of 0.88, and a mean value of 0.74. Cr had a least value of 1.198, highest value of 1.542, and a mean value of 
1.37. Cd had a minimum value of 5, a maximum value of 11.51, and an average value of 7.93. The enrichment 
factor is very important in determining the level of contamination of the soil. Recall that, EF < 2 implies that the 

Table 5.  Statistical distribution of PTMs concentration in the vegetable samples.

Vegetable Statistics As Pb Cr Cd

Cabbage (Brassica oleracea) (n = 60)

MIN 0.57 2.97 3.64 0.24

MAX 1.50 4.21 6.56 0.63

MEAN ± STDV 1.09 ± 0.27 3.57 ± 0.49 5.37 ± 0.97 0.48 ± 0.14

BAF 0.08 0.18 0.07 0.15

Spinach (Amaranthushybridus) (n = 95)

MIN 1.02 1.24 1.83 0.41

MAX 2.11 4.89 7.21 1.69

MEAN ± STDV 1.67 ± 0.43 4.33 ± 0.72 5.88 ± 1.53 1.04 ± 0.62

BAF 0.13 0.22 0.07 0.32

Figure 2.  Mean concentrations of PTMs in the vegetable samples.
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enrichment is minimal; EF (2–5) implies that the enrichment is moderate; EF (5–20) means that the enrichment 
is significant; EF (20–40) implies that the enrichment is very high, and EF > 40 implies extremely high enrich-
ment. From Table 6, it can be said that the soil was more contaminated by Cd. The levels of EF for As, Pb, and 
Cr are less than 2 implying minimal or insignificant enrichment. While the EF values of Cd fall between 5 and 
20 signifying significant enrichment.

The result of the modified pollution index (MPI) is presented in Table 7. As had a pollution index of 2.33, Pb 
had 0.81, Cr had 1.46, and Cd had 9.88. This implies that the soils were moderately polluted by As and Cr since 
their MPI values fall between 1 and 3. Pb whose value is 0.81 implies minimal or insignificant pollution by lead. 
Finally, Cd had a value of 9.88, a considerably high value, a value that is so close to 10. This also reveals that 
the vegetables would be severely contaminated with Cd. This implies that the populace is at risk of Cd-related 
diseases. Note that when cadmium is introduced into the body, it is transferred into the bloodstream by erythro-
cytes. Cd ends up accumulating in the kidneys, livers, and gut. This is because of its slow excretion. Exposure to 
Cd can lead to myriad deleterious health effects including pulmonary edema, osteomalacia, testicular damage, 
damage to the hemopoietic and adrenals system, and hepatic/renal dysfunction. Occupational Cd is linked with 
lung, breast, prostate, pancreas, urinary bladder, and nasopharynx  cancers55–57. This means that a lot of attention 
needs to be paid to by the authorities to the introduction of cadmium into the irrigation water.

Human health risk assessment
Table 7 shows the average daily intake (ADI) of PTMs from vegetables analyzed. For cabbage, As recorded a maxi-
mum value of 1.39 E−3, a minimum value of 0.53 E−3, and a mean value of 1.01 E−3. Pb recorded a maximum 
value of 3.91 E−3, a minimum value of 2.76 E−3, and a mean value of 3.32 E−3. Cr had a maximum value of 6.09 
E−3, a minimum value of 3.38 E−3, and a mean value of 4.99 E−3. Cd had a maximum value of 0.59 E−3, a mini-
mum value of 0.22 E−3, and a mean value of 0.45 E−3. Spinach (Amaranthushybridus) As recorded a minimum 
value of 0.95 E−3, a maximum value of 1.96 E−3, and a mean value of 1.55 E−3. Pb recorded a minimum ADI of 
value 1.15 E−3, a maximum value of 4.54 E−3, a mean value of 4.02 E−3 Cr had a minimum value of 1.70 E−3, a 
maximum value of 6.70 E−3, and a mean value of 5.46 E−3. Cd had a maximum value of 1.57 E−3, a minimum 
value of 0.38 E−3, and a mean value of 0.97 E−3. From the recorded mean values for cabbage (Brassica oleracea), 
it was found that Cr was taken in more, while Cd was least taken in by the populace.

For spinach (Amaranthushybridus) the mean values of the ADI also confirm that the dietary intake of Cr was 
highest, while Cd was the least.

