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Comprehensive assessment of
heavy metal (HMs) contamination
and associated health risks in
agricultural soils and groundwater
proximal to industrial sites

Saeed Sharafi*® & Fatemeh Salehi

Industrial waste significantly impacts water and soil quality, restricting their suitability for agricultural
and domestic use. This study investigates the distribution of heavy metals (HMs) in groundwater

and soils across the Shazand plain under different irrigation methods and rainfed farming systems.

It evaluates the Total Hazard Quotient (THQ) and Carcinogenic Risk (TCR) associated with HMs for
both children and adults, considering exposure through ingestion, dermal contact, and inhalation.

A total of 104 samples were collected, comprising water samples from wells and boreholes, and soil
samples. Concentrations of Pb, Cd, Cr, Ni, Hg, Zn, and Cu were analyzed using atomic absorption
spectrometry, and the data were assessed using descriptive and inferential statistics. The highest
average concentrations of HMs in groundwater samples were observed for Cr (19 pg 1) and Zn (22.8 pg
IY). In soil samples, Cr (35.28 pg g™1) and Zn (216.52 pg g~1) exhibited the highest values. The Total
Hazard Index (HI) indicated a high risk across different age groups, ranging from moderate to very
high in the study areas. The Soil Pollution Load Index (PLI) was 18.22 in rainfed farming and 71.17 in
irrigated farming, indicating severe HM contamination across the site. Carcinogenic health risks from
HMs exceeded acceptable levels, with children showing greater vulnerability compared to adults.
This research underscores the urgent need for effective environmental management strategies to
mitigate HM contamination, safeguard public health, and ensure sustainable agricultural practices in
industrialized regions.

Keywords Carcinogenic risk assessment, Groundwater quality, Heavy metals contamination, Industrial
impact, Soil pollution

Heavy metals (HMs) have been identified as significant groundwater contaminants. Rapid economic development
and industrialization, particularly in developing countries, have led to elevated levels of HMs in soil, surface
water, and groundwater!~*. Consequently, HMs from both anthropogenic and natural sources accumulate in soil
and plants, causing substantial environmental pollution. These metals can enter water bodies through various
human activities, such as mining, smelting, agriculture, vehicle emissions, improper waste disposal, burning
fossil fuels, fertilizer and pesticide application, irrigation with untreated wastewater, and atmospheric deposition.
This contamination impacts vegetation, the food chain, and water quality, ultimately affecting human health>~1!.
While excessive HMs can harm plants, animals, and humans, trace amounts are essential for the growth of living
organisms'>!3,

Many industrial activities contribute to groundwater pollution through discharges into uncovered channels
or groundwater systems, which then percolate into shallow depressions. Groundwater pollution is particularly
concerning because it often represents the purest and only safe source of drinking water for local communities
without any treatment. Consumption of contaminated water poses serious health risks. The detrimental effects
of groundwater pollution are primarily due to specific contaminants present in the water'*~'”. Soil contaminated
with HMs affects entire ecosystems when these toxic metals migrate to groundwater or flora and fauna, posing
severe threats through translocation and bioaccumulation'®2!. Metal concentrations in soil vary significantly
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across different geographical locations?>?*. Analyzing soil profiles can provide insights into the physical and

chemical processes occurring at specific sites®*.

Previous research has largely focused on the spatiotemporal fluctuations and contamination of HMs in areas
impacted by human activity, such as mining regions, polluted farmlands, and irrigation areas using sewage?>~%’.
However, most studies on HMs characteristics in soil profiles have concentrated on specific land uses. Identifying
the sources of HMs contamination is crucial for preventing environmental pollution and protecting public health.
Health risk assessments, based on exposure methods provided by the United States Environmental Protection
Agency (USEPA)?, are fundamental for evaluating the potential health impacts of contaminants found in soil,
water, and air. These assessments estimate the total exposure to HMs among residents in a particular area,
distinguishing between carcinogenic and non-carcinogenic effects>?%-32,

Numerous studies have considered HMs in both soil and crops, but few have examined their interrelationships.
For example®, assessed potential ecological and human health risks posed by soil HMs without considering
vegetables or their relationships®. evaluated health risks from HM:s in soil and wheat but did not consider their
interactions. Complex interactive relationships, including synergistic and antagonistic effects, exist among HMs.
For instance, Cu and Zn have a synergistic effect on the absorption of Pb and Cd in wheat while showing an
antagonistic effect on As absorption. In maize, Ni in soil inhibits Cu and Cd absorption in roots, whereas Cu
and Ni in soil promote Cu and Pb absorption in stems and leaves, and Cr and Pb in soil enhance Mn enrichment
in grains®*. Despite some attempts to explore these interactions, most studies have focused on specific HM
combinations in given crops and have been dominated by field experiments, lacking regional-scale analyses.
In practice, multiple HMs coexist in soil and necessarily interact during crop absorption®*3%37. Therefore, the
relationships among multiple typical HMs in soil-crop systems at a regional scale have not been fully explored.
Another study conducted in Pakistan showed that UCP soils were contaminated with PTEs, which could pose
a potential health risk to the local population in UCP areas®. Also, another study was conducted in Pakistan
regarding the evaluation of the drinking water quality of government, government, and self-funded projects in
disaster-affected areas of Khyber Pakhtunkhwa®.

