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ARTICLE INFO ABSTRACT
Keywords: Rice, a primary food source in many countries of the world accumulate potentially harmful el-
Human health risk assessment ements which pose a significant health hazard to consumers. The current study aimed to evaluate
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potentially toxic and mineral elements in both paddy soils and rice grains associated with allied
health risks in Malakand, Pakistan. Rice plants with intact root soil were randomly collected from
paddy fields and analyzed for mineral and potentially toxic elements (PTEs) through inductively
coupled plasma optical emission spectrometry (ICP-OES). Through deterministic and probabi-
listic risk assessment models, the daily intake of PTEs with allied health risks from consumption of
rice were estimated for children and adults. The results of soil pH (< 8.5) and electrical con-
ductivity (EC > 400 ps/cm), indicated slightly saline nature. The mean phosphorus concentration
of 291.50 (mg/kg) in soil samples exceeded FAO/WHO permissible limits. The normalized
variation matrix of soil pH with respect to Ni (0.05), Ca (0.05), EC (0.08), and Mg (0.09), indi-
cated significant influence of pH on PTEs mobility. In rice grains, the mean concentrations (mg/
kg) of Mg (463.81), Al (70.40), As (1.23), Cr (12.53), Cu (36.07), Fe (144.32), Mn (13.89), and Ni
(1.60) exceeded FAO/WHO safety limits. The transfer factor >1 for K, Cu, P and Zn indicated
bioavailability and transfer of these elements from soil to rice grains. Monte Carlo simulations of
hazard index >1 for Cr, Zn, As, and Cu with certainties of 89.93% and 90.17%, indicated sig-
nificant noncarcinogenic risks for children and adults from rice consumption. The total carci-
nogenic risk (TCR) for adults and children exceeded the USEPA acceptable limits of 1 %x107° to
1x10~%, respectively. The sensitivity analysis showed that the ingestion rate was a key risk factor.
Arsenic (As) primarily influenced total cancer risk (TCR) in children, while chromium (Cr)
significantly impacted adults. Deterministic cancer risk values slightly exceeded probabilistic
values due to inherent uncertainties in deterministic analysis. Rice consumption poses health
risks, mainly from exposure to Cr, Ni and As in the investigated area.
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1. Introduction

Agricultural soil, a finite natural resource, plays a critical role in sustaining human civilization and ecosystems by providing habitat
for soil organisms and a growth medium for crops [1,2]. Worldwide, soil quality is often compromised by industrial and agronomic
actions that can disperse PTEs into the soil environment, initiating undesirable impacts on both ecosystems and human wellbeing [3,
4]. PTEs like Cr, Hg, Ni, As, V, Cd, Pb, and Se are hazardous contaminants exhibit toxicity, persistence, and bioaccumulative char-
acteristics in environmental media [5,6]. PTEs occur naturally in ecosystems. However, anthropogenic actions such as mining, in-
dustrial waste, power generation and vehicle emissions further contribute to unsafe levels of PTEs in water, soil, forage, and food crops
[7,8]. PTEs enter the environment and are deposited in the soil, where they accumulate within clay particles and various organic
compounds [9,10]. PTEs can also bind to hydrated states of manganese (Mn) and iron (Fe) oxides [11]. In addition, PTEs are
temporarily deposited in soil particles and eventually reach surrounding water bodies [12]. Contaminated water used for irrigation
deposits PTEs in agricultural fields, and accumulate in vegetables and food crops, posing a threat to humans through food chain
contamination [13,14]. Therefore, conducting a thorough evaluation of soil chemical, fertility, and physical characteristics is essential
for formulating reclamation strategies. Moreover, precise scientific data guides the amendment of undesirable soil attributes, ulti-
mately leading to increased productivity [15].

Rice (Oryza sativa L.) is a major cereal crop, serving as an essential food for over 3.5 billion individuals globally, with approximately
half of the world’s population consume it daily as dietary component [16-18]. Pakistan ranks as the world’s tenth-largest rice pro-
ducer, with an output of around 6.8 million tons and is the fourth largest rice exporter after India, Thailand, and Vietnam. Additionally,
it contributes to nearly 8.2% of the world’s paddy rice exports [19,20]. In Pakistan, the industrial sector generates approximately
1.309 x 10° m® of wastewater yearly and is used as a substitute source of irrigation due to insufficient freshwater availability for
irrigating agricultural land [21,22]. Furthermore, numerous brick kilns in the country employ low-grade coal for crafting handmade
bricks, resulting in the release of PTEs such as Cu, As, Fe, Cd, Pb, Zn, and Hg into the surrounding ecosystem as byproducts of coal
combustion [23]. Rice fields along rivers accumulate suspended solids through irrigation, flooding, and the use of fertilizers, agro-
chemicals, and sewage sludge [24]. In arable lands, such activities lead to the transfer of PTEs to agricultural crops, especially to rice,
as rice easily absorbs PTEs and accumulates in edible parts [25]. Various pathways exist for potentially toxic elements (PTEs) to enter
the human body. However, the main route of human exposure is through food consumption [26,27]. Consumption of unsafe foods can
significantly contribute to various diseases, including cancer, diarrhea, birth defects, heart disease, and numerous kidney diseases
[28]. Hence, it is crucial to oversee and limit accumulation of potentially toxic elements (PTEs) in crop from their surroundings. To
achieve this objective, it is essential to investigate the transferability of PTEs from soil to plants. Furthermore, the assessment of PTEs is
of great significance in human health risk assessment, with emphasis on nutritional intake through consumption of plants [29].

The appraisal of potential hazards to human health due to exposure to PTEs has become a common practice, estimate the likelihood
and severity of health issues in people [30-33]. These estimations have improved over the years through different assessment
frameworks and established models through studying patterns of diseases and their causes, toxic effects of environmental pollutants
and exposure frequency that contribute to health problems [34-36]. The deterministic model utilizes empirical formulas which are
intended to attribute a distinct representative value to individual input factor within the risk equation [37]. Ultimately, this process
yields a singular output value representing the overall risk [38]. Implementing such a traditional deterministic risk calculation method
is complicated due to the variability of input factors that cannot be treated as fixed point values [39]. Assigning various values to each
input factor in the risk equation leads to multiple estimates of risk [40]. The uncertainties associated with risks can lead to either
underestimation or overestimation of the potential dangers [41]. In response to the complicated nature of human health risk as-
sessments and the need for comprehensive refinement, a newly developed probabilistic method has been widely implemented [36,39,
42]. The probabilistic risk analysis integrates probability distributions through stochastic methods, like the Monte Carlo Simulation
(MCS) [37]. This involves simulating multiple input parameters in the risk equation to determine the probability distribution of the
resulting risk [39]. MCS generates random numbers adhering to a specific rule, added to a risk model for quantitative estimation of
probabilities of adverse biological effects, revealing uncertainty and variability in the risk assessment [41,43]. Therefore, probabilistic
risk analysis approach provides greater information compared to the deterministic method in health risk assessment [44]. In line with
the above perspective, the present study aimed (i) to evaluate PTEs concentrations in paddy fields and rice grains considering plant
transfer factor (TF) and (ii) to evaluate health risks for individuals exposed to PETs through rice consumption using deterministic and
probabilistic models.

2. Material and methods
2.1. Background of study area

The current study was carried out between April 2018 and September 2019 on paddy soils irrigated by the Swat River in Malakand
District, Khyber Pakhtunkhwa, Pakistan (Fig. 1). In Khyber Pakhtunkhwa, most of the rice growing area is in high altitude mountain
valleys, such as the Malakand and Hazara divisions. The Malakand district holds a significant role in rice production, ranking fourth
after the Swat, DI Khan, and Dir districts [45]. The rice cultivation area in Malakand district was 4991 ha in 2016-17, and the pro-
duction in the same year was 10,773 tons [46].

Geographically, located between longitude 34.3718°N and latitude 72.2420°E, Malakand District is the entry point to districts of
Dir, Chitral, Swat, Buner, Shangla, and the currently merged tribal areas of Mohmand and Bajaur. The District spans 952 km? with
population density of 475 individuals per square km [47]. The land of Malakand District is fertile and surrounded by mountains with
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Fig. 1. Study area map presenting sampling sites.

rich biodiversity. The winter season experiences extremely cold temperatures, dropping to —2 °C in January. The summers are hot, and

the temperature reaches 41 °C in June-July [48]. The yearly average rainfall ranges from 600 to 650 mm [49].

2.2. Sampling and analytical methods

Fully grown rice plants with undisturbed soil from O to 20 cm depth, were randomly collected by hand auger from designated
locations (Fig. 1) employing a quincunx sampling design [24,50]. After removing the root soil, the rice grains were securely sealed in



A. Khan et al. Heliyon 10 (2024) 28043

labeled, clean plastic bags and transported to the laboratory of Botany Department, Islamia College Peshawar for analysis [9]. Soil
samples were dried in microwave oven, mechanically ground, passed through a 2 mm sieve, and then stored at room temperature [51,
52]. The rice grains were subjected to oven drying at 70 °C for 24 h to eliminate moisture [53]. The outer husk from rice grain was
manually removed, and finely ground into powder via a ceramic mortar and pestle [54].The sampling points’ coordinates were
recorded using a Global Positioning System (Garmin eTrex 10).

2.3. Analysis of physicochemical properties of soil samples

A suspension was formulated with a soil to water ratio of 1:2.5 in double deionized water, followed by stirring and centrifugation at
3000 rpm for 4 h. Electrical conductivity (EC) and pH of soil solution were analyzed using a portable meter (Model WT01 China) [55].

2.4. Soil and rice samples acid digestion

0.5 gm powder of each dried soil samples were placed in triplicate into 50 mL volumetric flasks. The samples were subjected to
treatment with a 26 mL triacid mixture (HNOs, HCl, and HF) at a ratio of 9:3:1 and stored overnight [56]. Similarly, 0.25 gm powder of
dried rice grains were placed into 50 mL volumetric flasks and treated by 6.5 mL of triacid mixture of HClO4, HySO4, and HNOs in a
ratio 0.5:1:5 [57]. All the samples were completely digested on hot plate at 155 °C until white dense fumes appeared [58]. After
cooling, the digested samples were diluted to 50 mL using distilled water. Filtration of the samples were carried out through Whatman
filter paper (0.45 pm) into a clean volumetric flask and kept at room temperature [59]. Concentration of mineral elements and PTEs in
all samples were analyzed via Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) (model iCAP 6500 from Thermo
Scientific, UK).

2.5. Quality assurance and quality control

Considerable attention was retained on the approved analytical quality control methods for sample collection, preparation,
preservation, and laboratory analysis [60-62]. The analytical reagents employed in laboratory analysis were of high purity. Cali-
bration curves were generated utilizing standard reference materials (SRMs) from Thermo Fisher Scientific, USA. The calibration
standards included elements that exhibited strong linear relationships (correlation coefficient >0.999). Calibration was verified
against Specpure standards and EPA limits (recoveries between 95 and 105%). Accuracy of ICP-OES procedures were confirmed
through NIST SRM 1568b, GBW10043, and IAEA-Soil-7 reference materials (Tables S1-S2). The detection limits (LODs) were
determined based on five blank samples. Triplicate analyses for each sample produced a mean value with minimum (2.0%) relative
standard deviation (RSD) for the analyzed elements (Tables S1-S2).

2.6. Transfer factor (TF)

The transfer of elements from soil to a plant system is known as transfer factor, indicates risk level linked to consumption of
vegetabes and food crops [63]. TF can be computed using the formula below [64]:

Cricc rain
TF=—"2F
Csoi]

where, Crice grains Signifies concentrations of elements (mg/kg) of rice grains, and Cs,; denotes concentrations in paddy soil.

2.7. Methods for health risk assessment

The health risk assessment models are a valuable tool for evaluating potential risks to humans arising from pollutants. Probabilistic
and deterministic risk models were employed to define probable noncarcinogenic and carcinogenic health hazards associated with
pollutants [65,66].

2.7.1. Deterministic health risk estimation

The estimated daily intake (EDI), hazard quotient (HQ) and hazard index (HI) were used to appraise the probable noncarcinogenic
health risks linked with prolong exposure to PTEs via rice ingestion [67]. The EDI relies on the daily consumption of food and the body
tolerance to pollutants, determined by the concentration of metals in the diet. Estimation of EDI was conducted through the below
equation [68,69]:

EDI = -S<RxEDXEE: \here, EDI represents projected daily dose (mg/kg/person/day), C signify elemental dry weight concentration
in rice grains (mg/kg), IR shows daily ingestion rate of rice (kg/day), ED indicates exposure duration (year), EFr denotes frequency of
exposure(day/year) to PTEs, BW represents body average weight (kg) and AT shows average exposure time (days) [14,70]. The
associated input values and units of the parameters were presented in Table S3.
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2.7.2. Hazard quotient (HQ)

Potential noncarcinogenic risk from PTEs exposure via rice consumption was evaluated using HQ and the USEPA region III risk
based concentration table [71,72]. HQ is the exposure ratio to a specific toxicant over a defined period compared to the reference dose
for that substance within a similar exposure timeframe [73]. The subsequent equation was employed to calculate HQ:

EDI
HQ=——

Rfd
where, HQ represents the hazard quotient, and RfD denotes the oral reference dose (mg/kg/day). The Rfd values for Fe (0.7), Ni (0.02),
Zr (0.0004), Cr (0.003), Al (1.0), Cu (0.04), Sr (0.6), Mn (0.14) and As (0.0003). A population is considered at risk of exposure when the
HQ ratio equals or exceeds one [73,74].

2.7.3. Hazard index (HI)
HI assesses combined noncarcinogenic health effects of diverse elements and is developed following guidelines for assessing health
risks linked with chemical mixtures [73,75]. HI is the sum of HQs and can be computed through below equation [26]:

HI= ) HQ=HQ, +HQ, + ...... + HQ,
K=1

2.7.4. Estimation of cancer risk (CR)
Cancer risk is the likelihood of developing cancer with exposure to potential carcinogens throughout a person lifetime [76,77]. The
probability of cancer risk to PTEs through rice consumption were assessed by the following equation [29]:

CR = EDI x CSF

where, EDI represents the estimated daily intake of the carcinogenic elements (mg/kg bw/day), and CSF represents slope factor of
carcinogen. The CSF for Ni, As and Cr are 91, 1.5 and 0.5 mg/kg/day, respectively [78]. The acceptable range for cancer risk is 1 x
10%t01 x 107* [79].

The exposure assessment to several carcinogenic PTEs through rice consumption was conducted utilizing the given risk equation
[771:

n

Z =CRI +CR2......... CRn

1

2.7.5. Evaluation of probabilistic health risk and sensitivity analysis

The probabilistic assessment of health risk employs deterministic health risk model as foundation and Monte Carlo Simulation
(MCS) as framework [42].

MCS is conducted to reveal the uncertainty involved in estimating potential ecological risks based on individual point values of
element concentrations [80]. The measured concentrations of individual PTEs in rice grains served as a dataset of random variables
conforming to a particular probability distribution. Following the establishment of a deterministic model, point estimates were
substituted with assumed probability distributions, and the resulting output distribution was projected [81]. After 10,000 iterations, a
stable exposure distribution was achieved. The assessment of probabilistic risk was conducted using the values at the 95th percentile of
the exposure distribution [70]. Sensitivity analyses were conducted to assess the impact of exposure factors on the results. A positive
value indicates a positive association between the exposure factor and health risks, while a negative value suggests a negative asso-
ciation [36]. The details of the input parameters to the Monte Carlo simulation were listed in Table S3.