The hazard quotient (HQ) of the PTMs understudy in the vegetables is shown in Table 8. For cabbage, As 
recorded a maximum HQ of 4.64, a minimum Hazard quotient of 1.76, and a mean value of 3.37. Pb had a 
maximum HQ of 1.12, a minimum of 0.79, and a mean of 0.95. Cr had a maximum value of 2.03, a minimum 
value of 1.13, and a mean value of 1.66. Cd had a maximum value of 0.59, a minimum value of 0.22, and a mean 
value of 0.45. For spinach (Amaranthushybridus) Ashad a maximum value of 6.53, a minimum value of 3.16, and 
a mean value of 5.17. Pb had a maximum of 1.29, a minimum value of 0.33, and a mean value of 1.14. Cr had a 
maximum value of 2.23, a minimum value of 0.57, and a mean value of 1.82. Cd had a maximum value of 1.57, a 
minimum value of 0.38, and a mean value of 0.97. The Hazard Index (HI) for cabbage ranges between 8.38 and 
3.90, with an average value of 6.43, while HI for spinach ranges between 11.62 and 4.44, with an average value 
of 9.10. Expectedly, the HI value of spinach is higher than that of cabbage. According to  USEPA24, HI values, 
less than 1 (< 1) do not have a probable non-cancerous effect, while values greater than 1 (> 1), have a probable 
non-cancerous effect. This implies that spinach posesa higher non-carcinogenic risk. Most important is the 
fact that both the spinach and cabbage have HI values high than 1 which is the standard set by  USEPA24. This 

Table 6.  Pollution evaluation indices.

PTMs As Pb Cr Cd

EF 1.94 0.74 1.37 7.93

MPI 2.33 0.81 1.46 9.88

Table 7.  Average daily intake (ADI) of PTMs from the vegetables (×  10–3).

Vegetable Stat As Pb Cr Cd

Cabbage (Brassica oleracea)

MIN 0.53 2.76 3.38 0.22

MAX 1.39 3.91 6.09 0.59

MEAN 1.01 3.32 4.99 0.45

STDEV 0.23 0.44 0.86 0.12

Spinach (Beta vulgaris)

MIN 0.95 1.15 1.70 0.38

MAX 1.96 4.54 6.70 1.57

MEAN 1.55 4.02 5.46 0.97

STDEV 0.40 0.67 1.42 0.58
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follows that the general populace is at greater risk of non-carcinogenic risks from consuming these vegetables. 
From the mean values of the PTMs found in all the vegetable samples collected, it is observed that As is the chief 
contributor to non-cancer toxic risk followed by Cr, Pb, and then Cd.

Similarly, from Table 9, the estimated incremental lifetime cancer risk (ILCR) was observed to have the high-
est value of 5.39E−3 and the lowest value of 2.58E-3, and an average value of 4.21E−3, for the Cabbage while the 
minimum, maximum and mean values of the ILCR for the spinach are 2.42E−3, 6.93E−3, and 5.46E−3 respec-
tively. This also reveals that spinach poses a higher carcinogenic risk than cabbage. As previously mentioned, 
ILCR values that exceeds 1.00E−4 are regarded high and deplorable as they are adjudged to pose greater cancer 
risks, while the ILCR values within the lower boundary of 1.00E−6 are considered not to pose any cancer risk 
to humans. Consequently, the established acceptable cancer risks range is between 1.00E−4 and 1.00E−6. This 
follows that the estimated ILCR for both spinach and cabbage exceeds the threshold values provided by  USEPA24. 
Hence, the probable risk of a cancerous effect is high and the public should be cautious as the risk level for both 
vegetables falls in Level VII (High Risk) (see Table 10). Thus, the attention of the appropriate authorities is needed 
and necessary remedial action is recommended.

The above carcinogenic risks yield a single-point risk estimation. Hence, the MCs that provides a stochastic 
approach was broadly deployed. The simulation computed ten thousand trials. The  95th,  50th (mean) and  5th 
percentiles of the carcinogenic risk distribution and their respective sensitivity assessments for the vegetables, 
were evaluated and provided in Table 11 and Figs. 3, 4, 5 and 6.

Table 8.  Hazard quotient (HQ) and Hazard Index (HI) of PTMs in the vegetables.