Many cities worldwide suffer from HM pollution, often classified as megacities. However, some smaller cities
also face significant pollution levels. Arak, a city in central Iran with over 3,000 small and major industries and
a population of less than one million, is one such example. Known as one of Iran’s main industrial hubs, Arak
hosts numerous factories, including petrochemical, aluminum facility, gasoline refinery, Power plant, and other
industrial and production companies. It is also one of the most polluted cities in Iran regarding air quality,
highlighting the importance of preserving these agroecosystems. In recent decades, assessing public risk factors
has become crucial, as pollutant levels alone do not fully capture the actual risks to human health. The serious
consequences of HM contamination necessitate evaluating potential risks posed by chemical pollutants in food
from agroecosystems. This research aims to gather data and evaluate the contamination of metals (N, P, K, Zn,
Cu, As, Cr, Ni, Pb, Cd, and Hg) known for their high health risk potential due to bioaccumulation in barley, in
104 farms, surface water, and groundwater of the Shahzand Plain. HM contamination in soil and groundwater
represents a serious threat to public health, particularly in regions impacted by industrial activities. Despite
the recognized risks, there is a lack of comprehensive research addressing the long-term exposure and safety
of populations residing in proximity to contaminated areas, especially vulnerable groups such as children.
This study aims to address this gap by conducting a thorough assessment of HM contamination, focusing on
exposure pathways and the associated health risks. The central hypothesis of this research is that industrial
activities lead to elevated concentrations of HMs in the environment, thereby increasing ecological and health
risks for surrounding communities. The novelty of the study lies in its integrative approach, which combines
the analysis of HM concentrations in both soil and groundwater with a detailed assessment of carcinogenic and
non-carcinogenic health risks—a dimension that has been insufficiently explored in this region. While previous
studies have examined HM contamination, few have conducted a comparative analysis of soil and groundwater
contamination in conjunction with an assessment of public health risks. This study contributes to the existing
literature by not only quantifying contamination levels but also identifying high-risk areas, thereby offering
valuable insights for the development of effective monitoring and mitigation strategies. The primary objectives
of this research are: (1) to investigate and compare the concentrations of selected HMs in soil and groundwater,
(2) to assess the extent of HM contamination and its spatial distribution, (3) to identify critical contamination
hotspots, and (4) to evaluate the total carcinogenic and non-carcinogenic health risks posed by HMs through
various exposure pathways, including ingestion, inhalation, and dermal contact, for both adults and children.
This study is expected to provide crucial scientific support for environmental management practices and to
inform public health policies in alignment with the standards of the World Health Organization (WHO).

Materials and methods

Study area and sample collection

Shahzand Plain, located at 33°57” North in the southwest of the Markazi Province in Iran, faces several
environmental challenges. This picturesque region struggles with agricultural waste, including fertilizers,
pesticides, and herbicides, primarily originating from surrounding agricultural fields and three major
contaminated industries (petroleum, power plant, and gasoline refinery). Additionally, pollution is exacerbated
by ten surface water sources and industrial wastewater discharges from approximately thirty key factories.
Spanning an extensive area of 984 km’, Shahzand Plain is one of the main agricultural regions and natural
habitats for wildlife in central Iran. This ecosystem serves as a crucial breeding ground for various flora and
fauna species and provides refuge for both local and migratory organisms. Currently, Shahzand Plain faces a
severe threat from the accumulation of various heavy and transition metals, posing a grave danger to its delicate
ecosystem*’ (Fig. 1).
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Fig. 1. Schematic of the Shazand Plain.

Sampling of soil and crop

Surface soil samples (0-30 cm) and corresponding barley crops were collected from 102 agricultural sites in
November 2023 to investigate HM pollution (Fig. 1). At each site, a composite soil sample was created from five
individual samples taken within a one square kilometer plot (four samples from the corners and one from the
center, each weighing one kilogram). Preliminary investigations were conducted at each farm when the barley
crops were ready for harvest, and 500 g of edible parts from both the straw and seed were collected.

In the laboratory, soil samples were cleaned of debris, air-dried at room temperature, and sieved through a
two-millimeter mesh. The barley seeds were weighed and dried at 28°C in a drying oven. All dried samples were
sealed and stored in high-pressure polyethylene (HPPE) bags at room temperature until analysis, which was
conducted within 30 days.

Soil particle size was classified into three categories: sand (2-0.02 mm), silt (0.02-0.002 mm), and clay
(<0.002 mm). The granulometric fractions were determined using a sieve shaker. Soil pH was measured using a
pH electrode (Model PB-10, Sartorius, Gottingen, Germany) in a 1:2.5 soil-to-distilled water ratio. Soil organic
matter (OM) content was analyzed using the residual titration of K2Cr207*!. The total nitrogen concentration
(TNC) of the soil samples was measured using an elemental analyzer (vario EL III, Elementar, Germany).

The pH of the soils ranged from 7.76 to 7.83, indicating neutral to slightly alkaline conditions, which are
generally suitable for most crops, although specific crops may have unique pH requirements for optimal growth.
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Electrical conductivity (EC) was measured to assess soil salinity. Higher EC values in irrigated soils suggest
potential salinity buildup due to irrigation practices. Silt loam irrigated soils exhibited the highest EC, which
could impact crop yields if salinity becomes excessive**~#%. OM content was relatively low across all samples, with
slight variations. Loam sand rainfed soils had the highest OM, beneficial for soil structure, nutrient availability,
and water retention. Nitrogen levels, crucial for crop growth, were highest in loam sand rainfed soils, supporting
robust vegetative growth®. Conversely, silt loam rainfed soils had the lowest nitrogen levels, which might limit
crop growth unless supplemented (Fig. 2). Overall, while the soils appear generally suitable for farming, careful
management of irrigation practices and soil amendments is necessary to maintain soil health and optimize crop
yields. Regular monitoring of soil properties, along with appropriate fertilization and irrigation strategies, can
help mitigate potential issues such as salinity buildup and nutrient deficiencies*®*’.