2.8. Statistical analysis

The data was collected in the MS Excel 2016 for initial preparation and then proceeded with descriptive statistical analyses,
involving computation of mean, median, and standard deviation (SD). The covariance biplot (Fig. 2) and normalized variation matrix
(Table 2) were generated using the R package ‘compositions’ and CoDaPack software version 2.03.01 [82,83]. Health risk probabilities
through best fitting distribution for individual parameters and sensitivity analysis from exposure to PTEs were evaluated by MCS using
Crystal Ball software (version 11.1). The distribution map of sampling points and associated graphs for the data were created using
ArcGIS 10.2.2, Oracle Crystal Ball, and Excel 2016 software [14,80].

3. Results and discussion

The current research explored the concentrations of potentially toxic and mineral elements in paddy soil. It examined their in-
terrelationships with physicochemical variables, pinpointed contamination sources, and assessed the transfer of these elements to rice
grains. Furthermore, an evaluation was conducted on the health risks linked to exposure to PTEs through the consumption of rice,
considering both children and adults (Tables 1-7).
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Table 1

Statistics of physicochemical parameters and potential toxic elements concentrations (mg/kg) in paddy soil.
Variable Unit Statistics Permissible limits

Min Q1 Median Q3 Max Mean SD “Shale PEarth crust ‘FAO

pH 7.10 7.40 8.70 8.90 9.10 8.30 0.70 - - 6.5-8.5
ECe ps/cm 190.00 268.50 390.00 450.50 779.00 374.60 133.10 - - 400
Al mg/kg 5100.0 8250.0 9150.0 12575.0 23250.0 10914.30 4893.30 80000 25000 -
As mg/kg 2.00 3.50 4.50 6.80 10.00 5.30 2.30 1.60 0.80 15
Ca mg/kg 12650.0 14800.0 19050.0 24675.0 29250.0 19881.0 5331.70 22100 39100 -
Cr mg/kg 8.80 21.30 29.00 32.80 40.00 26.60 8.10 90 35.0 100
Cu mg/kg 6.40 10.00 17.50 27.50 40.50 20.0 10.60 45 28.0 100
Fe mg/kg 1075.0 2877.80 4835.0 5900.0 13200.0 4699.70 2544.0 47200 9800 50000
K mg/kg 734.50 1342.80 1760.0 2932.30 3990.50 2105.70 951.60 26600 10700 -
Mg mg/kg 2438.50 4515.50 5100.0 6675.0 8050.0 5420.70 1676.10 15000 7000 -
Mn mg/kg 68.50 90.50 131.50 216.0 315.50 149.30 73.40 850 1100 2000
Ni mg/kg 12.50 15.00 18.50 21.0 27.0 18.40 4.10 68.0 47.0 20-60
P mg/kg 65.50 145.80 199.00 426.80 805.50 291.50 207.30 125.0 84.0 -
Si mg/kg 1.50 7.00 12.50 16.0 25.50 12.50 7.00 73000 24000 -
Sr mg/kg 13.50 25.30 35.50 44.50 60.50 35.10 13.40 142.0 320 200
Ti mg/kg 125.50 334.30 512.0 747.30 1471.0 600.50 378.90 4600 1500 -
\4 mg/kg 16.50 33.80 38.0 46.80 59.0 39.20 12.50 130.0 97.0 100
Zn mg/kg 0.50 1.50 2.50 11.0 19.0 5.80 6.20 95.0 67.0 200
Zr mg/kg 0.40 1.80 3.00 3.80 4.50 2.80 1.10 160 193.0 -
2 [86].
b [84].

¢ [85], SD = Standard deviation.

3.1. Evaluation of physicochemical characteristics and elemental concentration in paddy soil

The electrical conductivity (EC), pH and elemental concentration of paddy soil were evaluated against the permissible limits
(Table 1) proposed by Refs. [84-86]. The soil exhibited a pH range of 7.10-9.10, (mean 8.30), indicating a slightly alkaline nature.
Similar pH findings (7.96-8.19) reported in Toshka, Egypt, by Ref. [15] are attributed to the characteristics of the parent material.
According to Ref. [87], soil alkalinity is driven by carbonate and bicarbonate anions, which elevate the pH above 8.0 and are linked
with ion depletion and toxicity. The EC of the soil water suspension varied between 190 and 779, with an average of 374.60 ps/cm. The
maximum EC value of 779 ps/cm exceeded the permissible limit of 400 ps/cm set by Ref. [88], signifying marginal salinity and the
existence of dissolved inorganic solutes in the aqueous phase of the soil [89]. Similarly, the EC values (77.7-1021.5 ps/cm) reported by
Ref. [90] are consistent with our results. According to Refs. [91,92], soil quality indicators like pH < 8.5 and EC > 400 ps/cm suggest
saline soil conditions and are linked with elevated concentrations of Na, Mg and Ca in soil solution. Elevated soil salt levels hinder plant
water uptake by lowering osmotic potential, increasing the difficulty of water absorption. Additionally, increased salt levels can induce
specific ion toxicity, disrupt nutrient balance, and lead to reduced crop yield [93,94].

The paddy soil elemental concentrations were compared with the Earth shale and Earth upper crust [84,86] (Table 1). Earth shale
was chosen due to the absence of background concentration data for the study area. The average concentrations (mg/kg) of Ca
(19881), Mg (5420.70), and K (2105.70) in the soil samples fell within the acceptable limits of the world average shale. Similarly, the



Table 2
Normalized variation matrix of the data in table (1).
pH Ec Al As Ca Cr Cu Fe K Mg Mn Ni P Si Sr Ti v Zn Zr
pH 0.00
Ec 0.08 0.00
Al 0.15 0.19 0.00
As 0.16 0.16 0.27 0.00
Ca 0.05 0.14 0.21 0.17 0.00
Cr 0.11 0.09 0.10 0.12 0.12 0.00
Cu 0.29 0.23 0.43 0.28 0.20 0.20 0.00
Fe 0.27 0.32 0.19 0.35 0.23 0.18 0.33 0.00
K 0.16 0.17 0.35 0.30 0.18 0.21 0.36 0.34 0.00
Mg 0.09 0.10 0.18 0.12 0.08 0.10 0.20 0.18 0.20 0.00
Mn 0.20 0.28 0.29 0.22 0.10 0.19 0.17 0.21 0.35 0.09 0.00
Ni 0.05 0.13 0.17 0.10 0.03 0.09 0.23 0.19 0.19 0.06 0.11 0.00
P 0.49 0.38 0.61 0.44 0.57 0.42 0.56 0.74 0.49 0.38 0.54 0.55 0.00
Si 0.59 0.95 0.64 0.90 0.59 0.85 1.21 0.83 0.93 0.81 0.83 0.63 1.41 0.00
Sr 0.13 0.16 0.33 0.15 0.10 0.18 0.31 0.36 0.17 0.14 0.22 0.09 0.59 0.77 0.00
Ti 0.33 0.38 0.30 0.50 0.44 0.35 0.71 0.39 0.50 0.38 0.53 0.37 0.92 1.01 0.50 0.00
A% 0.11 0.10 0.16 0.10 0.13 0.06 0.21 0.22 0.27 0.07 0.18 0.08 0.52 0.88 0.15 0.38 0.00
Zn 1.04 0.97 0.63 0.87 1.14 0.79 1.48 0.98 1.07 1.00 1.33 1.04 1.38 1.51 1.22 1.07 0.88 0.00
Zr 0.27 0.26 0.22 0.21 0.28 0.17 0.44 0.27 0.35 0.23 0.35 0.21 0.69 1.09 0.39 0.48 0.18 0.60 0.00

D 30 UDYY Y

£40822 (+20Z) 01 uofoH
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Table 3

Concentration and transfer factor (TF) of potential toxic elements (mg/kg) in rice grains in district Malakand.
Elements Concentration (mg/kg) Transfer factor (TF)

Mean Min Max Median SD “FAO limit Mean Min Max Median SD

Al 70.40 8.90 165.70 65.80 52.86 1.00 0.006 0.001 0.017 0.006 0.004
As 1.23 0.40 3.15 1.20 0.65 0.1 0.268 0.06 0.788 0.228 0.174
Ca 903.83 60.70 2451.30 420.30 892.90 1000 0.048 0.003 0.133 0.027 0.049
Cr 12.53 4.50 50.40 8.80 10.75 2.3 0.463 0.207 1.26 0.356 0.286
Cu 36.07 12.40 56.60 38.30 12.60 2-3 2.305 0.693 8.708 1.938 1.709
Fe 144.32 20.80 480.40 46.50 171.18 15 0.033 0.003 0.13 0.014 0.038
K 2585.93 1410.60 4202.60 2500.40 840.93 3500 1.483 0.515 4.599 1.436 0.881
Mg 463.81 126.50 860.80 498.40 213.89 350 0.095 0.024 0.273 0.079 0.06
Mn 13.89 2.70 30.50 12.80 7.57 2-3 0.114 0.02 0.349 0.084 0.088
Ni 1.60 0.50 3.50 1.40 0.91 0.5 0.089 0.024 0.184 0.081 0.048
P 2396.70 1544.40 3524.60 2348.30 519.37 12.751 3.31 29.038 11.356 8.396
Sr 27.03 2.40 58.80 26.30 16.46 0.862 0.102 2.719 0.672 0.675
Ti 35.70 3.40 74.50 36.30 22.44 0.075 0.011 0.26 0.07 0.064
Zn 7.63 2.60 13.40 7.70 2.73 60 3.258 1.4 11.25 2.667 2.097

2 [85,179,1801, SD = Standard deviation.

Table 4

Ratios of maximum to minimum element concentrations in rice and paddy soils and ratios of TF along the River Swat.
Variables Cr Ni Zn K P Mg As Cu Mn Al Ti Sr Fe Ca
Rice grains 11 7 3 2 7 8 5 11 19 22 25 23 40
Paddy soil S5 2 11 S5 12 3 5 6 5 5 12 4 12 2
Transfer Factor (TF) 6 8 9 9 11 13 13 17 23 23 27 42 43

Table 5

Statistics of estimated daily intake (mg/kg body wt/day) for individual PTEs due to consumption of rice irrigated by River Swat.
Elements EDI Adult EDI Children

Mean Mini Max SD Mean Mini Max SD “PTDI

Al 3.94E-02 2.15E-02 6.23E-02 1.33E-02 4.68E-02 2.55E-02 7.39E-02 1.58E-02 1.00E+00
As 1.78E-03 8.82E-04 3.23E-03 8.10E-04 2.11E-03 1.05E-03 3.84E-03 9.61E-04 3.00E-04
Cr 1.76E-02 7.79E-03 5.00E-02 1.47E-02 2.09E-02 9.24E-03 5.93E-02 1.75E-02 3.00E-03
Cu 5.22E-02 2.25E-02 7.74E-02 1.88E-02 6.19E-02 2.67E-02 9.19E-02 2.23E-02 5.00E-01
Fe 2.11E-01 3.53E-02 6.66E-01 2.64E-01 2.51E-01 4.18E-02 7.90E-01 3.13E-01 8.00E-01
Mn 1.95E-02 7.35E-03 2.79E-02 8.79E-03 2.31E-02 8.72E-03 3.31E-02 1.04E-02 1.40E-01
Ni 2.30E-03 1.08E-03 4.26E-03 1.20E-03 2.72E-03 1.28E-03 5.06E-03 1.43E-03 2.00E-02
Sr 3.70E-02 4.41E-03 7.74E-02 2.68E-02 4.39E-02 5.23E-03 9.19E-02 3.18E-02 6.00E-01
Zn 1.08E-02 8.82E-03 1.47E-02 2.19E-03 1.28E-02 1.05E-02 1.74E-02 2.60E-03 6.00E+01

PTDI values (in mg/kg body wt/day) of all the metals were based on the data suggested by the Joint FAO/WHO Expert Committee on Food Additives
[171], SD = Standard deviation.
@ The PTDI value of Cr and Sr was based on the reference dose (RfD) of Cr (VI) and Sr established by USEPA [72].

Table 6

Statistics of individual and cumulative non-cancer risks of PTEs due to rice consumption along river Swat in Malakand district.
Elements HQ Adult HQ Children

Mean Mini Max SD Mean Mini Max SD

Al 3.94E-02 2.15E-02 6.23E-02 1.33E-02 4.68E-02 2.54E-02 7.39E-02 1.58E-02
As 5.17E+00 1.62E-03 1.08E+01 3.53E+00 6.13E400 1.92E-03 1.28E+01 4.18E+00
Cr 3.50E+00 5.00E-02 6.51E+00 1.96E+00 4.15E+00 5.93E-02 7.73E+00 2.33E+00
Cu 1.04E+00 7.74E-02 1.64E+4-00 5.69E-01 1.23E+00 9.19E-02 1.95E4-00 6.75E-01
Fe 2.61E-01 5.04E-02 7.41E-01 3.04E-01 3.10E-01 5.98E-02 8.79E-01 3.60E-01
Mn 1.18E-01 2.45E-02 1.99E-01 7.32E-02 1.39E-01 2.91E-02 2.37E-01 8.69E-02
Ni 8.49E-02 4.26E-03 1.79E-01 5.47E-02 1.01E-01 5.06E-03 2.12E-01 6.49E-02
Sr 5.43E-02 7.35E-03 9.55E-02 3.49E-02 6.45E-02 8.72E-03 1.13E-01 4.14E-02
Zn 2.17E+01 1.47E-02 2.94E+01 1.01E+01 2.57E+401 1.74E-02 3.49E+01 1.20E+01
HI 3.19E+01 9.78E-01 4.66E+01 1.49E+01 3.79E+01 1.16E4-00 5.53E401 1.77E+01
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Table 7

Cancer risks for individual PTEs due to consumption of rice grown along the Swat river in Malakand district.
Variable Adult Children

Mean Mini Max Mean Mini Max

As 2.67E-03 1.32E-03 4.85E-03 3.17E-03 1.57E-03 5.75E-03
Cr 1.59E-02 3.89E-03 7.49E-02 1.89E-02 4.62E-03 8.89E-02
Ni 2.09E-03 9.81E-04 3.88E-03 2.48E-03 1.16E-03 4.60E-03
TCR 2.07E-02 6.54E-03 8.12E-02 2.27E-02 7.75E-03 8.36E-02

Note: The [181] safe limit for carcinogenic risk is 1 x 10 %and1 x 107%

mean concentrations (mg/kg) of Al (10914.30), Fe (4699.70), Ti (600.50), Mn (149.30), V (39.20), Sr (35.10), Cr (26.60), Cu (20), Ni
(18.40), Si (12.50), Zn (5.80) and Zr (2.80) also dropped within the acceptable thresholds of both world average shale and the Earth’s
crust. However, concentrations (mg/kg) of phosphorus (291.50) and As (5.30) surpassed permissible limits of worldwide average shale
(125-1.60 mg/kg) and Earth’s crust (84-0.80 mg/kg) (Table 1). Similar results for elevated concentrations (mg/kg) of phosphorus
(4700) and As (18.5) were recorded by Refs. [45,95] in DI Khan and Chitral regions of Pakistan. Phosphorus enrichment in paddy soils,
often resulting from phosphate fertilizer application, has direct effects on rice root health [96]. The application of phosphorus (P) in
paddy fields contaminated with arsenic (As) leads to the formation of iron plaques, which enhances the adsorption of As species and
lowers the As content in rice. This implies that phosphorus can be considered as a viable alternative for mitigating arsenic-induced
toxicity [97,98]. Agrochemicals like insecticides, hormones, and fungicides serve as significant contributors of arsenic (As), leading
to an augmentation of its concentration in the soil [99]. Arsenic mobilization in paddy soils is dependent upon dynamics of iron, pH,
organic matter and the speciation of arsenic [100]. The current study revealed that accumulation of PTEs in nearby paddy soils is a
consequence of human activities, notably the extensive fertilizer application in agriculture, and utilization of domestic sewage and
industrial effluents for crop irrigation [9,13,14,101]. This situation poses a substantial threat to public health.