Vegetable Stat As Pb Cr Cd HI

Cabbage (Brassica oleracea)

MIN 1.76 0.79 1.13 0.22 3.90

MAX 4.64 1.12 2.03 0.59 8.38

MEAN 3.37 0.95 1.66 0.45 6.43

STDEV 0.77 0.12 0.29 0.12 1.30

Spinach (Beta vulgaris)

MIN 3.16 0.33 0.57 0.38 4.44

MAX 6.53 1.29 2.23 1.57 11.62

MEAN 5.17 1.14 1.82 0.97 9.10

STDEV 1.33 0.19 0.47 0.58 2.57

Table 9.  Incremental lifetime cancer risk (ILCR) of PTMs from the vegetables (×  10–3).

Vegetable Stat As Pb Cr Cd ILCR

Cabbage (Brassica oleracea)

MIN 0.79 0.023 1.69 0.08 2.58

MAX 2.09 0.033 3.045 0.22 5.39

MEAN 1.52 0.028 2.49 0.17 4.21

STDEV 0.35 0.004 0.43 0.045 0.83

Spinach (Beta vulgaris)

MIN 1.42 0.0097 0.85 0.14 2.42

MAX 2.94 0.039 3.35 0.596 6.93

MEAN 2.33 0.03 2.73 0.37 5.46

STDEV 0.60 0.006 0.71 0.22 1.54

Table 10.  Levels and values of assessment standards according to Haque et al.57 and Li et al.58.

Risk levels Range of risk Acceptability

Level I  <  10–6 Extremely low risk: accept the risk level

Level II 10–6,  10–5 Low risk: not worry about the risk

Level III 10–5, − 5 ×  10–5 Low-medium risk: not wary of the risk

Level IV 5 ×  10–5, −  10–4 Medium risk: care about the risk

Level V 10–4, − 5 ×  10–4 Medium–high risk: worry about the risk and be eager to participate in it

Level VI 5 ×  10–4, −  10–3 High risk: show care and take remedial action

Level VIII  >  10–3 Extremely high risk: mandatory to solve it

Cabbage (Brassica oleracea) 4.21 ×  10–3

Spinach (Beta vulgaris) 5.46 ×  10–3
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The assessment of the least cancer risk  (5th percentile = best case scenario) for the cumulative risk for the 
cabbage shows that the general public has risk values higher than the acceptable range of 1.00E−4 and 1.00E−6. 
Likewise, the maximum probable cancer risk assessment (95th percentile = worst-case scenario) reveals values 
above the receptors’ acceptable range. Similarly, the most likely risk estimation (50th percentile or mean) indicates 
that the most likely cancer risk for the cabbage is that four humans in the population of 1000 would be affected. 
For spinach, the assessment of the least cumulative cancer risk shows that the public has risk values higher than 
the acceptable range of 1.00E−4 and 1.00E−6 (i.e. 2.72E−3). The maximum probable cancer risk assessment for 
spinach exceeds the acceptable range for cancer risks. In the same way, the most likely risk estimation shows 
that the most likely cancer risks for spinach are that five humans in the population of 1000 would be affected. 
The result of the sensitivity analysis shows that the factor with the maximum impact on the carcinogenic risks 
caused by the consumption of the two vegetables from Ilorin, Nigeria was the concentration of the potentially 
toxic metals, followed by the volume of vegetables consumed, then the cancer slope factor while the body appears 
to have a negative correlation/contribution.