A total of 102 water samples were gathered from various sources within the study area, including surface
water, springs, and wells. These samples were collected using polyethylene bottles. Initially, the bottles were
filled with water, emptied, and then refilled with fresh samples to eliminate any air present!. To prevent
microbial growth, all water samples were acidified with 5% HNO,. Subsequently, the samples were stored in a
cool, dark environment before being transported to the laboratory for further analysis. Standard methodologies
were employed to assess physicochemical parameters, including total dissolved solids (TDS), pH, electrical
conductivity (EC), temperature, and nitrate (NO,), following the procedures outlined by*. Additionally, the
taste, odor, color, and turbidity of the samples were evaluated on-site and compared against the standard limits
established by*”2nd %0,

Also, total phosphorus (TP) and total potassium (TK) were determined using a continuous flow analyzer
(Bran and Luebbe Autoanalyer, SPX, Charlotte, NC, USA). The soil and crop samples were digested using HNO,-
H2SO 4—HCIO v then, the Zn, Cu, Cr, Ni, Pb and Cd contents were investigated by inductively coupled plasma
atomic emission spectrometry (ICP-AES 3410 ARL). Another soil and crop samples were digested with aqua
regia (HNO,: HCl=1:3) and determined Hg and as by atomic fluorescence spectrometry (AFS). The accuracy of
determinations was verified by the different standardized parameter as reference material (Table 1).

Contamination factor (Cf)

The C,was utilized to assess the enrichment of the individual HMs in the soils. It was to begin with utilized by to
evaluate the levels of heavy metal in sediments in connection to their background values. The C;was determined
for each metal using Eq. (1). C (mg kg™!) is the concentration of HMs in the soil sample and Bv (mg kg™') is the
geochemical background value of HMs in the average Earths crust (Table 1). The various classifications of the
Cproposed by** have been shown in Table 2..
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Fig. 2. Situation of pH, EC, OM, and N concentration in different soil textures of the Shazand Plain.
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Reference parameter | Hg Cr Ni | Pb Zn Cu Cd
B (mgkg™) 0.08* |17¢ 750 | 15 60* 30° 0.20°
T, 400 |24 56 |50 1 5 30°
MAC (mg kg™) 0.5-5 | 75-100 | 100 | 200-300 | 100-300 | 60-150 | 3-8
g;i?s“eirzlavﬁ‘;‘;mem 7 110 110 | 75 500 200 5

Table 1. Background values (Bv), toxicity response factor (Tir). 2! b52,53 ¢4 53,

C# Caeg' PLI® PERI*

Range Pollution intensity Range Pollution intensity Range Pollution intensity Range Pollution intensity
Ci<1 Low contamination Cyeg <8 Low degree of contamination PLI<1 No pollution RI<150 Low

1<C;<3 | Moderate contamination 8<Cy,, <16 Moderate degree of contamination 1<PLI<2 | Moderate pollution 150<RI<300 | Medium

3<C;<6 | Considerable contamination | 16<Cgy,, <32 | Considerable degree of contamination | 2<PLI<3 | Heavy pollution 300<RI<600 | significant

Ci26 Very high contamination Ceg 2 32 Very high degree of contamination 3<PLI Extremely heavy pollution | RI>600 Much

Table 2. Pollution indices and their classifications. >3 b%5.

Cr = B, &y

Degree of contamination (Cdeg)

The C,,_was used to determine the level of pollution at an articular zone of a site>’. It was determined by summing
the contamination factors of all the HMs as shown in Eq. (2), where n is the number of analyzed HMs (seven in
this study). The various classes of the C deg 3 suggested by, have been presented in Table 2.

Caeg = ) Cy 2)
i=1

Pollution load index (PLI)
PLI was utilized to assess the level of soil contamination for the whole location. It was decided utilizing Eq. (3)
where n is the number of HMs considered. Table 2.indicate the contamination levels based on the PLI>".

PLIsg = (Cy X Cpa X Cps X .Cpp) ™ 3)

Ecological risk
The Potential ecological risk index (PERI) was used to assess the ecological risk of HMs in the soils. It was
presented by, and can be determined utilizing the taking after equation:

PERI = iEi = zn:T:; x Cy (4)
i=1 =1

C;is the contamination factor; n is the number of HMs; E, and T, are the potential ecological risk factor and
the toxicity response factor (Table 1), respectively, for a given HMs. The interpretation of E, and PERI values
are shown in Table 2..

Geoaccumulation index

This index was first proposed by*°and is widely used to measure the degree of heavy metal pollution in the
soil*®. The pollutant extent of HMs in soil is measured using the geoaccumulation index (I ). A higher value
of I, indicates more severe impurity in the studied a region. The geoaccumulation indicator is an instrument
for estimating the position of hindrance from human activity to soil contamination and compensating for
environmental background value oscillations of metal concentrations. Lo 18 computed according to Eq. 5.

Cn
Igeo = logi—5 (5)

Where C_ represents the concentration of metals in soils of the studied region (mg kg™); B, represents the
background content of metal (mg kg™!). To account for potential fluctuations in the background values, the
constant 1.5 is utilized. Table 3 lists the Lo evaluation standards. The background values of the studied elements
are shown in Table 1.
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| Pollution intensity

I <0 Uncontaminated

0<I_ <1 | Uncontaminated to slightly contaminated
geo

1<I <2 | Uncontaminated to slightly contaminated
geo

2<1,,,<3 | Slightly contaminated to very contaminated

3<I_ <4 | Very contaminated
geo

4<1,,,<5 | Very contaminated to severely contaminated

Lpeo™5 Heavily contaminated
Table 3. Geoaccumulation index classification. 3°°.