3.2. Looking for associations and contamination sources in paddy soil

Potentially Toxic Elements (PTEs) exhibit intricate geochemical behavior, and their concentrations are compositional as their
attributes vary together [102]. Therefore, it is essential to identify any anomalous patterns that could be associated with the sources of
PTEs pollution in a given area [102,103]. Compositional data (CoDa) techniques, such as variation matrices, biplots or CoDa den-
drograms, have proven to be powerful tools for determining pollution sources [102,104]. The normalized variation matrix indicates a
linear relationship among the subcomposition components within a dataset of compositions [105]. Variations below 0.2 indicate
proportionality or a linear relationship, whereas variations exceeding 1.0 signify an absence of proportionality or linear association
within the compositional dataset [102]. In the present study, the contributions of less than 0.2 for Ca, Mg, Ni, Al, As, Cr, K, Sr, and V to
pH and EC (Table 2) indicate that these pairs are proportional and explain that soils where these elements are available are formed
from basic rocks and the mobility of PTEs is influenced by high pH [106,107]. Similarly, the lowest inputs to the ratios of Mg to Ca
(0.08), Ni to Cr (0.09) and Mg (0.06), Mn to Mg (0.09), Sr to Ni (0.08) and V to Cr (0.06), and Mg (0.07) and Ni (0.08) (Table 2) show
associations between pairs of elements. This relationship is further exemplified by the observation that soils containing magnesium
(Mg) also exhibit richness in calcium (Ca). Similarly, this pattern holds true for other combinations like Ni, Cr and Mg, Mn-Mg, Sr—Ni,
as well as V, Cr, Mg and Ni [108]. The validity of the normalized variation matrix findings was confirmed through a biplot (Fig. 2),
revealing that As, Cr, V, and P share the same ray direction and have closely arranged vertices. This distinct association is likely linked
to the lithospheric composition and the influence of fertilizers [109,110]. Similarly, a close association was observed between
Mg-Cu-K and Ca-Ni-Mn-Sr which is evident from their closely positioned vertices and shared ray direction (Fig. 2). This association
could stem from a combination of both anthropogenic and geogenic factors [110]. Distinct associations are formed by Fe, Si, Al, and Ti,
as their vertices closely cluster together, and rays pointing in same direction. These associations are likely attributed to riverbed
erosion [111]. Zinc (Zn) and Zr exhibit a robust association due to the alignment of rays in the same direction and the proximity of their
vertices. This association suggests the input of impurities from smelters and chemical industries [112,113].

3.3. Evaluation of potentially toxic and mineral elements in rice grains

The contamination of rice by PTEs is one of the main health concern which received greater attention worldwide [114-116]. In this
study, Table 3 shows great variations in concentrations of minerals and PTEs in rice grains. Concentrations of Ca (60.70-2451.30), P
(1544.40-3524.60) and K (1410.60-4202.60), with mean values of 903.83, 2396.70 and 2585.93 mg/kg, dropped within the
acceptable limits [117]. However, concentration of Mg (463.81 + 213.89) surpassed the approved limit of 350 mg/kg (Table 3). The
concentrations of Sr (2.40-58.80), Ti (3.40-74.50) and Zn (2.60-13.40), with mean values of 27.03, 35.70 and 7.63 mg/kg, remained
within the acceptable limits (Table 3). Whereas, mean concentrations (mg/kg) of Al (70.40), As (1.23), Cr (12.53), Cu (36.07), Fe
(144.32), Mn (13.89) and Ni (1.60) exceeded the allowable limits [117] (Table 3). Similar results were also recorded by Refs. [9,24] for
Cd, Fe, Cu, Mn and Al, with mean concentrations of 0.2, 50.70, 17.60, 7.49, and 6.80 mg/kg, surpassing the permissible limits [117].
Similarly, mean concentration (mg/kg) of Al (143.66) in the Iranian code six rice variety was twice that in our current study [118].
Overall, the concentrations in rice grain samples were in increasing order of As < Ni < Zr < Cr < Mn < Sr < Ti < Cu < Al < Fe < Mg <
Ca < P < K. Moreover, the results of this study are consistent with those of [9,26,52,119-121], who also reported higher
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concentrations of Cu, Ni, Mn, As, Al, and Cr in rice grains. Therefore, investigation of the dietary concentration of PTEs is essential, as
they were identified above the limit of detection (LOD) in all samples. According to Refs. [122,123], the smaller ionic radius and
weaker soil binding of magnesium (Mg) make it more mobile in soil than Ca, K, or Na, influencing plant Mg nutrition. Mg is essential
for plant growth and contributes to chlorophyll synthesis, enzyme activation, ribosome subunit aggregation for protein synthesis, and
cadmium accumulation mitigation in rice plants [124-126]. However, increased Mg intake is linked to decreased systemic inflam-
mation, reduced blood pressure, and a decreased risk of metabolic syndrome [127,128].

Similarly, aluminum (Al) lacks a significant role in the human body, and its introduction can harm the nervous system, potentially
leading to Alzheimer’s disease [129,130]. Arsenic (As) poisoning results in severe health issues, including kidney, bladder, prostate,
skin, and lung cancer; restrictive respiratory and ischemic heart disease; melanosis; hyperkeratosis; diabetes mellitus; gangrene; hy-
pertension; and peripheral vascular disease [99,118,131]. Chromium (Cr) improve cognitive function, regulate blood sugar, and
facilitate the breakdown of carbohydrates and lipids, all crucial for maintaining overall health [132]. An overabundance of dietary
chromium (Cr) intake can lead to gastrointestinal discomfort and hypoglycemia [133]. Moreover, Cr over supplementation can
damage the liver, kidneys, and nerves, possibly leading to an irregular heartbeat [134,135]. Copper (Cu) plays an essential role in
sustaining organ development and normal fetal growth [136]. However, high copper consumption is linked to impaired development
and reproduction, as indicated by preclinical study findings in the literature [137,138].

Iron (Fe), a vital nutrient, is indispensable for the activity of enzymes and proteins, especially hemoglobin and myoglobin, facil-
itating the transportation of oxygen. Iron deficiency leads to anemia, impacting around 1.2 billion people worldwide [139]. However,
Fe toxicity stems from its capacity to generate free radicals, which serve as crucial growth factors for various infectious organisms and
neoplastic cells [140]. Likewise, manganese (Mn), a vital trace element, acts as a cofactor for numerous enzymes but is neurotoxic and
prone to excessive cellular accumulation [141]. Prolonged exposure with higher manganese (Mn) levels, whether environmental or in
occupational settings, results in manganism, a neurodegenerative condition with Parkinsonian symptoms similar to Parkinson’s dis-
ease (PD) [142,143]. Within the central nervous system, toxicity from manganese (Mn) triggers apoptosis and gliosis in particular
brain regions, including the substantia nigra pars reticulata, striatum and globus pallidus. Mn also elicits rapid responses from as-
trocytes and microglia, contributing to its impact [141,144]. Apart from nickel carbonyls, almost all nickel compounds are considered
non-toxic when ingested orally, primarily owing to their minimal absorption from the gastrointestinal (GI) tract [145]. Elevated serum
nickel levels, however, can induce coronary vasoconstriction in individuals with angina pectoris and myocardial infarction [146].
Therefore, the current study provides significant findings regarding the manifold interactions among the studied elements, revealing
their essential roles, health complications, and environmental considerations.

3.4. Transfer of mineral nutrients and potentially toxic elements into rice grains

Transfer factor (TF) denotes a plant’s capacity to transport ions from its roots to aboveground portions. TF is a convenient technique
for measuring element concentrations in plant tissues relative to its concentrations in soil [26]. A TF greater than one (TF > 1) signifies
enhanced elemental uptake from the soil by the plant, indicating its suitability for phytoremediation. Conversely, lower TF values (TF
< 1) indicate a reduced plant response to element absorption, indicating that the plant is suitable for human consumption [147].
Table 3 summarizes the soil-rice grain transfer factor (TF) and PTEs concentrations. A TF < 1 for Cr, Al, Mg, As, Ca, Ni, Fe, Mn, Ti, and
Sr in rice grains suggests their suitability for human consumption. In Fig. 3, high TF > 1 for P, Cu, K, and Zn, show increased elemental
uptake from soil to rice grains [148]. A high transfer factor of phosphorus (P) is vital for crop productivity. However, humans and
non-ruminants, such as fish, poultry and swine, cannot digest the main form of phosphorus (phytate) in grains due to its binding to
mixed salts of phytic acids, which requires enzymatic dephosphorylation for availability [149,150]. A decrease in phosphorus
accumulation in grains would promote sustainable and biologically friendly agriculture (Yamaji et al., 2017). Likewise, copper (Cu)
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Fig. 3. Comparative account of Transfer factor (TF) of elements.
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plays a vital role in plant growth, and toxic at high concentrations. The accumulation of Cu in rice grains is directly linked to the safety
considerations for both rice and humans [67,151]. Zinc, an essential cofactor, can be toxic when present at elevated levels. Ingestion of
high doses of zinc sulfate and concentrated zinc chloride can lead to acute toxicity, due to their direct corrosive effects, characterized
primarily by gastrointestinal symptoms such as hematemesis [152,153]. Similarly, potassium (K), the most prevalent cation in plants,
confers tolerance to biotic, abiotic stresses including extreme temperatures, drought, diseases, and insect pests [154]. According to
Ref. [155], insufficient K intake increases the risk of rise blood pressure, mainly when coupled with high Na intake. Conversely,
sufficient ingestion of potassium help in lowering blood pressure, partly by promoting improved vasodilation and increased urinary
sodium excretion [156]. Therefore, a higher TF > 1 for potassium is considered safe for human health.

To enhance understanding of the primary factors governing soil to plant transfer in the study region, Table 4 shows the maximum to
minimum concentration ratios of elements in paddy soils and rice grains with corresponding TF ratios. There were slight variations in
concentration ratios of K, Al, Mg, Ni, Ca, Mn, As, Zn, Ti and Sr between rice grains and TF. A significant variations exhibited by Fe, Cr, P
and Cu concentration ratios of rice with transfer factor. Likewise, iron (Fe), Cr, Ti, Mn, As, and Mg concentration ratios in rice grains
were almost twofold those observed in the soil (Table 4). For Ni, Al, Sr, and Ca, the concentration ratios in the rice grains were 3-5
times and 17 times higher than those in the soil, respectively. However, soil K, P and Zn concentrations were higher than in rice grains
(Table 4). Concentration patterns of elements in rice grains (Table 4) were explained from soil concentrations (Table 1) or by the linear
relationships between pH and EC and between Ca, Mg, Ni, Al, As, Cr, K, and Sr (Table 2). This suggests that these pairs exhibit
proportionality and influence the mobility of PTEs [106,157]. Moreover, factors such as nutrient requirements, rice cultivar, genetic
composition, and climatic conditions further impact the absorption of elements [10].

3.5. Daily intake of PTEs through rice

For evaluation of people diets, dietary intake is a consistent method, provides important insight into potential nutrient deficiencies
or exposure to food contaminants [158,159]. The EDI (mg/kg/person/day) serves as a primary method for evaluating probable health
risks linked to PTEs intake through vegetables and cereal crops consumption [160]. The people of Pakistan widely incorporate rice into
their diet as a fundamental source of dietary energy [161]. However, rice holds considerable potential for the accumulation of PTEs
[116]. Therefore, it is highly important to obtain information on the extent to which useful and toxic elements are absorbed through
rice consumption.

In the current study, the EDI values of PTEs for children and adults from rice consumption were calculated and presented in Table 5.
For adults, mean EDI values (mg/kg/person/day) of Al (3.94E-02), Cu (5.22E-02), Fe (2.11E-01), Mn (1.95E-02), Ni (2.30E-03), Sr
(3.70E-02) and Zn (1.08E-02) were within the PTDI safe limits (Table 5). Similarly, for children mean EDI values (mg/kg/person/day)
of Al (4.68E-02), Cu (6.19E-02), Fe (2.51E-01), Mn (2.31E-02), Ni (2.72E-03), Sr (4.39E-02) and Zn (1.28E-02) were also within the
PTDI safe limits (Table 5).

The mean EDI values of As (2.11E-03) and Cr (2.09E-02) for children, and for adults As (1.78E-03) and Cr (1.76E-02) exceeded the
recommended safety limits of PTDI (Table 5), indicating health risks. Likewise, mean high EDI values of As and Cr for children than in
adults, signifying high risk for children. In the current study, high EDI values for As, Cr and Ni align with findings reported by Ref. [73]
for individuals in Bangladesh. In northern Pakistan [162], reported similar results, with higher EDI for Cr, As, Ni, and Cd in children
and adults, suggested potential health risks linked with contaminated food consumption. Similarly [163], reported elevated con-
centrations of As in various rice varieties and rice based food products in India, suggests contamination of food supply chain and aligns
with our current results.

3.6. Assessment of noncarcinogenic risk

The noncarcinogenic risk from exposure to PTEs for children and adults were assessed using deterministic and probabilistic ap-
proaches. Hazard quotient (HQ > 1) for exposure to As, Cr, Cu, and Zn through rice ingestion in both children and adults suggest
probable health risks (Table 6). The HQ values for As (6.13E+00), Cr (4.15E+0), Zn (2.57E+01), and Cu (1.23E+0) were higher in
children compared to adults. This suggests a higher susceptibility to noncarcinogenic risks in children. The high HQ values for in-
dividual elements result from intensive agricultural practices, smelting, mining, and the discharge of industrial effluents into water
resources used for irrigating agricultural land [164]. [165,166] reported that HQ > 1 indicates unsafe ingestion of food material and
poses a high risk to consumers. In the current study, HQ values for Cr, As, Zn, and Cu surpassed the acceptable limit of one (HQ > 1).
This suggests that regular rice consumption is unsafe and not recommended for the population.

Similarly, hazard index (HI) quantifies cumulative noncarcinogenic effects associated with ingestion of multiple elements by food
crops [73]. HI above 1.0 signifies a potential noncarcinogenic health risk, whereas HI below 1.0 suggests nonappearance of health
hazard [167]. In the current study, HI > 1 for children (3.79E+01) and for adults (3.19E+01) (Table 6), demonstrate vulnerability to
noncarcinogenic risks in both population groups. Moreover, the contribution rates of Cr, Zn, Cu, and As to the hazard index (HI)
exceeded those of Al, Mn, Ni, and Sr (Table 6). According to Ref. [70], HI > 1 indicates a potential health risk for humans and is of great
concern. Similarly, HI > 1 for Pb, Co and Cd exposure through riin individuals of the Tangail district population of Bangladesh,
indicated probable adverse health risk and strongly support our current study results [165]. reported HI > 1 for Pb, Co and Cd exposure
linked to rice consumption in the Bangladesh population, indicating likely adverse health risks that strongly align with the findings of
our present study.

In Figures (4a-b), the Monte Carlo simulation presenting probability distributions for hazard index (HI) in both children and adults.
The HI values exceeded 1.0 at mean, 5th and 95th percentiles, with confidence levels of 90.17% and 89.93% for adults and children,
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Fig. 4. Probability distribution of hazard index (HI) for (a) adult (b) children.

respectively. This finding suggested that the adults and children face substantial noncarcinogenic hazards from dietary exposure to
PTEs through rice consumption. Additionally, the current study demonstrated that the probability distribution of HI (Fig. 4a-b) was
slightly greater than that of the deterministic values (Table 5). This variation proposes that the probabilistic assessment method
considers all potential scenarios, even the extremes that the deterministic approach might overlook [39].