Conclusion
The concentration of the potentially toxic metals determined was in the sequence Cr > Pb > As > Cd for soil 
samples thereby exceeding the WHO-recommended values in all cases. These higher values of toxic metals 
may be attributed to the redistribution of metal-bioavailability of ground tissue uptake in the aqueous phase. 
This pollution was corroborated by the modified pollution index and the enrichment factors (the pollution 
evaluation indices). The concentrations of the toxic metals in the irrigation water followed a similar pattern i.e. 
Cr > Pb > As > Cd. The irrigation water was neutral while the soil was slightly basic with both (soil and irrigation 
water) having conductivity values within the acceptable range. All the understudied toxic metals were found 
in the vegetables with Cr having the highest concentration followed by Pb and As, while Cd had the lowest 
concentration. The concentration of the toxic metals was higher in spinach than in cabbage. The higher toxic 
metal in spinach may be due to the soil geomorphology that enhances the geogenic impacts on roots-soil-metal 
retentive ability. This revelation was in agreement with the previous findings and was attributed to deposits of 
toxic metals on the leaves of spinach during irrigation. It was noted that the variation of the toxic metal contents 
in these vegetables is dependent on the physiochemical nature of the soil, and the vegetable’s capacity to absorb 
each metal which is greatly affected by the environmental factors, planting, and farming methods, specie of 
plant, climatic conditions, etcetera. Expectedly, the Hazard Index (HI) value of spinach is higher than that of 
cabbage. This implies that spinach posesa higher non-carcinogenic risk. Most important is the fact that both 
the spinach and cabbage have HI values higher than 1 which is the standard set by USEPA. This follows that the 
general populace is at greater risk of non-carcinogenic risks for consuming this vegetable. Similarly, the value 
for the estimated cancer risks (ILCR) for spinach is higher than for cabbage. This also reveals that spinach poses 
a higher carcinogenic risk than cabbage. Worrisomely, the cancer risk for both vegetables exceeds the threshold 
range provided by USEPA. Similarly, the results of the Monte Carlo simulation revealed that the 5th percentile, 
95th percentile, and 50th percentile of the cumulative probability of cancer risks due to the consumption of 
these vegetables exceeds the acceptable range of 1.00E−6 and 1.00E−4 recommended by USEPA. This, therefore, 
means that the probable risk of a cancerous effects is high and the public should be cautious as the risk level for 
both vegetables falls in Level VII (High Risk). Thus, the attention of the appropriate authorities is needed, and 
necessary remedial action is recommended using phytoremediation, phytostabilization, and phytoextraction 
for further research on the redistribution of toxic metals in a bioavailability aqueous controlled environment.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 30 June 2023; Accepted: 27 November 2023

References
 1. Proshad, R. et al. Potential toxic metals (PTMs) contamination in agricultural soils and foodstuffs with associated source identi-

fication and model uncertainty. Sci. Total Environ. 789, 147962. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 147962 (2021).
 2. Liu, W. et al. Treatment of CrVI-Containing Mg(OH)2 Nanowaste. Angew. Chem. (International ed.) 47(30), 5619–5622. https:// 

doi. org/ 10. 1002/ anie. 20080 0172 (2008).
 3. Bai, B., Nie, Q., Zhang, Y., Wang, X. & Hu, W. Cotransport of heavy metals and SiO2 particles at different temperatures by seepage. 

J. Hydrol. 597, 125771. https:// doi. org/ 10. 1016/j. jhydr ol. 2020. 125771 (2021).
 4. Orosun, M. M. Assessment of arsenic and its associated health risks due to mining activities in parts of North-Central Nigeria: 

Probabilistic approach using Monte Carlo. J. Hazard. Mater. 412(2021), 125262. https:// doi. org/ 10. 1016/j. jhazm at. 2021. 125262 
(2021).

 5. Orosun, et al. Monte Carlo approach to risks assessment of heavy metals at automobile spare part and recycling market in Ilorin, 
Nigeria. Sci. Rep. 10(2020), 22084. https:// doi. org/ 10. 1038/ s41598- 020- 79141-0 (2020).

 6. Wei, X. et al. A large and overlooked Cd source in karst areas: The migration and origin of Cd during soil formation and erosion. 
Sci. Total Environ. 895, 165126. https:// doi. org/ 10. 1016/j. scito tenv. 2023. 165126 (2023).

 7. Yi, K. et al. Annual input and output fluxes of heavy metals to paddy fields in four types of contaminated areas in Hunan Province, 
China. Sci. Total Environ. 634, 67–76 (2018).

 8. Li, Q., Lu, L., Zhao, Q. & Hu, S. Impact of inorganic solutes release in groundwater during oil shale in situ exploitation. Water 
15(1), 172. https:// doi. org/ 10. 3390/ w1501 0172 (2023).