Observed
Parameter | Interpretation Units concentration Reference

Adult Children
Coail Heavy metal concentration in soil pg kg™ This study
IngR_, Ingestion rate pgd! 100 200
EF Exposure frequency dy! 350 350
ED Exposure duration y 300 6
BW Body weight Kg 70 15 "
AT Average time (non-carcinogenic) D ED x 365 | ED x 365
AT Average time (carcinogenic) D 25,500 25,500
SA Exposed skin area cm? 5800 2800
AF Soil adherence factor pgem=2d! | 0.07
ABS(Cd) 0.001 0.001 »
ABS(Hg) 0.05 0.001 =
ABS(Cr) 0.001 0.001 R
ABS(Ni) Fraction of the applied dose of the HMs absorbed across the skin | - 0.001 0.001
ABS(Pb) 0.006 0.001
ABS(Zn) 0.02 0.001
ABS(Cu) 0.1 0.001 e
IngR_, Inhalation rate m3d! 20 7.3
PEF Particle emission factor m3 kg! 1.36x10° | 1.36x 10°

Table 4. Parameters used to calculate the chronic daily intake (CDI) of the HMs by adults and children (in Mg
kg-1d-1).

Health risk assessment of HMs in soil

A health risk assessment was conducted to help determine the risk of human exposure to HMs®”. Health risk
assessment includes hazard identification, exposure assessment, dose response, and hazard characterization®.
Humans can be exposed to HMs through ingestion, inhalation and dermal contact. Equations (6-8) were used
to determine the chronic daily intake (CDI) of metals through these pathways to estimate health risk:

Ing Reois - EF - ED

-6
ing — soil * ' °
CDIing = Cson BW - T 0 *
Inh Rsoit - EF - ED
. = 3 * 7
CDI;np Csoil PEF - BW - AT 7
SA-AF - EF - ED _ ¢
— . . : 8
CDlgerm Csoit BW - AT 10 ( )

CDI,,, CDIL;, and CDI,,, are the chronic daily intake of HMs via ingestion, inhalation and dermal contact
(mg kg™ d™1); C_ is concentration of HMs in soil (mg kg™); IngR_,, is the ingestion rate (mg d™'); EF is the
exposure frequency (d y1); ED is the exposure duration (y); BW is the body weight of the exposed individual
(kg); AT is the time period over which the dose is averaged (d); InhR_, is the inhalation rate (m3 d1); PEF is
the particulate emission factor (m> kg™!); SA is exposed skin area (cm?); AF is soil adherence factor (mg cm™2
d1); ABS is the fraction of the applied dose absorbed across the skin. Table 4 shows the parameters and the
corresponding values used to calculate the CDI of the HMs via the different exposure pathways. Based on the
CDI], the carcinogenic and non-carcinogenic health risks to humans were calculated.

For the non-carcinogenic health hazard, Hazard Quotient (HQ) for each HMs were first determined using
the corresponding reference dose as shown in Eq. (9). HQ is the daily exposure of HMs to humans that’s not
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likely to represent a calculable hazard of pernicious impact amid a lifetime®’. To evaluate the in general potential
non-carcinogenic health risk, the HQ calculated for each heavy metal for all the exposure pathways was summed
and expressed as a Hazard Index (HI) (Eq. 10). For the components that can induce carcinogenesis (Cd, Hg, Cr
and Pb), carcinogenic risk (CR) was evaluated by duplicating the CDI by the corresponding cancer slope figure
(CSF) to create the carcinogenic hazard for that HMs (Eq. 11). Total carcinogenic risk (TCR) was decided as the
entirety of the dangers from all introduction pathways for all individual metals (Eq. 12):

HQ =) % ©)

HI = Z HQ = HQing + HQinn + HQaerm (10)

CR = CDI x CSF (11)

TCR =Y (CDI x CSFing) + (CDI x CSFyp) + (CDI x CSFuerm) (12)

RID (mg kg™'d™") and CSF (mg kg 'd™") refer to reference dose and carcinogenic slope factor, respectively.
RfD and CSF values of metals for different exposure routes are shown in Table 5. According to”’, if HI<1,
there is no non-carcinogenic health hazard. However, if HI > 1, there may be concern about a potential risk to
human health. The range of acceptable total carcinogenic risk for regulatory purposes is 1.0x 107 to 1.0x 1074,
TCR<1.0x 107% indicates virtual immunity, and TCR > 1.0 x 10~%indicates a potential risk®’.

Evaluation of groundwater HMs pollution

Exposure assessment

The average daily dose (ADD) was calculated according to the following equation (Eq. 13):
C-IR-ED-EF

= 13
ADD BW - AT (13)

where ADD is the average daily dose during the exposure (mg kg~! d~!) and C represent the arsenic concentration
in water (mg 17!), IR is water ingestion rate (2 L for adults and one for children’s), ED is exposure duration (70
years for adults and ten for children), EF is exposure frequency (365 d y™!), BW is body weight (72 kg for adults
and 32.7 kg for children), and AT is average life time (25,550 days for adults and 3650 days for children).

Human health risk assessment
In this study, carcinogenic and non-carcinogenic risk levels were assessed. Generally, the hazard quotient (HQ)
indices can be calculated by the following equation (Eq. 14):

HQ = ADD x RFD (14)

Where RFD is the reference dose (mg kg™ d!). Occurrence of non-carcinogenic effects is possible when HQ
values are more than unity. The excess lifetime cancer risk (ELCR) was calculated using following equation
(Eq. 15)6667,

ELCR = ADD x CSF (15)

Where CSF is the cancer slope factor (mg kg™! d=1)56:68-71,

Result and discussion

Concentration and distribution of HMs in soil

The average concentration of HMs in soil samples shows notable variations between irrigated and rainfed
farming Fig. 3. In irrigated farming, the average concentration of Zn ranged from 216.52+0 ug kg™, and Cr
from 35.28+1.37 pg kg™. In rainfed farming, the average concentration of Zn was 111.72+0 g kg™'. Zinc

RfD (mgkg™'d™) CSF (mgkgd™)
Elements | Ingestion | Dermal | Inhalation | Ingestion | Dermal Inhalation
Hg? 3.00x107* | 3.0x 107 | 8.60x10~°
Crbe 3.00x1073 | 6.0x107° [ 2.86x107° | 5.0x107! | 2.00x107! | 42.0x 107!
Ni><© 2.00x1072 | 5.4x107 [ 2.06x107% | 8.4x 107" | - 8.40x 107!
Pb? 3.50x107% | 5.2x 107 | 3.52x107% | 8.5x 107 |- 420x1072
Zn? 3.00x107! | 6.0x107! | 3.00x 107!
Cu? 4.00x1072 | 1.2x1072 | 4.02x1073
Cdb¢ 1.00x 1073 | 1.0x 107 | 2.40x107° | 63.0x 107" | - 63.0x107!