3.7. Assessment of

carcinogenic risk

The carcinogenic risk is the likelihood of developing cancer in individuals at some point in their life from exposure to carcinogens
[168]. The values of deterministic and probabilistic cancer risks for Cr, Ni and As resulting from rice consumption in adults and
children are presented in Table 7 and Fig. 5a-d.

In children, the mean deterministic cancer risks (CR) for As (3.17E-03), Cr (1.89E-02), and Ni (2.48E-03) were slightly greater than
those in adults for As (2.67E-03), Cr (1.59E-02), and Ni (2.09E-03) and exceeded the safety limits (Table 7). The total carcinogenic risk
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Fig. 5. Probability distributions for carcinogenic risk of (a) arsenic (b) nickel (¢) chromium (d) total cancer risk in children through rice

consumption.
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Fig. 6. Probability distributions for carcinogenic risk of (a) arsenic (b) chromium (c) nickel (d) total cancer risk in adult via rice consumption.

(TCR) values, 2.27E-02 in children and 2.07E-02 in adults, significantly exceeded the acceptable limit of 1 x 107® and 1 x 10~*. This
strongly shows that the cancer risk associated with residents’ rice consumption varies, with significantly different risk levels [169].

In addition to the deterministic cancer risk, the probabilistic cancer risk values simulated through Monte Carlo simulation are
shown in Fig. 5a-d. This method considered the accurate distribution of parameters, including element concentration, exposure
frequency, body weight, ingestion rate, and exposure duration (Tables S-3). The probabilistic cancer risk values for children at the 5th,
mean, and 95th percentiles for As (9.07E-4, 3.36E-3, 5.86E-3), Cr (1.19E-2, 1.42E-2, 1.68E-2), and Ni (5.37E-4, 8.55E-4, 1.20E-3), with
certainties of 89.22%, 89.74%, and 90.28%, respectively (Fig. 5a—d), exceeded the lower threshold limit of 1 x 107°. In adults, the
probabilistic cancer values for As (2.47E-3, 2.84E-3, 3.26E-3), Cr (9.94E-3, 1.20E-2, 1.42E-2), and Ni (5.99E-4, 7.21E-4, 8.60E-4) at the
5th, mean, and 95th percentiles exceeded the minimum acceptable limits of 1 x 10~° (Fig. 6a-d). Similarly, the probability values of
total cancer risk for children (1.51E-2, 1.85E-2, 2.21E-2) and adults (1.36E-2, 1.55E-2, 1.76E-2) at the 5th, mean, and 95th percentiles,
with certainties of 90.09% and 90.63%, respectively, were above the acceptable limits of 1 x 10 %and 1 x 107, (Fig. 5-d & Fig. 6-d).

Approximately 90.36% of the inhabitants encountered total carcinogenic risk (TCR) exposure exceeding 1 x 10~ (Fig. 5-d & Fig. 6-
d). These findings indicate that children and adults face an undesirable cancer risk through the dietary intake of Cr, Ni, and As from rice
consumption. In addition, the values of deterministic cancer risk slightly exceeded the probabilistic cancer risk values. This disparity
can be ascribed to overestimation of risk resulting from the inherent uncertainties in deterministic analysis [170]. According to Refs.
[71,171], cancer risks below 1 x 10 ® are negligible, above 1 x 10 *are unacceptable, and from 1 x 10 %and 1 x 10 *are considered
acceptable. The current analysis indicates that adults and children in the study area face a higher risk of developing cancer from rice
consumption. Similarly [73,118,172], reported comparable outcomes when studying the effects of As and Pb exposure on individuals
in Bangladesh and Iran who consumed rice. As indicated by Refs. [173,174], the probable health hazard in the study area is amplified
by additional exposures to PTEs through the consumption of fish and vegetables. In the neighboring district (Dir), the cancer incidence
rate was 15.04 per 100,000 people. The prevalence of common cancers, including blood, stomach cancers, breast, and skin suggests
dietary exposure to PTEs [94].

3.8. Sensitivity analysis

Sensitivity analysis was conducted to evaluate the importance of variables in estimation of noncarcinogenic and carcinogenic risks
[175]. Sensitivity analysis of hazard index (HI) in children indicated significant influence of ingestion rate (79.3%) on hazard index,
followed by exposure frequency (12.1%), and PTEs concentration (5.5%), and categorized as key noncancerous risk factors (Fig. 7-a).
Likewise, for adults, the key factors for noncancerous risk were ingestion rate (59.4%), exposure frequency (26.2%), PTEs concen-
tration (10.2%), and body weight (4.2%) (Fig. 7-b). The current findings align with those of [70], who also reported ingestion rate as

13



A. Khan et al. Heliyon 10 (2024) 28043
Contribution to Variance View Contribution to Variance View
Sensitivity: HI (Adult) Sensitivity: HI (Children)
) | 0.0% 10.0% 200% 300% 400% 500% 60.0% 700% 80.0%
00% 100% 200% 300% A00% S00% Q0% || ||
TR | [} rer|  |mzmm

1 EF 26.2% T HM

1 HM TBW | -32%

TBW | 42%

1 - Grouped assumptions 1 - Grouped assumptions

(a) (b)

Fig. 7. Contribution of exposure factors to hazad index (HI) via rice consumption for (a) adult (b) children.

Contribution to Variance View
Sensitivity: TCR (Adult)
0.0% 20.0% 40.0% 60.0% 80.0% 100.0%

Contribution to Variance View

Sensitivity: TCR (Children)

0.0% 20.0% 40.0% 60.0% 80.0%
: cr
tAs tAs | 0%
tCr| |O2EE Ni |
tNi | § tR | 01%
tBW 02% ter| |
tIR : 1ED 01%
o/, 1BW !
Tri[F) ik tEDI | 00%

‘T - Grouped assumptions
@ ®)

Fig. 8. Contribution of exposure factors to total cancer risk (TCR) via rice consumption for (a) children (b) adult.
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main influencing factor of health risk, followed by exposure duration and PTEs concentration, while body weight is less influential. In
children, the relatively higher contribution of arsenic (89.5%) compared to Cr (9.2%) and Ni (3.0%) to TCR (Fig. 8-a) indicates a more
significant impact of arsenic on TCR. Similarly, in adults, a prominent contribution to TCR was simulated for Cr (98.8%). The
contribution of arsenic (As) and nickel (Ni) to the total carcinogenic risk due to rice consumption in adults were negligible. The current
findings align with [176-178], where it was reported that PTEs like cadmium (Cd), arsenic (As), nickel (Ni) and chromium (Cr) played
a predominant role in the overall variance of risk.

4. Conclusion

The current study examined PTEs concentrations in paddy soil, their transfer to rice grains, evaluated potential sources and allied
health hazards for individuals through consumption of rice. The soil water suspension exhibited saline nature, with excessive phos-
phorous (P) concentrations above permissible limits. Various factors resulting from both natural geology and human activities cate-
gorized sources of pollution sources as vehicle emissions, industrial effluents, smeltering activities, and unnecessary usage of inorganic
fertilizers. The levels of Mg, Ni, As, Cu, Al, Fe, Cr and Mn in rice grains exceeded the safety limits set by FAO/WHO. A high transfer
factor (TF) indicated elevated uptake of P, Cu, K, and Zn from the soil to the rice grains. The noncaricnogenic risk exposure to PTEs
from rice consumption in children were more significant than for adults. The study identified significant differences in carcinogenic
risk among children and adults, primarily attributed to Cr, As and Ni exposure through rice consumption, impacting a considerable
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portion of the population. Sensitivity analysis pinpointed key noncancerous risk factors for different age groups. Arsenic has emerged
as a major contributor to cancer risk in children, while chromium plays a predominant role in adults. This study highlight the
importance of addressing probable health hazards associated with consumption of rice raised on contaminated soils. To mitigate
potential health risks, it is essential to implement measures for monitoring and controlling the levels of PTEs in water, soil and rice
crops. Additionally, educating consumers about safe rice consumption practices is crucial.

Funding
No grants for the current research were awarded by any organization or research institute.
Consent for publication

We declare that this manuscript is original, has not been published before and is not currently being considered for publication
elsewhere.

Ethics approval and consent to participate

The current research study was approved by the Institutional Research Committee of Islamia College Peshawar. The article does not
include any humans or animals as research objects.

Data availability statement
All the data supporting the results of this study are included in this article.
CRediT authorship contribution statement

Asghar Khan: Writing — original draft, Validation, Software, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Muhammad Saleem Khan: Writing — review & editing, Supervision, Resources, Project administration,
Conceptualization. Munib Ahmed Shafique: Writing — review & editing, Visualization, Validation, Resources, Formal analysis.
Qaisar Khan: Writing — review & editing, Visualization, Validation, Data curation. Ghulam Saddiq: Writing — review & editing,
Visualization, Validation, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The authors are thankful and acknowledge the extensive help and support provided by the Center of Analytical Facility Division
(CAFD) of the Pakistan Institute of Nuclear Sciences and Technology (PINSTCH) Islamabad during the laboratory work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e28043.

References

[1] M. Karaca, A.G. Ince, Revisiting sustainable systems and methods in agriculture, in: M. Farooq, N. Gogoi, M.B.T.-S.A. Pisante, E. the (Eds.), Sustainable
Agriculture and the Environment, Elsevier, 2023, pp. 195-246, https://doi.org/10.1016/B978-0-323-90500-8.00004-X.

[2] K. Sankar Ganesh, P. Sundaramoorthy, M. Nagarajan, R. Lawrence Xavier, in: A. Dhanarajan (Ed.), Role of Organic Amendments in Sustainable Agriculture BT
- Sustainable Agriculture towards Food Security, Springer Singapore, Singapore, 2017, pp. 111-124, https://doi.org/10.1007/978-981-10-6647-4_7.

[3] S. Perkovi¢, C. Paul, F. Vasi¢, K. Helming, Human health and soil health risks from heavy metals, micro(nano)plastics, and antibiotic resistant bacteria in
agricultural soils, Agronomy 12 (2022) 2945, https://doi.org/10.3390/agronomy12122945.

[4] D. Hou, D. O’Connor, A.D. Igalavithana, D.S. Alessi, J. Luo, D.C.W. Tsang, et al., Metal contamination and bioremediation of agricultural soils for food safety
and sustainability, Nat. Rev. Earth Environ. 1 (2020) 366-381, https://doi.org/10.1038/543017-020-0061-y.

[5] L.P. Padhye, P. Srivastava, T. Jasemizad, S. Bolan, D. Hou, S.M. Shaheen, et al., Contaminant containment for sustainable remediation of persistent
contaminants in soil and groundwater, J. Hazard Mater. 455 (2023) 131575, https://doi.org/10.1016/j.jhazmat.2023.131575.

[6] Iur Rehman, M. Ishaq, L. Ali, S. Muhammad, I.U. Din, M. Yaseen, et al., Potentially toxic elements’ occurrence and risk assessment through water and soil of
Chitral urban environment, Pakistan: a case study, Environ. Geochem. Health 42 (2020) 4355-4368, https://doi.org/10.1007/510653-020-00531-4.

15


https://doi.org/10.1016/j.heliyon.2024.e28043
https://doi.org/10.1016/B978-0-323-90500-8.00004-X
https://doi.org/10.1007/978-981-10-6647-4_7
https://doi.org/10.3390/agronomy12122945
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.1016/j.jhazmat.2023.131575
https://doi.org/10.1007/s10653-020-00531-4

A. Khan et al. Heliyon 10 (2024) 28043

71

[8]

[91

[10]
[11]
[12]
[13]

[14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

[23]

[24]

[25]

[26]
[27]

[28]
[29]

[30]

[31]

[32]

[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]

M.H. Kabir, T. Kormoker, M.S. Islam, R. Khan, R.S. Shammi, T.R. Tusher, et al., Potentially toxic elements in street dust from an urban city of a developing
country: ecological and probabilistic health risks assessment, Environ. Sci. Pollut. Res. 28 (2021) 57126-57148, https://doi.org/10.1007/s11356-021-14581-
3.

H.D. Weissmannova, S. Mihocova, P. Chovanec, J. Pavlovsky, Potential ecological risk and human health risk assessment of heavy metal pollution in industrial
affected soils by coal mining and metallurgy in Ostrava, Czech Republic, Int. J. Environ. Res. Publ. Health 16 (2019), https://doi.org/10.3390/
ijerph16224495.

A. Khan, M.S. Khan, F. Hadi, A.N. Khan, G. Saddiq, Energy-dispersive X-ray (EDX) fluorescence based analysis of heavy metals in marble powder, paddy soil
and rice (oryza sativa L.) with potential health risks in district Malakand, khyber Pakhtunkhwa, Pakistan, Environ. Pollut. Bioavailab. (2021), https://doi.org/
10.1080/26395940.2021.1986427.

T.P. Nguyen, H. Ruppert, T. Pasold, B. Sauer, Paddy soil geochemistry, uptake of trace elements by rice grains (Oryza sativa) and resulting health risks in the
Mekong River Delta, Vietnam, Environ. Geochem. Health 42 (2020) 2377-2397, https://doi.org/10.1007/510653-019-00456-7.

Y. Wang, L. Yang, L. Kong, E. Liu, L. Wang, J.-R. Zhu, Spatial distribution, ecological risk assessment and source identification for heavy metals in surface
sediments from Dongping Lake, Shandong, East China, Catena 125 (2015) 200-205, https://doi.org/10.1016/j.catena.2014.10.023.

A.A. Abdelhady, M.M. Khalil, E. Ismail, R.S.A. Mohamed, A. Ali, M.G. Snousy, et al., Potential biodiversity threats associated with the metal pollution in the
Nile-Delta ecosystem (Manzala lagoon, Egypt), Ecol. Indicat. 98 (2019) 844-853, https://doi.org/10.1016/j.ecolind.2018.12.002.

S. Jehan, L. Ullah, S. Khan, S. Muhammad, S.A. Khattak, T. Khan, Evaluation of the Swat River, Northern Pakistan, water quality using multivariate statistical
techniques and water quality index (WQI) model, Environ. Sci. Pollut. Res. 27 (2020) 38545-38558, https://doi.org/10.1007/s11356-020-09688-y.

A. Khan, M.S. Khan, J.J. Egozcue, M.A. Shafique, S. Nadeem, G. Saddiq, Irrigation suitability , health risk assessment and source apportionment of heavy
metals in surface water used for irrigation near marble industry in Malakand , Pakistan, PLoS One 17 (2022) 1-26, https://doi.org/10.1371/journal.
pone.0279083.

M.M.A. Al-Soghir, A.G. Mohamed, M.A. El-Desoky, A.A.M. Awad, Comprehensive assessment of soil chemical properties for land reclamation purposes in the
Toshka area, Egypt, Sustain. Times 14 (2022), https://doi.org/10.3390/su142315611.

S. Muthayya, J.D. Sugimoto, S. Montgomery, G.F. Maberly, An overview of global rice production, supply, trade, and consumption, Ann. N. Y. Acad. Sci. 1324
(2014) 7-14, https://doi.org/10.1111/nyas.12540.

D. Songtoasesakul, W. Aesomnuk, S. Pannak, J.L. Siangliw, M. Siangliw, T. Toojinda, et al., QTL-Seq identifies pokkali-derived QTLs and candidate genes for
salt tolerance at seedling stage in rice (oryza sativa L.), Agriculture 13 (2023) 1596, https://doi.org/10.3390/agriculture13081596.