 9. Jiao, Y. et al. Estimating non-productive water loss in irrigated farmland in arid oasis regions: Based on stable isotope data. Agric. 
Water Manage. 289, 108515. https:// doi. org/ 10. 1016/j. agwat. 2023. 108515 (2023).

https://doi.org/10.1016/j.scitotenv.2021.147962
https://doi.org/10.1002/anie.200800172
https://doi.org/10.1002/anie.200800172
https://doi.org/10.1016/j.jhydrol.2020.125771
https://doi.org/10.1016/j.jhazmat.2021.125262
https://doi.org/10.1038/s41598-020-79141-0
https://doi.org/10.1016/j.scitotenv.2023.165126
https://doi.org/10.3390/w15010172
https://doi.org/10.1016/j.agwat.2023.108515


17

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21220  | https://doi.org/10.1038/s41598-023-48489-4

www.nature.com/scientificreports/

 10. Ahmed, M., Matsumoto, M., Ozaki, A., Van Thinh, N. & Kurosawa, K. Heavy metal contamination of irrigation water, soil, and 
vegetables and the difference between dry and wet seasons near a multi-industry zone in Bangladesh. Water (Switzerland) 11(3), 
583. https:// doi. org/ 10. 3390/ w1103 0583 (2019).

 11. Sultana, M. S., Rana, S., Yamazaki, S., Aono, T. & Yoshida, S. Health risk assessment for carcinogenic and non-carcinogenic heavy 
metal exposures from vegetables and fruits of Bangladesh. Cogent Environ. Sci. 3, 1–17 (2017).

 12. FOA/WHO (2007). Joint FAO/WHO food standard programme codex alimentarius commission 13th session. Report of the thirty 
eight session of the codex committee on food hygiene, Houston, USA; ALINORM 07/30/13.

 13. USEPA (2007). IRIS. http:// cfpub. epa. gov/ ncea/ iris/ index. cfm and RAIS. The Risk Assessment Information System, https:// rais. 
ornl. gov/. Accessed 23 Nov 2019.

 14. Qiu, D. et al. Water use strategy of Nitraria tangutorum shrubs in ecological water delivery area of the lower inland river: Based 
on stable isotope data. J. Hydrol. 624, 129918. https:// doi. org/ 10. 1016/j. jhydr ol. 2023. 129918 (2023).

 15. Tang, Y. et al. Rapid sample enrichment, novel derivatization, and high sensitivity for determination of 3-chloropropane-1,2-diol 
in soy sauce via high-performance liquid chromatography-tandem mass spectrometry. J. Agric. Food Chem. https:// doi. org/ 10. 
1021/ acs. jafc. 3c052 30 (2023).

 16. Orosun, M. M. et al. Assessment of heavy metal pollution in drinking water due to mining and smelting activities in Ajaokuta. 
Niger. J. Technol. Dev. 13, 30–38. https:// doi. org/ 10. 4314/ njtd. v13i1.6 (2016).

 17. Olayiwola H.A., Gbola, L.A., Adewuyi, K. and Azeez, M.O. Heavy metal contents in soil and plants at dumpsites: a case study of 
Awotan and Ajakanga dumpsite Ibadan, Oyo state, Nigeria. J of Env and Earth Sci. 7(4) (2017).

 18. Ogunkunle, C. O., Ite, A. E., Adeniyi, S. A., Akintola, E. O. & Okere, U. V. Urban vegetable farming: anthropic level, bioavailabil-
ity, and health implication associated with bioaccumulated trace metals in selected vegetables in Ilorin, Nigeria. Pollution. 3(2), 
285–300.  https:// doi. org/ 10. 7508/ pj. 2017. 02. 010 (2017).

 19. Emurotu, J. E. & Onianwa, P. C. Bioaccumulation of heavy metals in soil and selected food crops cultivated in Kogi State, north 
central Nigeria. Environ. Syst. Res. 6, 21. https:// doi. org/ 10. 1186/ s40068- 017- 0098-1 (2017).

 20. Onakpa, M. M., Njan, A. A. & Kalu, O. C. A review of heavy metal contamination of food crops in Nigeria. Ann. Glob. Health 
84(3), 488–494. https:// doi. org/ 10. 29024/ aogh. 2314 (2018).

 21. Mafuyai, G. M., Eneji, I. S. & Sha’AtoNnamonu, R. L. A. Heavy metals in soil and vegetables irrigated with ex- tin mining ponds 
water in Barkin-Ladi Local Government Area Plateau State, Nigeria. Agric. Food Sci. Res. 6(2), 211–220. https:// doi. org/ 10. 20448/ 
journ al. 512. 2019. 62. 211. 220 (2019).