Table 5. The reference doses (RfD) and carcinogenic slope factors (CSF) used in health risk assessment. 323!
28,62-65
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exhibited the highest average concentration in both farming methods, with significant changes observed in the
concentration of HMs. These results indicate spatial changes and heterogeneity based on the type and amount of
HM s present at the site. These variations may be attributed to different sources of HM:s at the site.

To assess the suitability of the soil for agriculture, the concentration of HMs in the soil was compared with the
maximum permissible concentration (MAC) and the standards set by the Iranian Environmental Organization
(IEO) as shown in Table 1. The average concentration of metals in both types of crops was within the permissible
range for agricultural soils. Cu and Zn are essential plant micronutrients, mobile in most soils, and readily
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Fig. 3. Concentration and distribution of heavy metals (HMs) in soil and groundwater.
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accumulated by plants’>7>. Conversely, Pb and Hg are non-essential plant micronutrients. According to’*, less
than 5% of Pb in the root is transported to the aerial organs, and excessive Pb absorption can inhibit plant
respiration and photosynthesis. Unlike Pb, Hg is easily absorbed by the root system and translocated within
plants. High levels of Hg in soil can lead to abnormal seedling growth and root development, affect biomass
production, inhibit photosynthesis, and impair water uptake”.

The significant variation in Zn concentrations between irrigated and rainfed soils underscores the influence
of agricultural practices on HM distribution. Higher Zn levels in irrigated farming soils may be linked to the
use of Zn-enriched fertilizers or irrigation water sources’®. The observed heterogeneity in HM concentrations
suggests diverse contamination sources, possibly from industrial activities, atmospheric deposition, or
agricultural inputs”’. Despite these variations, the concentrations of HMs remained within the permissible
limits set by the MAC and IEO standards, indicating that the soils are generally suitable for agriculture’®. The
essential nature of Cu and Zn for plant health highlights the importance of maintaining adequate levels of these
micronutrients in soils. However, the presence of non-essential and potentially toxic metals like Pb and Hg
requires careful management to prevent adverse effects on plant growth and development. The low translocation
of Pb within plants mitigates some risks, but the high mobility and toxicity of Hg necessitate ongoing monitoring
and management to avoid negative impacts on crop yield and quality. Ensuring the long-term sustainability of
agricultural soils involves not only adhering to permissible HM concentrations but also implementing practices
that minimize HM accumulation and enhance soil health. Regular soil testing, appropriate use of fertilizers, and
monitoring of irrigation water quality are essential strategies for managing HM levels and supporting productive
agricultural systems”81.

The origin of HMs and their relationship with soil properties

The results of the Pearson correlation analysis for HMs and soil properties revealed intricate interactions. Soil
pH exhibited a negative relationship with OM and NC, but a positive relationship with HM concentrations.
This suggests that as soil acidity decreases, OM and NC increase, while higher pH levels may enhance the
availability and mobility of heavy metals in the soil. Conversely, EC, OM, and NC showed negative correlations
with HM concentrations, which could be attributed to increased microbial activity and OM decomposition in
more acidic conditions (Fig. 4). The negative relationships between EC, OM, and NC with HM concentrations
highlight their potential mitigating effects on HM accumulation. Higher OM content can bind HMs, reducing
their bioavailability, while NC may influence microbial processes that immobilize HMs. The role of EC in these
interactions suggests that soil salinity can also impact HM dynamics®2-84.

In both rainfed and irrigated farming systems, Hg, Cr, and Ni exhibited the highest correlations with other
HM concentrations. Zn had the highest positive correlation with itself, while Pb showed positive correlations
with Zn and Cu. Cd displayed positive correlations with Hg and Cr (Fig. 4). The strong correlations between
Hg, Cr, and Ni with other HMs in both farming systems indicate common sources or similar behaviors in
the soil environment. The significant correlation between Zn and itself may reflect consistent inputs or stable
concentrations over time. Pb’s positive correlation with Zn and Cu suggests potential co-contamination sources,
possibly from industrial or agricultural activities. Cd’s positive correlation with Hg and Cr points to shared
contamination pathways or similar chemical properties that influence their distribution in the soil.

To manage and mitigate HM contamination, it is essential to consider these interactions and their implications
for soil health and crop safety. Enhancing soil OM, monitoring soil pH, and managing salinity levels through
appropriate agricultural practices can help reduce HM bioavailability and uptake by plants. Implementing these
strategies will contribute to sustainable soil management and ensure the long-term productivity and safety of
agricultural systems®>-%7.