Salihi M. Sadiq, M.S. Ahmad-Hamdani, M. Jusoh, The impact of carbon dioxide (CO2) enrichment on rice (Oryza sativa L.) production: a review, Pakistan J.
Bot. 55 (2023), https://doi.org/10.30848/PJB2023-3(15).

F.U. Rehman, E. Ahmad, The effect of climate patterns on rice productivity in Pakistan: an application of Driscoll and Kraay estimator, Environ. Sci. Pollut. Res.
29 (2022) 53076-53087, https://doi.org/10.1007/511356-022-19624-x.

M.W. Aslam, W. Ali, B. Meng, M.M. Abrar, B. Lu, C. Qin, et al., Mercury contamination status of rice cropping system in Pakistan and associated health risks,
Environ. Pollut. 263 (2020) 114625, https://doi.org/10.1016/j.envpol.2020.114625.

N.H. Khan, M. Nafees, A. Bashir, Study of heavy metals in soil and wheat crop and their transfer to food chain, Sarhad J. Agric. 32 (2016) 70-79, https://doi.
org/10.17582/journal.sja/2016/32.2.70.79.

G. Murtaza, M. Saqib, M. Zia-ur-Rehman, M. Naveed, A. Ghafoor, Mitigation of climate change impacts through treatment and management of low quality
water for irrigation in Pakistan. Environmental and agricultural informatics: concepts, methodologies, tools, and applications, IGI Global (2020) 1181-1198.
H.R. Ahmad, Z.U.R. Farooqi, M. Sabir, M.F. Sardar, in: M. Oztiirk, S.M. Khan, V. Altay, R. Efe, D. Egamberdieva, F.O. Khassanov (Eds.), Brick Kilns: Types,
Emissions, Environmental Impacts, and Their Remedial Measures BT - Biodiversity, Conservation and Sustainability in Asia: Volume 2: Prospects and
Challenges in South and Middle Asia, Springer International Publishing, Cham, 2022, pp. 945-958, https://doi.org/10.1007/978-3-030-73943-0_52.

T.P. Nguyen, H. Ruppert, B. Sauer, T. Pasold, Harmful and nutrient elements in paddy soils and their transfer into rice grains (Oryza sativa) along two river
systems in northern and central Vietnam, Environ. Geochem. Health 42 (2020) 191-207, https://doi.org/10.1007/s10653-019-00333-3.

A.D. Igalavithana, M.G.Y.L. Mahagamage, P. Gajanayake, A. Abeynayaka, P.J.D. Gamaralalage, M. Ohgaki, et al., Microplastics and potentially toxic elements:
potential human exposure pathways through agricultural lands and policy based countermeasures, Microplastics 1 (2022) 102-120, https://doi.org/10.3390/
microplastics1010007.

T. Kormoker, R. Proshad, M.S. Islam, T.R. Tusher, M. Uddin, S. Khadka, et al., Presence of toxic metals in rice with human health hazards in Tangail district of
Bangladesh, Int. J. Environ. Health Res. 00 (2020) 1-21, https://doi.org/10.1080/09603123.2020.1724271.

A. Chowdhury, A. Naz, S.K. Maiti, Bioaccumulation of potentially toxic elements in three mangrove species and human health risk due to their ethnobotanical
uses, Environ. Sci. Pollut. Res. 28 (2021) 33042-33059, https://doi.org/10.1007/s11356-021-12566-w.

S.A. Hussain, R. Sullivan, Cancer control in Bangladesh, Jpn. J. Clin. Oncol. 43 (2013) 1159-1169, https://doi.org/10.1093/jjco/hyt140.

M.S. Sultana, S. Rana, S. Yamazaki, T. Aono, S. Yoshida, Health risk assessment for carcinogenic and non-carcinogenic heavy metal exposures from vegetables
and fruits of Bangladesh, Cogent Environ. Sci. 3 (2017) 1-17, https://doi.org/10.1080/23311843.2017.1291107.

B. Hu, S. Shao, T. Fu, Z. Fu, Y. Zhou, Y. Li, et al., Composite assessment of human health risk from potentially toxic elements through multiple exposure routes:
a case study in farmland in an important industrial city in East China, J. Geochem. Explor. 210 (2020) 106443, https://doi.org/10.1016/j.
gexplo.2019.106443.

P.C. Agyeman, K. John, N.M. Kebonye, L. Boriivka, R. Vasat, O. Drabek, et al., Human health risk exposure and ecological risk assessment of potentially toxic
element pollution in agricultural soils in the district of Frydek Mistek, Czech Republic: a sample location approach, Environ. Sci. Eur. 33 (2021) 137, https://
doi.org/10.1186/512302-021-00577-w.

E.S. de Souza, R.A. Texeira, H.S.C. da Costa, F.J. Oliveira, L.C.A. Melo, K. do Carmo Freitas Faial, et al., Assessment of risk to human health from simultaneous
exposure to multiple contaminants in an artisanal gold mine in Serra Pelada, Par4, Brazil, Sci. Total Environ. 576 (2017) 683-695, https://doi.org/10.1016/j.
scitotenv.2016.10.133.

E.R. Salcedo Sanchez, J.M.E. Martinez, M.M. Morales, O. Talavera Mendoza, M.V.E. Alberich, Ecological and health risk assessment of potential toxic elements
from a mining area (water and sediments): the san juan-taxco river system, guerrero, Mexico, Water 14 (2022) 518, https://doi.org/10.3390/w14040518.
S. Zhang, Y. Han, J. Peng, Y. Chen, L. Zhan, J. Li, Human health risk assessment for contaminated sites: a retrospective review, Environ. Int. 171 (2023)
107700, https://doi.org/10.1016/j.envint.2022.107700.

B.S. Choudri, N. Al-Nasiri, Y. Charabi, T. Al-Awadhi, Ecological and human health risk assessment, Water Environ. Res. 92 (2020) 1440-1446, https://doi.org/
10.1002/wer.1382.

Y. Wang, D. Cao, J. Qin, S. Zhao, J. Lin, X. Zhang, et al., Deterministic and probabilistic health risk assessment of toxic metals in the daily diets of residents in
industrial regions of northern ningxia, China, Biol. Trace Elem. Res. (2023), https://doi.org/10.1007/s12011-022-03538-3.

X. Zhang, X. Wang, X. Zhao, Z. Tang, T. Zhao, M. Teng, et al., Using deterministic and probabilistic approaches to assess the human health risk assessment of 7
polycyclic aromatic hydrocarbons, J. Clean. Prod. 331 (2022) 129811, https://doi.org/10.1016/j.jclepro.2021.129811.

S. Li, Q. Zhang, Risk assessment and seasonal variations of dissolved trace elements and heavy metals in the Upper Han River, China, J. Hazard Mater. 181
(2010) 1051-1058, https://doi.org/10.1016/j.jhazmat.2010.05.120.

N. Saha, M.S. Rahman, M.B. Ahmed, J.L. Zhou, H.H. Ngo, W. Guo, Industrial metal pollution in water and probabilistic assessment of human health risk,
J. Environ. Manag. 185 (2017) 70-78, https://doi.org/10.1016/j.jenvman.2016.10.023.

C. Carlon, L. Pizzol, A. Critto, A. Marcomini, A spatial risk assessment methodology to support the remediation of contaminated land, Environ. Int. 34 (2008)
397-411, https://doi.org/10.1016/j.envint.2007.09.009.

X. Li, W. Chi, H. Tian, Y. Zhang, Z. Zhu, Probabilistic ecological risk assessment of heavy metals in western Laizhou Bay, Shandong Province, China, PLoS One
14 (2019) 1-16, https://doi.org/10.1371/journal.pone.0213011.

16


https://doi.org/10.1007/s11356-021-14581-3
https://doi.org/10.1007/s11356-021-14581-3
https://doi.org/10.3390/ijerph16224495
https://doi.org/10.3390/ijerph16224495
https://doi.org/10.1080/26395940.2021.1986427
https://doi.org/10.1080/26395940.2021.1986427
https://doi.org/10.1007/s10653-019-00456-7
https://doi.org/10.1016/j.catena.2014.10.023
https://doi.org/10.1016/j.ecolind.2018.12.002
https://doi.org/10.1007/s11356-020-09688-y
https://doi.org/10.1371/journal.pone.0279083
https://doi.org/10.1371/journal.pone.0279083
https://doi.org/10.3390/su142315611
https://doi.org/10.1111/nyas.12540
https://doi.org/10.3390/agriculture13081596
https://doi.org/10.30848/PJB2023-3(15)
https://doi.org/10.1007/s11356-022-19624-x
https://doi.org/10.1016/j.envpol.2020.114625
https://doi.org/10.17582/journal.sja/2016/32.2.70.79
https://doi.org/10.17582/journal.sja/2016/32.2.70.79
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref22
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref22
https://doi.org/10.1007/978-3-030-73943-0_52
https://doi.org/10.1007/s10653-019-00333-3
https://doi.org/10.3390/microplastics1010007
https://doi.org/10.3390/microplastics1010007
https://doi.org/10.1080/09603123.2020.1724271
https://doi.org/10.1007/s11356-021-12566-w
https://doi.org/10.1093/jjco/hyt140
https://doi.org/10.1080/23311843.2017.1291107
https://doi.org/10.1016/j.gexplo.2019.106443
https://doi.org/10.1016/j.gexplo.2019.106443
https://doi.org/10.1186/s12302-021-00577-w
https://doi.org/10.1186/s12302-021-00577-w
https://doi.org/10.1016/j.scitotenv.2016.10.133
https://doi.org/10.1016/j.scitotenv.2016.10.133
https://doi.org/10.3390/w14040518
https://doi.org/10.1016/j.envint.2022.107700
https://doi.org/10.1002/wer.1382
https://doi.org/10.1002/wer.1382
https://doi.org/10.1007/s12011-022-03538-3
https://doi.org/10.1016/j.jclepro.2021.129811
https://doi.org/10.1016/j.jhazmat.2010.05.120
https://doi.org/10.1016/j.jenvman.2016.10.023
https://doi.org/10.1016/j.envint.2007.09.009
https://doi.org/10.1371/journal.pone.0213011

A. Khan et al. Heliyon 10 (2024) 28043

[42]

[43]

[44]
[45]

[46]

[47]
[48]
[49]
[50]

[51]
[52]

[53]
[54]
[55]
[56]

[57]
[58]

[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]

[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]

[80]

H. Hao, P. Li, Y. Lv, W. Chen, D. Ge, Probabilistic health risk assessment for residents exposed to potentially toxic elements near typical mining areas in China,
Environ. Sci. Pollut. Res. 29 (2022) 58791-58809, https://doi.org/10.1007/s11356-022-20015-5.

I. Farrance, R. Frenkel, Uncertainty in measurement: a review of Monte Carlo simulation using microsoft excel for the calculation of uncertainties through
functional relationships, including uncertainties in empirically derived constants, Clin. Biochem. Rev. 35 (2014) 37-61. Available: http://www.ncbi.nlm.nih.
gov/pubmed/24659835.

X. Xu, L. Li, H. Zhou, Q. Hu, L. Wang, Q. Cai, et al., Heavy metals and probabilistic risk assessment via pheretima (a traditional Chinese medicine) consumption
in China, Front. Pharmacol. 12 (2022) 1-11, https://doi.org/10.3389/fphar.2021.803592.

T. Sarwar, S. Khan, J. Nawab, S. Muhammad, S. Amin, J. Khan, et al., Arsenic Speciation in Rice, Mechanisms and Associated Health Risk through Rice
Consumption in Various Districts of Khyber Pakhtunkhwa, Expo Heal., Pakistan, 2022, https://doi.org/10.1007/512403-022-00491-3.

S.U.K. Gandapur, A. Sareer, S. Ali, A. Khan, Crop Statistics Khyber Pakhtunkhwa Government of Khyber Pakhtunkhwa Crop Reporting Services Agriculture,
Livestock and Cooperation Department, Peshawar: Government of Khyber Pakhtunkhwa, 2017. Available: http://kp.gov.pk/uploads/2018/09/Crop_Statistics_
KP_2016-17.pdf.

S. Hussain, Species Diversity of Basidiomycetes of District Malakand. PhD Dessertation,Department of Botany, Hazara University, 2016, pp. 1-249. Available:
http://prr.hec.gov.pk/jspui/handle/123456789,/7580.

S. Jan, K. Khan, I. Hameed, N. Ahmad, Ethnobotanical studies of the medicinal plants of Malakand agency, Khyber Pakhtunkhwa, Pakistan J. Plant Sci. 18
(2012).

A. Khan, N. Khan, K. Ali, An assessment of the floristic diversity, life-forms and biological spectrum of vegetation in Swat ranizai, district Malakand, khyber
Pakhtunkhwa, Pakistan, Technol. Dev. 36 (2017) 61-78, https://doi.org/10.3923/std.2017.61.78.

J. Wroble, T. Frederick, A. Frame, D. Vallero, in: Y.F. Tsang (Ed.), Comparison of Soil Sampling and Analytical Methods for Asbestos at the Sumas Mountain
Asbestos Site, Working towards a Toolbox for Better Assessment, vol. 12, PLoS One, 2017, pp. 1-26, https://doi.org/10.1371/journal.pone.0180210.

M. Carter, S.P. Bentley, Practical guidelines for microwave drying of soils, Can. Geotech. J. 23 (1986) 598-601, https://doi.org/10.1139/t86-088.

F. Ali, H. Ullah, I. Khan, Heavy metals accumulation in vegetables irrigated with industrial influents and possible impact of such vegetables on human health,
Sarhad J. Agric. 33 (2017), https://doi.org/10.17582/journal.sja/2017/33.3.489.500.

A. Jha, R. Dubey, Carbohydrate metabolism in growing rice seedlings under arsenic toxicity, J. Plant Physiol. 161 (2004) 867-872, https://doi.org/10.1016/j.

jplph.2004.01.004.

S. Kwak, G. Kim, G.-A. Lee, Beyond rice farming: evidence from central Korea reveals wide resource utilization in the Songgukri culture during the late-
Holocene, Holocene 27 (2017) 1092-1102, https://doi.org/10.1177/0959683616683259.

Y. Liang, X. Yi, Z. Dang, Q. Wang, H. Luo, J. Tang, Heavy metal contamination and health risk assessment in the vicinity of a tailing pond in Guangdong, China,
Int. J. Environ. Res. Publ. Health 14 (2017), https://doi.org/10.3390/ijerph14121557.

C. Shi, H. Ding, Q. Zan, R. Li, Spatial variation and ecological risk assessment of heavy metals in mangrove sediments across China, Mar. Pollut. Bull. 143
(2019) 115-124, https://doi.org/10.1016/j.marpolbul.2019.04.043.

S.E. Allen, Chemical Analysis of Ecological Materials, Blackwell Scientific Publications, 1974.

K. Usman, M.A. Al-Ghouti, M.H. Abu-Dieyeh, The assessment of cadmium, chromium, copper, and nickel tolerance and bioaccumulation by shrub plant
Tetraena gataranse, Sci. Rep. 9 (2019) 1-11, https://doi.org/10.1038/541598-019-42029-9.

S.A. Doabi, M. Karami, M. Afyuni, M. Yeganeh, Pollution and health risk assessment of heavy metals in agricultural soil, atmospheric dust and major food crops
in Kermanshah province, Iran, Ecotoxicol. Environ. Saf. 163 (2018) 153-164, https://doi.org/10.1016/j.ecoenv.2018.07.057.

J.A.M. Dematté, A.C. Dotto, L.G. Bedin, V.M. Sayao, AB e Souza, Soil analytical quality control by traditional and spectroscopy techniques: constructing the
future of a hybrid laboratory for low environmental impact, Geoderma 337 (2019) 111-121, https://doi.org/10.1016/j.geoderma.2018.09.010.