 22. Edogbo, B., Okolocha, E., Maikai, B., Aluwong, T. & Uchendu, C. Risk analysis of heavy metal contamination in soil, vegetables 
and fish around Challawa area in Kano State, Nigeria. Sci. Afr. 7, e00281. https:// doi. org/ 10. 1016/j. sciaf. 2020. e00281 (2020).

 23. Ogunkunle, C. O., Ziyath, A. M., Adewumi, F. E. & Fatoba, P. O. Bioaccumulation and associated dietary risks of Pb, Cd and Zn 
in amaranth (Amaranthuscruentus) and jute mallow (Corchorusolitorius) grown on soil irrigated using polluted water from Asa 
River, Nigeria. Environ. Monit. Assessm. 187(5), 1–7. https:// doi. org/ 10. 1007/ s10661- 015- 4441-6 (2015).

 24. USEPA (2001) Guidance for Characterizing Background Chemicals in Soil at Superfund Sites. Office of Emergency and Remedial 
Response, Washington, DC. OSWER Directive 9285.7–41, 2001. Accessed 23 Nov 2019.

 25. City population. (2006). The population development in Kwara as well as related information and services. https:// www. cityp opula 
tion. de/ php/ niger ia- admin. php? adm1id= NGA024. Accessed 26 Jan 2019.

 26. Orosun, M. M. et al. Magnetic susceptibility measurement and heavy metal pollution at an automobile station in Ilorin, North-
Central Nigeria. Environ. Res. Commun. 2(2020), 015001. https:// doi. org/ 10. 1088/ 2515- 7620/ ab636a (2020).

 27. Oyegun, R. O. The use and waste of water in a third world city. Geo J. 10(2), 205–210. https:// doi. org/ 10. 1007/ bf001 50741 (1985).
 28. Balogun, O. Tectonic and structural analysis of the Migmatite–Gneiss–Quartzite complex of Ilorin area from aeromagnetic data. 

NRIAG J. Astron. Geophys. 8(1), 22–33 (2019).
 29. Ugbede, F. O. & Osahon, O. D. Soil-to-plant transfer factors of 238U and 232Th in rice from Ezillo paddy fields, Ebonyi State, Nigeria. 

J. Environ. Radioact. 233, 106606. https:// doi. org/ 10. 1016/j. jenvr ad. 2021. 106606 (2021).
 30. Zhang, G., Zhao, Z., Yin, X. & Zhu, Y. Impacts of biochars on bacterial community shifts and biodegradation of antibiotics in an 

agricultural soil during short-term incubation. Sci. Total Environ. 771, 144751. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 144751 
(2021).

 31. Zhang, T. et al. Organic matter stabilization and phosphorus activation during vegetable waste composting: Multivariate and 
multiscale investigation. Sci. Total Environ. 891, 164608. https:// doi. org/ 10. 1016/j. scito tenv. 2023. 164608 (2023).

 32. ISO 11466 International Standard (1995). Soil Quality—Extraction of Trace Elements Soluble in Aqua Regia. International Organi-
zation for Standardization, Genève, Switzerland.

 33. USEPA (1986) Soil screening guidance: Technical background document. Office of Solid Waste and Emergency Response. 
EPA/540/R-95/128.

 34. ECS—European Committee for Standardization (2010). European standard. Sludge, treated biowaste and soil—digestion of aqua 
regia soluble fractions of elements. Draft prEN 16174, CEN/TC 400.

 35. International Atomic Energy Agency (IAEA). Handbook of Parameter Values for the Prediction of Radionuclide Transfer in 
Terrestrial and Freshwater Environments. International Atomic Energy Agency (IAEA) Technical reports series, no. 472. ISSN 
0074–1914, Vienna (2010).

 36. Mokhtarzadeh, Z., Keshavarzi, B., Moore, F., Marsan, F. A. & Padoan, E. Potentially toxic elements in the Middle East oldest oil 
refinery zone soils: Source apportionment, speciation, bioaccessibility and human health risk assessment. Environ. Sci. Pollut. Res. 
27, 40573–40591. https:// doi. org/ 10. 1007/ s11356- 020- 09895-7 (2020).

 37. Qin, Y. et al. Relative bioavailability of selenium in rice using a rat model and its application to human health risk assessment. 
Environ. Pollut. 338, 122675. https:// doi. org/ 10. 1016/j. envpol. 2023. 122675 (2023).