-1.0

Fig. 4. Pearson’s correlation coefficients among measured traits.
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Pollution indicators

The contamination factor (Cf) values for HMs are presented in Fig. 5. The results indicate that soil contamination
with Hg in both irrigated and rainfed farming is very high, leading to a correspondingly high degree of
contamination for this metal. Cr contamination is very high in irrigated farming and moderate in rainfed
farming. For Cd, very low pollution was observed in irrigated farming, whereas it was very high in rainfed
farming. Cu has caused considerable pollution in irrigated farming, while other metals exhibited very low
pollution factors. The degree of contamination (Cdeg) indicates a very high level of HM pollution in all regions.
Specifically, the Cdeg of soil in irrigated farming is very high for Cd, Cu, Cr, Zn, and Hg. In contrast, Ni has an
average degree of contamination, and Pb has a low Cdeg. The high contamination factor values for Hg in both
irrigated and rainfed farming soils suggest significant environmental inputs or historical contamination from
industrial or agricultural activities. The elevated Cr levels in irrigated soils could be linked to specific irrigation
water sources or the use of Cr-containing agrochemicals. Conversely, the higher Cd contamination in rainfed
soils indicates potential atmospheric deposition or localized sources not affecting irrigated farming areas®s.

The substantial pollution caused by Cu in irrigated farming soils highlights the need for careful management
of Cu-based fertilizers or fungicides, which could contribute to soil contamination. The consistently low
pollution factors for other metals suggest that their sources and mobility in the soil are less impactful under
current agricultural practices®>*°. The overall high degree of HM pollution (Cdeg) across all regions underscores
the necessity for comprehensive soil management strategies. The particularly high Cdeg in irrigated farming
soils for Cd, Cu, Cr, Zn, and Hg points to the cumulative impact of irrigation practices on HM accumulation.
The moderate contamination degree for Ni and low for Pb indicate that these metals are less of a concern but
still require monitoring to prevent future escalation. To mitigate HM pollution, it is essential to implement
practices such as regular soil testing, use of clean irrigation water, and controlled application of fertilizers and
pesticides. Adopting phytoremediation techniques, enhancing organic matter content, and employing crop
rotation can also help reduce HM levels in soils. Continuous monitoring of industrial emissions and adherence
to environmental guidelines will be crucial in maintaining soil health and ensuring the safety and productivity
of agricultural lands"*2,

The determined PLI was 71.17 in irrigated farming and 18.22 in rainfed farming, indicating heavy soil
contamination with HMs across the entire site (Fig. 6). The significant difference in PLI values between irrigated
and rainfed farming suggests that irrigation practices may exacerbate HM accumulation in soils. The much
higher PLI in irrigated farming areas highlights the potential for irrigation water to introduce or mobilize HMs,
thereby increasing their concentration in the soil. This could be due to the use of contaminated water sources,
irrigation techniques that enhance metal mobility, or the cumulative effect of repeated irrigation cycles®***, In
contrast, the lower PLI in rainfed farming implies that natural precipitation may dilute or distribute HMs more
evenly, reducing their overall concentration. However, the presence of contamination even in rainfed farming
areas indicates that other factors, such as atmospheric deposition or historical land use, may also contribute to
soil contamination.

To address the heavy soil contamination indicated by the high PLI values, it is crucial to implement effective
soil management strategies. This could include the use of clean water sources for irrigation, regular monitoring of
soil and water quality, and the application of soil amendments that can immobilize or adsorb HMs. Additionally,
integrating phytoremediation techniques, which utilize plants to absorb and accumulate HMs, could help reduce
soil contamination over time. By adopting these measures, it is possible to mitigate the adverse effects of HM

24
N Hg Cr Cd B Cu [ Zn Ni Bmsm Pb
|
o I
18 I
|
|
|
12 |
C |
|
|
6 - I
|
hd |
0 $ 8 o % - ° |- -e o 0 .
. = |
Rainfed farming Irrigated farming

Fig. 5. Box-plots of the natural logarithm of the Cf values for HMs in soils.
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Fig. 6. Box-plots of the PLI values for HMs in soils.

contamination on soil health and agricultural productivity, ensuring the long-term sustainability of farming
practices in the affected areas®%%.

According to Fig. 7, the Igeo results indicate that the soil is unpolluted for Hg in both types of cultivation,
for Cr and Cu in rainfed farming, and for Cd in rainfed cultivation. However, Cd in irrigated farming and Pb
show slight pollution. In irrigated farming, Cr, Ni, and Cu exhibit slight to moderate pollution, while Zn in
rainfed farming shows slight to moderate pollution. Notably, Zn in rainfed farming and Ni in irrigated farming
demonstrate significant pollution levels.

The Igeo results provide valuable insights into the pollution status of various HMs in the soil under
different cultivation methods. The unpolluted status for Hg, Cr, and Cu in certain conditions suggests limited
anthropogenic influence or effective natural attenuation processes for these metals. The slight pollution observed
for Cd and Pb in rainfed farming indicates localized sources of contamination, possibly from atmospheric
deposition or residual agricultural inputs®. The presence of slight to moderate pollution for Cr, Ni, and Cu in
irrigated farming soils highlights the potential impact of irrigation practices on metal accumulation. This could
be due to the use of contaminated water sources or the leaching and mobilization of metals through irrigation
processes. Similarly, the significant pollution levels for Zn in rainfed farming and Ni in irrigated farming suggest
specific contamination sources or higher mobility of these metals in the respective farming systems!%0-102,

To mitigate the observed pollution levels, it is essential to adopt targeted soil management practices. For
instance, ensuring the use of clean and uncontaminated irrigation water can help reduce the accumulation of
metals in irrigated farming soils. Additionally, implementing soil remediation techniques, such as the application
of organic amendments or the use of metal-accumulating plants, can aid in reducing HM concentrations.
Regular monitoring and assessment of soil health, along with the adoption of sustainable agricultural practices,
will be crucial in managing and mitigating HM contamination. By addressing the sources and pathways of metal
pollution, it is possible to enhance soil quality and ensure safe and productive agricultural lands!'%%1%4,

Ecological risks

The results of the PERI assessments are shown in Fig. 8. For each HM, Ni, Pb, and Zn were found to pose low
ecological risk factors in both rainfed and irrigated farming (RI < 150). However, Hg poses a significant ecological
risk factor (300 <RI <600). Cr and Cu in irrigated farming also exhibited low ecological risk (Fig. 8). The PERI
assessments provide critical insights into the ecological risks associated with different HMs in agricultural soils.
The low ecological risk posed by Ni, Pb, and Zn suggests that these metals, while present, are not currently at
concentrations that pose significant threats to the environment or human health in either rainfed or irrigated
farming systems. This indicates that current agricultural practices and environmental conditions help maintain
these metals at safe levels.
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Fig. 8. Potential ecological risk index (PERI) values for HMs in soils.