N. Velitchkova, O. Veleva, S. Velichkov, N. Daskalova, Possibilities of High Resolution Inductively Coupled Plasma Optical Emission Spectrometry in the
Determination of Trace Elements in Environmental Materials, vol. 2013, 2013.

APHA, Standard methods for the examination of water and wastewater, in: twentieth ed., in: L.S. Clesceri, A.E. Greenberg, A.D. Eaton (Eds.), Public Health,
American Public Health Association, American Water Works Association, Water Environment Federation, 1999 https://doi.org/10.2105/AJPH.51.6.940-a.
Y. Yang, A.C. Chang, M. Wang, W. Chen, C. Peng, Assessing cadmium exposure risks of vegetables with plant uptake factor and soil property, Environ. Pollut.
238 (2018) 263-269, https://doi.org/10.1016/j.envpol.2018.02.059.

N. Mirecki, R. Agic, L. Sunic, L. Milenkovic, Z.S. Ilic, Transfer factor as indicator of heavy metals content in plants, Fresenius Environ. Bull. 24 (2015)
4212-4219.

L. Kaur, M.S. Rishi, A.U. Siddiqui, Deterministic and probabilistic health risk assessment techniques to evaluate non-carcinogenic human health risk (NHHR)
due to fluoride and nitrate in groundwater of Panipat, Haryana, India, Environ. Pollut. 259 (2020) 113711, https://doi.org/10.1016/j.envpol.2019.113711.
J.N. Thedioha, H.O. Abugu, O.T. Ujam, N.R. Ekere, Ecological and human health risk evaluation of potential toxic metals in paddy soil , rice plants , and rice
grains (Oryza sativa) of Omor Rice Field , Nigeria, Environ. Monit. Assess. (2021), https://doi.org/10.1007/s10661-021-09386-3.

H. Haghnazar, P. Belmont, K.H. Johannesson, E. Aghayani, M. Mehraein, Human-induced pollution and toxicity of river sediment by potentially toxic elements
(PTEs) and accumulation in a paddy soil-rice system: a comprehensive watershed-scale assessment, Chemosphere 311 (2023) 136842, https://doi.org/
10.1016/j.chemosphere.2022.136842.

S.S. Bhatti, V. Kumar, A. Kumar, J.K. Kirby, J. Gouzos, R. Correll, et al., Potential carcinogenic and non-carcinogenic health hazards of metal(loid)s in food
grains, Environ. Sci. Pollut. Res. 27 (2020) 17032-17042, https://doi.org/10.1007/511356-020-08238-w.

A.Z. Khan, S. Khan, M.A. Khan, M. Alam, T. Ayaz, Biochar reduced the uptake of toxic heavy metals and their associated health risk via rice (Oryza sativa L.)
grown in Cr-Mn mine contaminated soils, Environ. Technol. Innov. 17 (2020) 100590, https://doi.org/10.1016/j.eti.2019.100590.

F. Sanaei, M.M. Amin, Z.P. Alavijeh, R.A. Esfahani, M. Sadeghi, N.S. Bandarrig, et al., Health risk assessment of potentially toxic elements intake via food crops
consumption: Monte Carlo simulation-based probabilistic and heavy metal pollution index, Environ. Sci. Pollut. Res. 28 (2021) 1479-1490, https://doi.org/
10.1007/511356-020-10450-7.

USEPA, Risk Assessment Guidance for Superfund, Human Health Evaluation Manual (Part A) 1 (1989) 1-89. EPA/540/1-89/002.

USEPA, Risk based concentration table, Available: http://www.epa.gov/reg3hwmd/risk/human/index.htm, 2010.

R. Proshad, T. Kormoker, M.S. Islam, K. Chandra, Potential health risk of heavy metals via consumption of rice and vegetables grown in the industrial areas of
Bangladesh, Hum. Ecol. Risk Assess. 26 (2020) 921-943, https://doi.org/10.1080/10807039.2018.1546114.

R.P. Singh, M. Agrawal, Variations in heavy metal accumulation, growth and yield of rice plants grown at different sewage sludge amendment rates,
Ecotoxicol. Environ. Saf. 73 (2010) 632-641, https://doi.org/10.1016/j.ecoenv.2010.01.020.

USEPA, Screening level ecological risk assessment protocol for hazardous waste combustion facilities. Appendix E: toxicity Reference Values. Epa 530-D99-
001C, III: 96. Available: http://www.epa.gov/epaoswer/hazwaste/combust/eco-risk/voume3/appx-e.pdf, 1999.

L.D. Lemke, A.S. Bahrou, Partitioned multiobjective risk modeling of carcinogenic compounds in groundwater, Stoch. Environ. Res. Risk Assess. 23 (2009)
27-39, https://doi.org/10.1007/s00477-007-0192-4.

X. Liu, Q. Song, Y. Tang, W. Li, J. Xu, J. Wu, et al., Human health risk assessment of heavy metals in soil-vegetable system: a multi-medium analysis, Sci. Total
Environ. 463-464 (2013) 530-540, https://doi.org/10.1016/j.scitotenv.2013.06.064.

F. Zeng, W. Wei, M. Li, R. Huang, F. Yang, Y. Duan, Heavy metal contamination in rice-producing soils of Hunan province, China and potential health risks, Int.
J. Environ. Res. Publ. Health 12 (2015) 15584-15593, https://doi.org/10.3390/ijerph121215005.

S. Li, Q. Zhang, Risk assessment and seasonal variations of dissolved trace elements and heavy metals in the Upper Han River, China, J. Hazard Mater. 181
(2010) 1051-1058, https://doi.org/10.1016/j.jhazmat.2010.05.120.

S. Sediment, M. Carlo, J. Simal-gandara, Assessment of the Ecological Risk from Heavy Metals in the Statistical Analysis, 2022.

17


https://doi.org/10.1007/s11356-022-20015-5
http://www.ncbi.nlm.nih.gov/pubmed/24659835
http://www.ncbi.nlm.nih.gov/pubmed/24659835
https://doi.org/10.3389/fphar.2021.803592
https://doi.org/10.1007/s12403-022-00491-3
http://kp.gov.pk/uploads/2018/09/Crop_Statistics_KP_2016-17.pdf
http://kp.gov.pk/uploads/2018/09/Crop_Statistics_KP_2016-17.pdf
http://prr.hec.gov.pk/jspui/handle/123456789/7580
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref48
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref48
https://doi.org/10.3923/std.2017.61.78
https://doi.org/10.1371/journal.pone.0180210
https://doi.org/10.1139/t86-088
https://doi.org/10.17582/journal.sja/2017/33.3.489.500
https://doi.org/10.1016/j.jplph.2004.01.004
https://doi.org/10.1016/j.jplph.2004.01.004
https://doi.org/10.1177/0959683616683259
https://doi.org/10.3390/ijerph14121557
https://doi.org/10.1016/j.marpolbul.2019.04.043
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref57
https://doi.org/10.1038/s41598-019-42029-9
https://doi.org/10.1016/j.ecoenv.2018.07.057
https://doi.org/10.1016/j.geoderma.2018.09.010
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref61
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref61
https://doi.org/10.2105/AJPH.51.6.940-a
https://doi.org/10.1016/j.envpol.2018.02.059
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref64
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref64
https://doi.org/10.1016/j.envpol.2019.113711
https://doi.org/10.1007/s10661-021-09386-3
https://doi.org/10.1016/j.chemosphere.2022.136842
https://doi.org/10.1016/j.chemosphere.2022.136842
https://doi.org/10.1007/s11356-020-08238-w
https://doi.org/10.1016/j.eti.2019.100590
https://doi.org/10.1007/s11356-020-10450-7
https://doi.org/10.1007/s11356-020-10450-7
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref71
http://www.epa.gov/reg3hwmd/risk/human/index.htm
https://doi.org/10.1080/10807039.2018.1546114
https://doi.org/10.1016/j.ecoenv.2010.01.020
http://www.epa.gov/epaoswer/hazwaste/combust/eco-risk/voume3/appx-e.pdf
https://doi.org/10.1007/s00477-007-0192-4
https://doi.org/10.1016/j.scitotenv.2013.06.064
https://doi.org/10.3390/ijerph121215005
https://doi.org/10.1016/j.jhazmat.2010.05.120
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref80

A. Khan et al. Heliyon 10 (2024) 28043

[81]

[82]
[83]
[84]

[85]
[86]

[87]

[88]
[89]

[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]

[98]

[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]

[114]
[115]

[116]
[117]
[118]
[119]

[120]

F. Sanaei, M.M. Amin, Z.P. Alavijeh, R.A. Esfahani, M. Sadeghi, N.S. Bandarrig, et al., Health risk assessment of potentially toxic elements intake via food crops
consumption: Monte Carlo simulation-based probabilistic and heavy metal pollution index, Environ. Sci. Pollut. Res. 28 (2021) 1479-1490, https://doi.org/
10.1007/511356-020-10450-7.

S. Thio-Henestrosa, S. Comas, CoDaPack V2 User’s Guide, University of Girona, Dept. of Computer Science and Applied Mathematics, 2016. Available: http://
ima.udg.edu/codapack/assets/codapack-manual.

K.G. van den Boogaart, R. Tolosana-Delgado, Analyzing compositional data with R, Analyzing Compositional Data with R (2013), https://doi.org/10.1007/
978-3-642-36809-7.

R.L. Rudnick, S. Gao, Composition of the Continental Crust. Treatise on Geochemistry, Elsevier, 2003, pp. 1-64, https://doi.org/10.1016/B0-08-043751-6/
03016-4.

FAO/WHO, Joint FAO/WHO Food Standards Programme Codex Alimentarius Commission Thirty Fourth session Geneva, Switzerland, 4-9 July 2011. 2011.
K.K. Turekian, K.H. Wedepohl, Distribution of the elements in some major units of the earth’s crust, GSA Bull 72 (1961) 175-192, https://doi.org/10.1130/
0016-7606(1961)72[175:DOTEIS]2.0.CO;2.

P. Rengasamy, C.F. de Lacerda, H.R. Gheyi, in: TS de Oliveira, R.W. Bell (Eds.), Salinity, Sodicity and Alkalinity BT - Subsoil Constraints for Crop Production,
Springer International Publishing, Cham, 2022, pp. 83-107, https://doi.org/10.1007/978-3-031-00317-2_4.

WHO, Guidelines for Drinking-Water Quality, fourth ed., incorporating the 1st addendum, 2017. https://www.who.int/publications/i/item/9789241549950.
D.L. Corwin, K. Yemoto, Salinity: electrical conductivity and total dissolved solids, Soil Sci. Soc. Am. J. 84 (2020) 1442-1461, https://doi.org/10.1002/
$j2.20154.

P. Yadav, B. Singh, V.K. Garg, S. Mor, V. Pulhani, Bioaccumulation and health risks of heavy metals associated with consumption of rice grains from croplands
in Northern India, Hum. Ecol. Risk Assess. 23 (2017) 14-27, https://doi.org/10.1080/10807039.2016.1218750.

D.L. Corwin, S.M. Lesch, Apparent soil electrical conductivity measurements in agriculture, Comput. Electron. Agric. 46 (2005) 11-43, https://doi.org/
10.1016/j.compag.2004.10.005.

M. Waris, J.A. Baig, F.N. Talpur, T.G. Kazi, H.I. Afridi, An environmental field assessment of soil quality and phytoremediation of toxic metals from saline soil
by selected halophytes, J. Environ. Heal Sci. Eng. 20 (2022) 535-544, https://doi.org/10.1007/540201-022-00800-7.

N. Kumar Arora, T. Fatima, J. Mishra, I. Mishra, S. Verma, R. Verma, et al., Halo-tolerant plant growth promoting rhizobacteria for improving productivity and
remediation of saline soils, J. Adv. Res. 26 (2020) 69-82, https://doi.org/10.1016/j.jare.2020.07.003.

A. Zeb, A. Rasool, S. Nasreen, Cancer incidence in the districts of Dir (north west frontier province), Pakistan: a preliminary study, J. Chin. Med. Assoc. 71
(2008) 62-65, https://doi.org/10.1016/51726-4901(08)70076-5.

N. Jehan, M. Wagas, M.A. Khan, J. Muhammad, Arsenic concentration in paddy soil and its accumulation in rice: a health risk assessment, J. Himal. Earth Sci.
52 (2019) 27.

M. Chen, T.E. Graedel, The potential for mining trace elements from phosphate rock, J. Clean. Prod. 91 (2015) 337-346, https://doi.org/10.1016/].
jclepro.2014.12.042.

Y. Yang, H. Hu, Q. Fu, J. Zhu, X. Zhang, R. Xi, Phosphorus regulates as uptake by rice via releasing as into soil porewater and sequestrating it on Fe plaque, Sci.
Total Environ. 738 (2020) 139869, https://doi.org/10.1016/j.scitotenv.2020.139869.

R.K. Mishra, G. Mishra, R. Singh, P. Parihar, J. Kumar, P.K. Srivastava, et al., Managing arsenic (V) toxicity by phosphate supplementation in rice seedlings:
modulations in AsA-GSH cycle and other antioxidant enzymes, Environ. Sci. Pollut. Res. 29 (2022) 14418-14429, https://doi.org/10.1007/511356-021-
16587-3.

S. Kongsri, W. Srinuttrakul, P. Sola, A. Busamongkol, Instrumental neutron activation analysis of selected elements in Thai jasmine rice, Energy Proc. 89
(2016) 361-365, https://doi.org/10.1016/j.egypro.2016.05.047.

N. Yamaguchi, T. Nakamura, D. Dong, Y. Takahashi, S. Amachi, T. Makino, Arsenic release from flooded paddy soils is influenced by speciation, Eh, pH, and
iron dissolution, Chemosphere 83 (2011) 925-932, https://doi.org/10.1016/j.chemosphere.2011.02.044.

N. Shah, M. Irshad, A. Hussain, A. Mehmood, W. Murad, M. Qadir, et al., The deteriorating effects of cadmium accumulation on the yield and quality of maize
crops, South Afr. J. Bot. 160 (2023) 732-738, https://doi.org/10.1016/j.5ajb.2023.07.050.

C. Boente, M.T.D. Albuquerque, J.R. Gallego, V. Pawlowsky-Glahn, J.J. Egozcue, Compositional baseline assessments to address soil pollution: an application
in Langreo, Spain, Sci. Total Environ. 812 (2022) 152383, https://doi.org/10.1016/j.scitotenv.2021.152383.

G. Tepanosyan, D. Pipoyan, M. Beglaryan, L. Sahakyan, Compositional features of Pb in agricultural soils and geochemical associations conditioning Pb
contents in plants, Chemosphere 306 (2022) 135492, https://doi.org/10.1016/j.chemosphere.2022.135492.

E. Jarauta-Bragulat, C. Hervada-Sala, J.J. Egozcue, Air quality index revisited from a compositional point of view, Math. Geosci. 48 (2016) 581-593, https://
doi.org/10.1007/s11004-015-9599-5.

J.J. Egozcue, V. Pawlowsky-Glahn, G.B. Gloor, Linear association in compositional data analysis, Aust. J. Stat. 47 (2018) 3-31, https://doi.org/10.17713/ajs.
v47i1.689.

F. Zeng, S. Ali, H. Zhang, Y. Ouyang, B. Qiu, F. Wu, et al., The influence of pH and organic matter content in paddy soil on heavy metal availability and their
uptake by rice plants, Environ. Pollut. 159 (2011) 84-91, https://doi.org/10.1016/j.envpol.2010.09.019.