 38. Yu, Z., Xu, X., Guo, L., Jin, R. & Lu, Y. Uptake and transport of micro/nanoplastics in terrestrial plants: Detection, mechanisms, 
and influencing factors. Sci. Total Environ. 907, 168155. https:// doi. org/ 10. 1016/j. scito tenv. 2023. 168155 (2024).

 39. Orosun, M. M. et al. Radiological impact of mining: New insight from cancer risk assessment of radon in water from Ifelodun 
beryllium mining, North-Central Nigeria using Monte Carlo simulation. Arab. J. Geosci. 14, 2380. https:// doi. org/ 10. 1007/ s12517- 
021- 08670-3 (2021).

 40. Saghi, et al. Estimate the effective dose of gamma radiation in Iran cities: Lifetime cancer risk by Monte Carlo simulation model. 
Environ. Geochem. Health 41, 2549–3255. https:// doi. org/ 10. 1007/ s10653- 019- 00300-y (2019).

 41. Yuan, J., Li, Y., Shan, Y., Tong, H. & Zhao, J. Effect of magnesium ions on the mechanical properties of soil reinforced by microbially 
induced carbonate precipitation. J. Mater. Civ. Eng. 35(11), 4023413. https:// doi. org/ 10. 1061/ JMCEE7. MTENG- 15080 (2023).

 42. USEPA. Guiding Principles for Monte Carlo Analysis (USEPA, 1997).
 43. NRC. Science and Judgment in Risk Assessment. National Research Council. Washington, DC, USA Plum LM, Rink L (1994).
 44. Omeje, M. et al. Radiotoxicity risk assessments of ceramic tiles used in Nigeria: The Monte Carlo approach. Environ. Nanotechnol. 

Monit. Manage. 20, 100618. https:// doi. org/ 10. 1016/j. enmm. 2021. 100618 (2022).
 45. Orosun, M. M. et al. Environmental risks assessment of Kaolin Mines and their brick products using Monte Carlo simulations. 

Earth Syst. Environ. 6, 157–174. https:// doi. org/ 10. 1007/ s41748- 021- 00266-x (2022).
 46. Zhang, G., Zhao, Z. & Zhu, Y. Changes in abiotic dissipation rates and bound fractions of antibiotics in biochar-amended soil. J. 

Clean. Prod. 256, 120314. https:// doi. org/ 10. 1016/j. jclep ro. 2020. 120314 (2020).

https://doi.org/10.3390/w11030583
http://cfpub.epa.gov/ncea/iris/index.cfm
https://rais.ornl.gov/
https://rais.ornl.gov/
https://doi.org/10.1016/j.jhydrol.2023.129918
https://doi.org/10.1021/acs.jafc.3c05230
https://doi.org/10.1021/acs.jafc.3c05230
https://doi.org/10.4314/njtd.v13i1.6
https://doi.org/10.7508/pj.2017.02.010
https://doi.org/10.1186/s40068-017-0098-1
https://doi.org/10.29024/aogh.2314
https://doi.org/10.20448/journal.512.2019.62.211.220
https://doi.org/10.20448/journal.512.2019.62.211.220
https://doi.org/10.1016/j.sciaf.2020.e00281
https://doi.org/10.1007/s10661-015-4441-6
https://www.citypopulation.de/php/nigeria-admin.php?adm1id=NGA024
https://www.citypopulation.de/php/nigeria-admin.php?adm1id=NGA024
https://doi.org/10.1088/2515-7620/ab636a
https://doi.org/10.1007/bf00150741
https://doi.org/10.1016/j.jenvrad.2021.106606
https://doi.org/10.1016/j.scitotenv.2020.144751
https://doi.org/10.1016/j.scitotenv.2023.164608
https://doi.org/10.1007/s11356-020-09895-7
https://doi.org/10.1016/j.envpol.2023.122675
https://doi.org/10.1016/j.scitotenv.2023.168155
https://doi.org/10.1007/s12517-021-08670-3
https://doi.org/10.1007/s12517-021-08670-3
https://doi.org/10.1007/s10653-019-00300-y
https://doi.org/10.1061/JMCEE7.MTENG-15080
https://doi.org/10.1016/j.enmm.2021.100618
https://doi.org/10.1007/s41748-021-00266-x
https://doi.org/10.1016/j.jclepro.2020.120314


18

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21220  | https://doi.org/10.1038/s41598-023-48489-4

www.nature.com/scientificreports/

 47. WHO. World Health Organization Guidelines for drinking-water. Fourth edition (2011). http:// whqli bdoc. who. int/ publi catio ns/ 
2011/ 97892 41548 151_ eng. pdf.