In contrast, the significant ecological risk posed by Hg highlights a pressing concern. The high PERI values
for Hg suggest that it is present at levels that could adversely affect the ecosystem. This may be due to its high
toxicity, persistence in the environment, and ability to bioaccumulate in organisms. The significant risk factor
for Hg necessitates urgent attention and mitigation strategies to prevent potential ecological damage!%>-197. The
low ecological risk associated with Cr and Cu in irrigated farming suggests that irrigation practices may not
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significantly elevate the concentrations of these metals to hazardous levels. However, continued monitoring is
essential to ensure that their levels remain within safe limits, as changes in agricultural practices or environmental
conditions could alter their risk profiles’®. To mitigate the potential ecological risks posed by HMs, particularly
Hg, it is crucial to implement targeted soil and water management strategies. These might include using clean
water sources, reducing the application of Hg-containing agrochemicals, and employing soil amendments that
immobilize or reduce the bioavailability of Hg. Additionally, adopting phytoremediation techniques can help
extract and stabilize HMs from contaminated soils. Regular monitoring and assessment of HM concentrations
and their ecological risk indices will be essential in maintaining safe and sustainable agricultural practices. By
understanding and managing the risks associated with heavy metals, it is possible to protect both the environment
and agricultural productivity!%%1%,

Health risk assessment of HMs in soil
The results of the CDI of metals indicate that ingestion poses a greater risk of absorption for both children and
adults compared to skin absorption and inhalation. Among adults, the risk of ingestion was similar in both
irrigated and rainfed farming systems. However, for children, except for Cd, the risk of ingestion absorption
was significantly higher in rainfed farming soils compared to irrigated farming soils (Fig. 9). These findings
underscore that ingestion is the predominant route of metal absorption for both age groups, emphasizing the
importance of mitigating soil contamination to reduce health risks. The heightened ingestion risk for children in
rainfed soils, excluding Cd, suggests greater bioavailability of certain metals under these conditions, potentially
influenced by soil properties specific to rainfed farming. This highlights the need for targeted interventions to
minimize metal exposure, particularly among vulnerable populations such as children. The absence of dermal
absorption risk in children but its presence in adults for Hg and Cu in rainfed farming soils indicates age-related
differences in exposure and absorption rates, possibly due to variations in skin permeability or activities leading
to soil contact. This underscores the necessity for age-specific risk assessments and mitigation strategies"!1°.
Additionally, while no dermal absorption risk was observed in children, adults exposed to soils irrigated
under rainfed farming practices faced potential dermal absorption risks from Hg and Cu. Children showed
a risk of respiratory absorption in irrigated farming soils, with all metals except Hg indicating a higher risk
compared to rainfed soils (Fig. 9). This observation suggests that irrigation practices may enhance the inhalation
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Fig. 11. Total carcinogenic risk (TCR) values for HMs in soils.

exposure pathway through the generation of dust or aerosols containing metal particles. Implementing measures
to reduce dust generation and improve irrigation methods could help mitigate this risk'*!. Given the industrial
context of the study area, with nearby gasoline refineries, petroleum facilities, and fuel oil power plants, these
sources likely contribute significantly to observed metal contamination. Therefore, efforts to monitor and
regulate emissions from these industrial activities, alongside soil remediation efforts and public health initiatives,
are crucial for reducing exposure risks and safeguarding community health. In conclusion, a comprehensive
approach encompassing regular soil testing, adoption of safe irrigation practices, and community education on
exposure risks is essential for managing metal contamination and protecting health in agricultural areas adjacent
to industrial sites.

The HQ and HI results from soil samples in the studied area indicate that the risk of non-carcinogenic
diseases for both children and adults consuming these soils is below one, suggesting no significant non-
carcinogenic risk (Fig. 10). However, the HQ and HI results underscore a potential carcinogenic risk, particularly
concerning for children. This higher carcinogenic risk in children emphasizes their heightened vulnerability to
environmental contaminants, necessitating stricter safety measures and ongoing monitoring!'!2. The findings
highlight the importance of targeted interventions to mitigate potential health risks associated with carcinogenic
substances in soils. Strategies such as soil remediation, enhanced monitoring of soil quality, and public health
initiatives aimed at reducing exposure pathways are crucial for safeguarding community health, particularly for
vulnerable populations like children. Continued research and comprehensive risk assessments will be essential
for developing effective policies and practices to manage and minimize carcinogenic risks associated with soil
contamination.

Figure 11presents measurements of total carcinogenic risk. The graphs indicate that for adults, all values
remain below standard limits for carcinogenicity in the soil. However, concerning children, all studied metals
pose a carcinogenic risk. Specifically, Zn and Cu in rainfed farming exhibit a higher risk of carcinogenesis
compared to irrigated farming, whereas Ni shows a higher risk in irrigated farming. The elevated carcinogenic
risk of Zn and Cu in rainfed farming suggests these metals are more prevalent or bioavailable under rainfed
conditions. This disparity may stem from variations in soil chemistry, water availability, or other environmental
factors influencing metal mobility and uptake. Conversely, the heightened carcinogenic risk of Ni in irrigated
farming underscores the potential influence of irrigation practices!'>.
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The HI values are depicted in Fig. 12. As shown, the cumulative metal intake (HI) in children and adults
consuming soil from water-irrigated areas is approximately double that found in samples from rainfed farming
systems. Overall, the HI for metals is higher in children compared to adults. The HI values indicate significant
differences in exposure risks between adults and children under varying atmospheric conditions. Adults
consistently show higher HI values compared to children, with values in dry air conditions being five times
higher for adults than children. Similarly, in the blue atmosphere, adults exhibit HI values that are 4.5 times
greater than those observed in children.