M.V. Mickelbart, K.M. Stanton, J.J. Camberato, P. Agronomy, Commercial Greenhouse and Nursery Production Soil pH, 2007. Available: https://www.
extension.purdue.edu/extmedia/HO/HO-240-W.pdf.

V. Pawlowsky-Glahn, J.J. Egozcue, R. Tolosana-Delgado, Modelling and Analysis of Compositional Data, John Wiley & Sons, Ltd, Chichester, UK, 2015,
https://doi.org/10.1002/9781119003144.

J. Agnieszka, G. Barbara, Chromium, nickel and vanadium mobility in soils derived from fluvioglacial sands, J. Hazard Mater. 237-238 (2012) 315-322,
https://doi.org/10.1016/j.jhazmat.2012.08.048.

A. Petrik, M. Thiombane, S. Albanese, A. Lima, B. De Vivo, Source patterns of Zn, Pb, Cr and Ni potentially toxic elements (PTEs) through a compositional
discrimination analysis: a case study on the Campanian topsoil data, Geoderma 331 (2018) 87-99, https://doi.org/10.1016/j.geoderma.2018.06.019.

K. Facevicova, O. Babek, K. Hron, T. Kumpan, Element chemostratigraphy of the Devonian/Carboniferous boundary — a compositional approach, Appl.
Geochem. 75 (2016) 211-221, https://doi.org/10.1016/j.apgeochem.2016.10.002.

M. Shahid, E. Ferrand, E. Schreck, C. Dumat, Behavior and impact of zirconium in the soil-plant system: plant uptake and phytotoxicity, Rev. Environ. Contam.
Toxicol. 221 (2013) 107-127, https://doi.org/10.1007/978-1-4614-4448-0_2.

M.-J. Kang, Y.K. Kwon, S. Yu, P.-K. Lee, H.-S. Park, N. Song, Assessment of Zn pollution sources and apportionment in agricultural soils impacted by a Zn
smelter in South Korea, J. Hazard Mater. 364 (2019) 475-487, https://doi.org/10.1016/j.jhazmat.2018.10.046.

E. Sohn, Contamination: the toxic side of rice, Nature 514 (2014) S62-S63, https://doi.org/10.1038/514562a.

T.T. Le, K.-W. Kim, D.Q. Nguyen, H.T.T. Ngo, Trace element contamination in rice and its potential health risks to consumers in North-Central Vietnam,
Environ. Geochem. Health 45 (2023) 3361-3375, https://doi.org/10.1007/510653-022-01415-5.

S. Sharma, I. Kaur, A.K. Nagpal, Contamination of rice crop with potentially toxic elements and associated human health risks—a review, Environ. Sci. Pollut.
Res. 28 (2021) 12282-12299, https://doi.org/10.1007/s11356-020-11696-x.

FAO/WHO, Evaluation of Certain Contaminants in Food: Seventy-Second Report of the Joint FAO/WHO Expert Committee on Food Additives, World Health
Organization, Geneva PP - Geneva, 2011. Available: https://apps.who.int/iris/handle/10665/44514.

B. Djahed, M. Taghavi, M. Farzadkia, S. Norzaee, M. Miri, Stochastic exposure and health risk assessment of rice contamination to the heavy metals in the
market of Iranshahr, Iran, Food Chem. Toxicol. 115 (2018) 405-412, https://doi.org/10.1016/j.fct.2018.03.040.

D. Satpathy, M.V. Reddy, S.P. Dhal, in: Y.-M. Lee (Ed.), Risk Assessment of Heavy Metals Contamination in Paddy Soil, Plants, and Grains (Oryza Sativa L.) at
the East Coast of India, vol. 2014, Biomed Res Int, 2014, pp. 1-11, https://doi.org/10.1155/2014/545473.

T. Kormoker, R. Proshad, M.S. Islam, M. Shamsuzzoha, A. Akter, T.R. Tusher, Concentrations, source apportionment and potential health risk of toxic metals in
foodstuffs of Bangladesh, Toxin Rev. 0 (2020) 1-14, https://doi.org/10.1080/15569543.2020.1731551.

18


https://doi.org/10.1007/s11356-020-10450-7
https://doi.org/10.1007/s11356-020-10450-7
http://ima.udg.edu/codapack/assets/codapack-manual
http://ima.udg.edu/codapack/assets/codapack-manual
https://doi.org/10.1007/978-3-642-36809-7
https://doi.org/10.1007/978-3-642-36809-7
https://doi.org/10.1016/B0-08-043751-6/03016-4
https://doi.org/10.1016/B0-08-043751-6/03016-4
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref85
https://doi.org/10.1130/0016-7606(1961)72[175:DOTEIS]2.0.CO;2
https://doi.org/10.1130/0016-7606(1961)72[175:DOTEIS]2.0.CO;2
https://doi.org/10.1007/978-3-031-00317-2_4
https://www.who.int/publications/i/item/9789241549950
https://doi.org/10.1002/saj2.20154
https://doi.org/10.1002/saj2.20154
https://doi.org/10.1080/10807039.2016.1218750
https://doi.org/10.1016/j.compag.2004.10.005
https://doi.org/10.1016/j.compag.2004.10.005
https://doi.org/10.1007/s40201-022-00800-7
https://doi.org/10.1016/j.jare.2020.07.003
https://doi.org/10.1016/S1726-4901(08)70076-5
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref95
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref95
https://doi.org/10.1016/j.jclepro.2014.12.042
https://doi.org/10.1016/j.jclepro.2014.12.042
https://doi.org/10.1016/j.scitotenv.2020.139869
https://doi.org/10.1007/s11356-021-16587-3
https://doi.org/10.1007/s11356-021-16587-3
https://doi.org/10.1016/j.egypro.2016.05.047
https://doi.org/10.1016/j.chemosphere.2011.02.044
https://doi.org/10.1016/j.sajb.2023.07.050
https://doi.org/10.1016/j.scitotenv.2021.152383
https://doi.org/10.1016/j.chemosphere.2022.135492
https://doi.org/10.1007/s11004-015-9599-5
https://doi.org/10.1007/s11004-015-9599-5
https://doi.org/10.17713/ajs.v47i1.689
https://doi.org/10.17713/ajs.v47i1.689
https://doi.org/10.1016/j.envpol.2010.09.019
https://www.extension.purdue.edu/extmedia/HO/HO-240-W.pdf
https://www.extension.purdue.edu/extmedia/HO/HO-240-W.pdf
https://doi.org/10.1002/9781119003144
https://doi.org/10.1016/j.jhazmat.2012.08.048
https://doi.org/10.1016/j.geoderma.2018.06.019
https://doi.org/10.1016/j.apgeochem.2016.10.002
https://doi.org/10.1007/978-1-4614-4448-0_2
https://doi.org/10.1016/j.jhazmat.2018.10.046
https://doi.org/10.1038/514S62a
https://doi.org/10.1007/s10653-022-01415-5
https://doi.org/10.1007/s11356-020-11696-x
https://apps.who.int/iris/handle/10665/44514
https://doi.org/10.1016/j.fct.2018.03.040
https://doi.org/10.1155/2014/545473
https://doi.org/10.1080/15569543.2020.1731551

A. Khan et al.

[121]
[122]
[123]
[124]
[125]
[126]
[127]

[128]

[129]
[130]
[131]
[132]
[133]
[134]
[135]
[136]
[137]
[138]

[139]

[140]
[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]

[153]
[154]

[155]
[156]
[157]
[158]

[159]

Heliyon 10 (2024) e28043

H. Ali, E. Khan, Trophic transfer, bioaccumulation, and biomagnification of non-essential hazardous heavy metals and metalloids in food chains/
webs—concepts and implications for wildlife and human health, Hum. Ecol. Risk Assess. 25 (2019) 1353-1376, https://doi.org/10.1080/
10807039.2018.1469398.

0. Shaul, Magnesium transport and function in plants: the tip of the iceberg, Biometals 15 (2002) 307-321, https://doi.org/10.1023/A:1016091118585.
A. Gransee, H. Fiihrs, Magnesium mobility in soils as a challenge for soil and plant analysis, magnesium fertilization and root uptake under adverse growth
conditions, Plant Soil 368 (2013) 5-21, https://doi.org/10.1007/511104-012-1567-y.

M. Ishfaq, Y. Wang, M. Yan, Z. Wang, L. Wu, C. Li, et al., Physiological essence of magnesium in plants and its widespread deficiency in the farming system of
China, Front. Plant Sci. 13 (2022), https://doi.org/10.3389/fpls.2022.802274.

M.A. Kashem, S. Kawai, Alleviation of cadmium phytotoxicity by magnesium in Japanese mustard spinach, Soil Sci. Plant Nutr. 53 (2007) 246-251, https://
doi.org/10.1111/j.1747-0765.2007.00129.x.

T.-S. Chou, Y.-Y. Chao, W.-D. Huang, C.-Y. Hong, C.H. Kao, Effect of magnesium deficiency on antioxidant status and cadmium toxicity in rice seedlings,
J. Plant Physiol. 168 (2011) 1021-1030, https://doi.org/10.1016/j.jplph.2010.12.004.

M. Barbagallo, L.J. Dominguez, L.M. Resnick, Magnesium metabolism in hypertension and type 2 diabetes mellitus, Am. J. Therapeut. 14 (2007) 375-385,
https://doi.org/10.1097/01.mjt.0000209676.91582.46.

A.A. Welch, H. Fransen, M. Jenab, M.C. Boutron-Ruault, R. Tumino, C. Agnoli, et al., Variation in intakes of calcium, phosphorus, magnesium, iron and
potassium in 10 countries in the european prospective investigation into cancer and nutrition study, Eur. J. Clin. Nutr. 63 (2009) S101-S121, https://doi.org/
10.1038/ejcn.2009.77.

F. Hachez-Leroy, Aluminium in health and food: a gradual global approach, Eur. Rev. Hist. Rev. Eur d’histoire 20 (2013) 217-236, https://doi.org/10.1080/
13507486.2013.766521.

J.M.R. Antoine, L.A. Hoo Fung, C.N. Grant, H.T. Dennis, G.C. Lalor, Dietary intake of minerals and trace elements in rice on the Jamaican market, J. Food
Compos. Anal. 26 (2012) 111-121, https://doi.org/10.1016/j.jfca.2012.01.003.

S. Islam, M.M. Rahman, M.R. Islam, R. Naidu, Arsenic accumulation in rice: consequences of rice genotypes and management practices to reduce human health
risk, Environ. Int. 96 (2016) 139-155, https://doi.org/10.1016/j.envint.2016.09.006.

R.M. Smita, A.P.R. Shuvo, S. Raihan, R. Jahan, F.A. Simin, A. Rahman, et al., The role of mineral deficiencies in insulin resistance and obesity, Curr. Diabetes
Rev. 18 (2022) 19-39.

F. Chen, J. Ma, S. Akhtar, Z.I. Khan, K. Ahmad, A. Ashfaq, et al., Assessment of chromium toxicity and potential health implications of agriculturally diversely
irrigated food crops in the semi-arid regions of South Asia, Agric. Water Manag. 272 (2022) 107833, https://doi.org/10.1016/j.agwat.2022.107833.

T.-L. Tsai, C.-C. Kuo, W.-H. Pan, Y.-T. Chung, C.-Y. Chen, T.-N. Wu, et al., The decline in kidney function with chromium exposure is exacerbated with co-
exposure to lead and cadmium, Kidney Int. 92 (2017) 710-720, https://doi.org/10.1016/j.kint.2017.03.013.

F. Chen, J. Ma, S. Akhtar, Z.I. Khan, K. Ahmad, A. Ashfaq, et al., Assessment of chromium toxicity and potential health implications of agriculturally diversely
irrigated food crops in the semi-arid regions of South Asia, Agric. Water Manag. 272 (2022) 107833, https://doi.org/10.1016/j.agwat.2022.107833.

L. Gambling, H.J. McArdle, Iron, copper and fetal development, Proc. Nutr. Soc. 63 (2004) 553-562, https://doi.org/10.1079/PNS2004385.

A. Bizon, A. Tchorz, P. Madej, M. Lesniewski, M. Wojtowicz, A. Piwowar, et al., The activity of superoxide dismutase, its relationship with the concentration of
zinc and copper and the prevalence of rs2070424 superoxide dismutase gene in women with polycystic ovary syndrome—preliminary study, J. Clin. Med.
(2022), https://doi.org/10.3390/jcm11092548.

S. Dutta, B. Gorain, H. Choudhury, S. Roychoudhury, P. Sengupta, Environmental and occupational exposure of metals and female reproductive health,
Environ. Sci. Pollut. Res. 29 (2022) 62067-62092, https://doi.org/10.1007/s11356-021-16581-9.

1.J. Malesza, J. Bartkowiak-Wieczorek, J. Winkler-Galicki, A. Nowicka, D. Dzigciotowska, M. Blaszczyk, et al., The dark side of iron: the relationship between
iron, inflammation and gut microbiota in selected diseases associated with iron deficiency anaemia—a narrative review, Nutrients 14 (2022) 3478, https://doi.
org/10.3390/nul4173478.

K. Jomova, M. Valko, Advances in metal-induced oxidative stress and human disease, Toxicology 283 (2011) 65-87, https://doi.org/10.1016/j.
tox.2011.03.001.

S. Sarkar, E. Malovic, H. Jin, A. Kanthasamy, A.G. Kanthasamy, The Role of Manganese in Neuroinflammation, 2019, pp. 121-131, https://doi.org/10.1016/
bs.ant.2018.10.005.

D. Budinger, S. Barral, A.K.S. Soo, M.A. Kurian, The role of manganese dysregulation in neurological disease: emerging evidence, Lancet Neurol. 20 (2021)
956-968, https://doi.org/10.1016/51474-4422(21)00238-6.

E. Pajarillo, I. Nyarko-Danquah, A. Digman, H.K. Multani, S. Kim, P. Gaspard, et al., Mechanisms of manganese-induced neurotoxicity and the pursuit of
neurotherapeutic strategies, Front. Pharmacol. 13 (2022), https://doi.org/10.3389/fphar.2022.1011947.

C. Liu, R. Ju, Manganese-induced neuronal apoptosis: new insights into the role of endoplasmic reticulum stress in regulating autophagy-related proteins,
Toxicol. Sci. 191 (2023) 193-200, https://doi.org/10.1093/toxsci/kfac130.

W. Begum, S. Rai, S. Banerjee, S. Bhattacharjee, M.H. Mondal, A. Bhattarai, et al., A comprehensive review on the sources, essentiality and toxicological profile
of nickel, RSC Adv. 12 (2022) 9139-9153, https://doi.org/10.1039/D2RA00378C.

W. Begum, S. Rai, S. Banerjee, S. Bhattacharjee, M.H. Mondal, A. Bhattarai, et al., A comprehensive review on the sources, essentiality and toxicological profile
of nickel, RSC Adv. 12 (2022) 9139-9153, https://doi.org/10.1039/D2RA00378C.

N. Mirecki, R. Agi¢, L. Suni¢, L. Milenkovié, Z.S. Ilié¢, Transfer factor as indicator, Fresenius Environ. Bull. 24 (2015) 4212. Available: https://www.
researchgate.net/publication/285589331.

F. Du, Z. Yang, P. Liu, L. Wang, Accumulation, translocation, and assessment of heavy metals in the soil-rice systems near a mine-impacted region, Environ. Sci.
Pollut. Res. 25 (2018) 32221-32230, https://doi.org/10.1007/s11356-018-3184-7.