 48. Chen, Z. S. Selecting indicators to evaluate soil quality (1999). http:// www. fftc. agnet. org. Accessed 26 Jan 2019.
 49. Kabata-Pendias, A. & Sadurski, W. Elements and Their Compounds in the Environment 2nd edn, 79–99 (Wiley-VCH, 2004).
 50. Kabata-Pendias, A. Trace Elements in Soils and Plants 4th edn, 33487–42742 (CRC Press, 2011).
 51. FAO/WHO. Joint FAO/WHO Food Standards Programme Codex Committee on Contaminants in Foods Fifth Session 2011 (The 

Hague, 2011).
 52. Ayers, R. S. & Westcot, D. W. Water Quality for Agriculture, Irrigation and Drainage Paper (FAO, 1994).
 53. Kinuthia, G. K. et al. Level of Heavy metals in wastewater and soil samples from open drainage channels in Nairobi, Kenya: Com-

munity health implication. Sci. Rep. 10, 8483. https:// doi. org/ 10. 1038/ s41598- 020- 65359-5 (2020).
 54. Maleki, A., Gharibi, F., Alimohammadi, M., Daraei, H. & Zandsalimi, Y. Concentration levels of heavy metals in irrigation water 

and vegetables grown in peri-urban areas of Sanandaj, Iran. J. Adv. Environ. Health Res. 1(2), 81–88 (2014).
 55. Tinkov, A. A. et al. Gut as a target for cadmium toxicity. Environ. Pollut. 235, 429–434 (2018).
 56. IARC (International Agency for Research on Cancer) (1997). Cadmium. IARC MonogrEvalCarcinog Risks Hum 69.
 57. Haque, A. et al. Carcinogenic and non-carcinogenic human health risk from exposure to heavy metals in surface water of Padma 

River. Res. J. Environ. Toxicol. 12(1), 18–23 (2018).
 58. Li, F. et al. Spatial distribution and fuzzy health risk assessment of trace elements in surface water from Honghu Lake. IJERPH 14, 

1011. https:// doi. org/ 10. 3390/ ijerp h1409 1011 (2017).

Acknowledgements
The authors appreciate Mr. Taiwo of the Chemistry Department, at the University of Ilorin for helping with the 
digestion of the samples.

Author contributions
M.M.O. conceived, designed the research work, and performed the Monte Carlo Simulations. M.M.O. and S.N. 
wrote the paper. M.M.O., S.N., H.L., E.O.E., A.U.M., F.A.A., and S.E.O. collected the data, performed the risks 
analysis, and compilation of the work. H.K.O., M.O. and C.O.O. ensured the supervision and final editing of the 
manuscript. O.I.-A. and S.O.Y. final editing of the manuscript. R.F.A. and I.F.A. assisted with the Monte Carlo 
Simulation for the risk assessments. All the authors consented and approve the publication of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.M.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf
http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf
http://www.fftc.agnet.org
https://doi.org/10.1038/s41598-020-65359-5
https://doi.org/10.3390/ijerph14091011
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Potentially toxic metals in irrigation water, soil, and vegetables and their health risks using Monte Carlo models
	Materials and methods
	Study area
	Collection and preparation of samples
	Soil and vegetables
	Collection and preparation of water samples
	Quality controlquality assurance

	Bioaccumulation factor (BAF)
	Exposure evaluation
	Enrichment factor (EF)
	Modified Pollution Index (MPI)

	Health risk assessment
	Assessment of non-cancer health risks
	Assessment of cancer risk

	Monte Carlo Simulation (MCS) using ORACLE crystal ball software
	Ethical approval

	Results and discussion
	Levels of PTMs and physiochemical parameters of the soil samples
	Levels of PTMs in the irrigation water sample
	Levels of PTMs in vegetable samples
	Pollution evaluation
	Human health risk assessment

	Conclusion
	References
	Acknowledgements