E. Kiarie, C.M. Nyachoti, Bioavailability of calcium and phosphorus in feedstuffs for farm animals, in: Phosphorus and Calcium Utilization and Requirements in
Farm Animals, CABI, UK, 2010, pp. 76-93, https://doi.org/10.1079/9781845936266.0076.

N. Widderich, N. Mayer, A.J. Ruff, B. Reckels, F. Lohkamp, C. Visscher, et al., Conditioning of feed material prior to feeding: approaches for a sustainable
phosphorus utilization, Sustainability 14 (2022) 3998, https://doi.org/10.3390/5u14073998.

J. Xu, J. Huang, Y. Wang, Toxicity of copper on rice growth and accumulation of copper in rice grain in copper contaminated, soil 62 (2006) 602-607, https://
doi.org/10.1016/j.chemosphere.2005.05.050.

C.P. Larson, S. Roy, A.L. Khan, A.S. Rahman, F. Qadri, Zinc treatment to under-five children: applications to improve child survival and reduce burden of
disease, J. Health Popul. Nutr. 26 (2009), https://doi.org/10.3329/jhpn.v26i3.1901.

D.G. Barceloux, D. Barceloux, Zinc. J Toxicol Clin Toxicol 37 (1999) 279-292, https://doi.org/10.1081/CLT-100102426.

S. Vijayakumar, D. Kumar, N. Delhi, K. Ramesh, P. Govindasamy, Potassium nutrition in rice : a review Review article Potassium nutrition in rice, A review
(2021), https://doi.org/10.35709/0ry.2021.58.3.1.

F.N.B. FNB, Dietary reference intakes for sodium and potassium, Dietary Reference Intakes for Sodium and Potassium (2019), https://doi.org/10.17226/
25353.

T. Filippini, A. Naska, M. Kasdagli, D. Torres, C. Lopes, C. Carvalho, et al., Potassium intake and blood pressure: a dose-response meta-analysis of randomized
controlled trials, J. Am. Heart Assoc. 9 (2020), https://doi.org/10.1161/JAHA.119.015719.

A. Krél, K. Mizerna, M. Bozym, An assessment of pH-dependent release and mobility of heavy metals from metallurgical slag, J. Hazard Mater. 384 (2020)
121502, https://doi.org/10.1016/j.jhazmat.2019.121502.

R. Kroes, D. Miiller, J. Lambe, M.R. Lowik, J. van Klaveren, J. Kleiner, et al., Assessment of intake from the diet, Food Chem. Toxicol. 40 (2002) 327-385,
https://doi.org/10.1016,/50278-6915(01)00113-2.

M.S. Islam, M.K. Ahmed, M. Habibullah-Al-Mamun, M. Raknuzzaman, The concentration, source and potential human health risk of heavy metals in the
commonly consumed foods in Bangladesh, Ecotoxicol. Environ. Saf. 122 (2015) 462-469, https://doi.org/10.1016/j.ecoenv.2015.09.022.

19


https://doi.org/10.1080/10807039.2018.1469398
https://doi.org/10.1080/10807039.2018.1469398
https://doi.org/10.1023/A:1016091118585
https://doi.org/10.1007/s11104-012-1567-y
https://doi.org/10.3389/fpls.2022.802274
https://doi.org/10.1111/j.1747-0765.2007.00129.x
https://doi.org/10.1111/j.1747-0765.2007.00129.x
https://doi.org/10.1016/j.jplph.2010.12.004
https://doi.org/10.1097/01.mjt.0000209676.91582.46
https://doi.org/10.1038/ejcn.2009.77
https://doi.org/10.1038/ejcn.2009.77
https://doi.org/10.1080/13507486.2013.766521
https://doi.org/10.1080/13507486.2013.766521
https://doi.org/10.1016/j.jfca.2012.01.003
https://doi.org/10.1016/j.envint.2016.09.006
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref132
http://refhub.elsevier.com/S2405-8440(24)04074-X/sref132
https://doi.org/10.1016/j.agwat.2022.107833
https://doi.org/10.1016/j.kint.2017.03.013
https://doi.org/10.1016/j.agwat.2022.107833
https://doi.org/10.1079/PNS2004385
https://doi.org/10.3390/jcm11092548
https://doi.org/10.1007/s11356-021-16581-9
https://doi.org/10.3390/nu14173478
https://doi.org/10.3390/nu14173478
https://doi.org/10.1016/j.tox.2011.03.001
https://doi.org/10.1016/j.tox.2011.03.001
https://doi.org/10.1016/bs.ant.2018.10.005
https://doi.org/10.1016/bs.ant.2018.10.005
https://doi.org/10.1016/S1474-4422(21)00238-6
https://doi.org/10.3389/fphar.2022.1011947
https://doi.org/10.1093/toxsci/kfac130
https://doi.org/10.1039/D2RA00378C
https://doi.org/10.1039/D2RA00378C
https://www.researchgate.net/publication/285589331
https://www.researchgate.net/publication/285589331
https://doi.org/10.1007/s11356-018-3184-7
https://doi.org/10.1079/9781845936266.0076
https://doi.org/10.3390/su14073998
https://doi.org/10.1016/j.chemosphere.2005.05.050
https://doi.org/10.1016/j.chemosphere.2005.05.050
https://doi.org/10.3329/jhpn.v26i3.1901
https://doi.org/10.1081/CLT-100102426
https://doi.org/10.35709/ory.2021.58.3.1
https://doi.org/10.17226/25353
https://doi.org/10.17226/25353
https://doi.org/10.1161/JAHA.119.015719
https://doi.org/10.1016/j.jhazmat.2019.121502
https://doi.org/10.1016/S0278-6915(01)00113-2
https://doi.org/10.1016/j.ecoenv.2015.09.022

A. Khan et al. Heliyon 10 (2024) 28043

[160] M. Alam, M. Khan, A. Khan, S. Zeb, M.A. Khan, N ul Amin, et al., Concentrations, dietary exposure, and human health risk assessment of heavy metals in
market vegetables of Peshawar, Pakistan, Environ. Monit. Assess. 190 (2018), https://doi.org/10.1007/510661-018-6881-2.

[161] A. Mahmood, H.U. Ghani, S.H. Gheewala, Absolute environmental sustainability assessment of rice in Pakistan using a planetary boundary-based approach,
Sustain. Prod. Consum. 39 (2023) 123-133, https://doi.org/10.1016/].spc.2023.05.016.

[162] J. Nawab, S. Farooqi, W. Xiaoping, S. Khan, A. Khan, Levels, dietary intake, and health risk of potentially toxic metals in vegetables, fruits, and cereal crops in
Pakistan, Environ. Sci. Pollut. Res. 25 (2018) 5558-5571, https://doi.org/10.1007/s11356-017-0764-x.

[163] N. Tyagi, R. Raghuvanshi, M.K. Upadhyay, A.K. Srivastava, P. Suprasanna, S. Srivastava, Elemental (As, Zn, Fe and Cu) analysis and health risk assessment of
rice grains and rice based food products collected from markets from different cities of Gangetic basin, India, J. Food Compos. Anal. 93 (2020) 103612, https://
doi.org/10.1016/j.jfca.2020.103612.

[164] M. Liu, Y. Xu, J. Nawab, Z. Rahman, S. Khan, M. Idress, et al., Contamination features, geo-accumulation, enrichments and human health risks of toxic heavy
metal(loids) from fish consumption collected along Swat river, Pakistan, Environ. Technol. Innov. 17 (2020) 100554, https://doi.org/10.1016/j.
eti.2019.100554.

[165] R. Daulta, T. Sridevi, V.K. Garg, Spatial distribution of heavy metals in rice grains, rice husk, and arable soil, their bioaccumulation and associated health risks
in Haryana, India, Toxin Rev. 0 (2020) 1-13, https://doi.org/10.1080/15569543.2020.1793781.

[166] Y. Wang, J. Hu, K. Xiong, X. Huang, S. Duan, Distribution of heavy metals in core sediments from baihua lake, Procedia Environ. Sci. 16 (2012) 51-58, https://
doi.org/10.1016/j.proenv.2012.10.008.

[167] A.M. Taiwo, O.F. Oyeleye, B.J. Majekodunmi, V.E. Anuobi, S.A. Afolabi, O.E. Idowu, et al., Evaluating the health risk of metals (Zn, Cr, Cd, Ni, Pb) in staple
foods from Lagos and Ogun States, Southwestern Nigeria, Environ. Monit. Assess. 191 (2019) 167, https://doi.org/10.1007/s10661-019-7307-5.

[168] G.Liu, Y. Yu, J. Hou, W. Xue, X. Liu, Y. Liu, et al., An ecological risk assessment of heavy metal pollution of the agricultural ecosystem near a lead-acid battery
factory, Ecol. Indicat. 47 (2014) 210-218, https://doi.org/10.1016/j.ecolind.2014.04.040.

[169] M. Jahiruddin, Y. Xie, A. Ozaki, M. Islam, T. Nguyen, K. Kurosawa, Arsenic, cadmium, lead and chromium concentrations in irrigated and rain-fed rice and
their dietary intake implications, Aust. J. Crop. Sci. 11 (2017) 806-812, https://doi.org/10.21475/ajcs.17.11.07.pne408.

[170] G. Guo, D. Zhang, Y. Wang, Probabilistic human health risk assessment of heavy metal intake via vegetable consumption around Pb/Zn smelters in southwest
China, Int. J. Environ. Res. Publ. Health 16 (2019) 3267, https://doi.org/10.3390/ijerph16183267.

[171] USEPA, Joint FAO/WHO expert committee on food additives seventy-sixth meeting Geneva, 5 — 14 June 2012, Available: http://www.fao.org/3/a-at871e.pdf,
2012.

[172] M.S. Islam, M.K. Ahmed, M. Habibullah-Al-Mamun, M. Raknuzzaman, The concentration, source and potential human health risk of heavy metals in the
commonly consumed foods in Bangladesh, Ecotoxicol. Environ. Saf. 122 (2015) 462-469, https://doi.org/10.1016/j.ecoenv.2015.09.022.

[173] K. Khan, Y. Lu, H. Khan, M. Ishtiaq, S. Khan, M. Wagqas, et al., Heavy metals in agricultural soils and crops and their health risks in Swat District, northern
Pakistan, Food Chem. Toxicol. 58 (2013) 449-458, https://doi.org/10.1016/].fct.2013.05.014.

[174] Z. Ahmad, S.M. Khan, M.I. Ali, N. Fatima, S. Ali, Pollution indicandum and marble waste polluted ecosystem; role of selected indicator plants in
phytoremediation and determination of pollution zones, J. Clean. Prod. 236 (2019) 117709, https://doi.org/10.1016/j.jclepro.2019.117709.

[175] R.A. Fallahzadeh, M.T. Ghaneian, M. Miri, M.M. Dashti, Spatial analysis and health risk assessment of heavy metals concentration in drinking water resources,
Environ. Sci. Pollut. Res. 24 (2017) 24790-24802, https://doi.org/10.1007/s11356-017-0102-3.

[176] K. Chen, Q.L. Liao, Z.W. Ma, Y. Jin, M. Hua, J. Bi, et al., Association of soil arsenic and nickel exposure with cancer mortality rates, a town-scale ecological
study in Suzhou, China, Environ. Sci. Pollut. Res. 22 (2015) 5395-5404, https://doi.org/10.1007/s11356-014-3790-y.

[177] A. Mallongi, A.U. Rauf, A. Daud, M. Hatta, W. Al-Madhoun, R. Amiruddin, et al., Health risk assessment of potentially toxic elements in Maros karst
groundwater: a Monte Carlo simulation approach, Geomatics, Nat. Hazards Risk 13 (2022) 338-363, https://doi.org/10.1080/19475705.2022.2027528.

[178] S.Yang, J. Zhao, S.X. Chang, C. Collins, J. Xu, X. Liu, Status assessment and probabilistic health risk modeling of metals accumulation in agriculture soils across
China: a synthesis, Environ. Int. 128 (2019) 165-174, https://doi.org/10.1016/j.envint.2019.04.044.

[179] S.Majeed, M. De Boevre, S. De Saeger, W. Rauf, A. Tawab, Fazal-e-Habib, et al., Multiple mycotoxins in rice: occurrence and health risk assessment in children
and adults of Punjab, Pakistan, Toxins 10 (2018) 1-30, https://doi.org/10.3390/toxins10020077.

[180] N. Ullah, M.U. Rehman, B. Ahmad, I. Ali, M. Younas, M.S. Aslam, et al., Assessment of heavy metals accumulation in agricultural soil, vegetables and
associated health risks, PLoS One 17 (2022) 1-14, https://doi.org/10.1371/journal.pone.0267719.

[181] M. Imran, N. Khan, A.A. Shah, I. Ahmad, Overweight and obesity prevalence pattern and associated risk factors among the people of Malakand division, khyber
Pakhtunkhwa Pakistan, Arabian J. Sci. Eng. 44 (2019) 65-74, https://doi.org/10.1007/s13369-018-3457-y.

20


https://doi.org/10.1007/s10661-018-6881-2
https://doi.org/10.1016/j.spc.2023.05.016
https://doi.org/10.1007/s11356-017-0764-x
https://doi.org/10.1016/j.jfca.2020.103612
https://doi.org/10.1016/j.jfca.2020.103612
https://doi.org/10.1016/j.eti.2019.100554
https://doi.org/10.1016/j.eti.2019.100554
https://doi.org/10.1080/15569543.2020.1793781
https://doi.org/10.1016/j.proenv.2012.10.008
https://doi.org/10.1016/j.proenv.2012.10.008
https://doi.org/10.1007/s10661-019-7307-5
https://doi.org/10.1016/j.ecolind.2014.04.040
https://doi.org/10.21475/ajcs.17.11.07.pne408
https://doi.org/10.3390/ijerph16183267
http://www.fao.org/3/a-at871e.pdf
https://doi.org/10.1016/j.ecoenv.2015.09.022
https://doi.org/10.1016/j.fct.2013.05.014
https://doi.org/10.1016/j.jclepro.2019.117709
https://doi.org/10.1007/s11356-017-0102-3
https://doi.org/10.1007/s11356-014-3790-y
https://doi.org/10.1080/19475705.2022.2027528
https://doi.org/10.1016/j.envint.2019.04.044
https://doi.org/10.3390/toxins10020077
https://doi.org/10.1371/journal.pone.0267719
https://doi.org/10.1007/s13369-018-3457-y

	Assessment of potentially toxic and mineral elements in paddy soils and their uptake by rice (Oryza sativa L.) with associa ...
	1 Introduction
	2 Material and methods
	2.1 Background of study area
	2.2 Sampling and analytical methods
	2.3 Analysis of physicochemical properties of soil samples
	2.4 Soil and rice samples acid digestion
	2.5 Quality assurance and quality control
	2.6 Transfer factor (TF)
	2.7 Methods for health risk assessment
	2.7.1 Deterministic health risk estimation
	2.7.2 Hazard quotient (HQ)
	2.7.3 Hazard index (HI)
	2.7.4 Estimation of cancer risk (CR)
	2.7.5 Evaluation of probabilistic health risk and sensitivity analysis

	2.8 Statistical analysis

	3 Results and discussion
	3.1 Evaluation of physicochemical characteristics and elemental concentration in paddy soil
	3.2 Looking for associations and contamination sources in paddy soil
	3.3 Evaluation of potentially toxic and mineral elements in rice grains
	3.4 Transfer of mineral nutrients and potentially toxic elements into rice grains
	3.5 Daily intake of PTEs through rice
	3.6 Assessment of noncarcinogenic risk
	3.7 Assessment of carcinogenic risk
	3.8 Sensitivity analysis

	4 Conclusion
	Funding
	Consent for publication
	Ethics approval and consent to participate
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