These findings highlight several key points. Firstly, they underscore the greater susceptibility of adults to
environmental contaminants, potentially due to factors such as higher body weight and different metabolic
rates influencing exposure pathways. Secondly, the variations between dry air and blue atmosphere conditions
suggest that atmospheric factors play a crucial role in contaminant dispersion and subsequent exposure levels.
Dry air conditions may lead to higher concentrations or reduced dispersion of contaminants compared to the
blue atmosphere, impacting overall exposure risks'!*. The elevated HI values in adults also raise concerns about
cumulative health risks, including carcinogenicity and non-carcinogenic effects. This emphasizes the importance
of effective mitigation strategies and regulatory measures to minimize exposure risks, particularly for vulnerable
populations such as children.

Concentration and distribution of HMs in groundwater

The assessment of metals in groundwater reveals that in areas where surface lands are irrigated using rainfed
farming systems, Zn shows a concentration range of 23.41+5.65 pg 1! with an average of 19.12 pg 1"}, and Cr
ranges from 18.15+10.52 pg 1! with an average of 16.95 pg I"!. These concentrations are the highest among
the metals analyzed. Similarly, in groundwater where surface lands are irrigated with water, Zn exhibits a
concentration range of 27.29 +8.08 pg ™! with an average of 22.80 pg 1!, and Cr ranges from 19.54+13.90 pg
1! with an average of 19 pg 17}, also showing the highest values compared to other metals. Importantly, the
concentrations of these two metals in groundwater from areas with irrigated farming are higher than those from
rainfed farming systems. These results underscore the impact of agricultural management systems on metal
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Fig. 12. The hazard index (HI) values for HMs in soils.
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concentrations in groundwater. The elevated levels of Zn and Cr in areas irrigated with water compared to
rainfed methods suggest that irrigation may enhance the leaching or mobilization of these metals from soil into
groundwater. This phenomenon likely results from increased water movement and the dissolution of soil-bound
metals during irrigation, thereby elevating metal content in groundwater!'”.

The notable presence of Zn and Cr in both agricultural management systems indicates potential implications
for groundwater quality, posing risks to both human health and the environment. Given their essential roles
in various biological processes, elevated levels of Zn and Cr could lead to adverse health effects if consumed in
significant quantities over time. For instance, high concentrations of Cr can be toxic and pose serious health
risks, including carcinogenic effects. To address these challenges, it is crucial to implement measures aimed at
minimizing metal leaching and accumulation in groundwater. Strategies may include using clean water sources
for irrigation, employing soil amendments to reduce metal mobility, and implementing regular monitoring
of groundwater quality. Additionally, understanding the sources of metal contamination, such as industrial
emissions from nearby gasoline refineries, petroleum facilities, and fuel oil power plants, can inform targeted
mitigation strategies. Ensuring sustainable irrigation practices and safeguarding groundwater quality are
essential for maintaining the health of agricultural ecosystems and surrounding communities. By adopting these
approaches, it is possible to mitigate the risks associated with metal contamination, promoting the long-term
sustainability of agricultural practices and environmental health!16117,

Health risk assessment of HMs in groundwater

The HQ results from groundwater samples in the study area indicate that the risk of non-carcinogenic diseases
associated with consuming these waters is below one for both children and adults, suggesting no significant
non-carcinogenic risk (Fig. 13b). Figure 13a shows the Add values of metals in groundwater, revealing higher
Add values in areas irrigated with water compared to rainfed systems, with Zn >Cr> Cu in order. The lifetime
carcinogenic risk assessment indicates that among other metals, Hg, Cd, and Cr are carcinogenic and pose a
cancer risk across all groundwater samples. These metals demonstrate greater carcinogenic potential in irrigated
farming areas than in rainfed farming (Fig. 13c).

The HQ results provide reassurance that groundwater in the studied area does not pose a significant risk
of non-carcinogenic diseases for either children or adults. However, the higher Add values in water-irrigated
areas underscore the potential for increased metal exposure compared to rainfed systems. This trend suggests
that water irrigation practices may facilitate the leaching and accumulation of metals such as Zn, Cr, and
Cu in groundwater, highlighting the need for vigilant monitoring and management. The findings from the
lifetime carcinogenic risk assessment emphasize the presence of carcinogenic metals—Hg, Cd, and Cr—in
all groundwater samples, with heightened risks associated with irrigated farming systems. This is particularly
critical in agricultural regions near industrial facilities such as gasoline refineries, petroleum plants, and fuel oil
power plants, where industrial emissions may contribute to metal contamination. The elevated carcinogenicity
observed in irrigated farming systems suggests that irrigation practices could exacerbate the mobilization and
bioavailability of these harmful metals!!8.

To mitigate these risks effectively, it is crucial to implement robust water management practices and establish
regular monitoring protocols for groundwater quality. Strategies may include using cleaner sources of irrigation
water, applying soil amendments to reduce metal mobility, and adopting phytoremediation techniques to
manage metal contamination effectively. Furthermore, efforts to identify and control industrial emissions are
essential to mitigate the introduction of these metals into the environment. In conclusion, the study underscores
the importance of a comprehensive approach to manage and monitor groundwater quality in agricultural areas,
particularly those in proximity to industrial activities. Such an approach is essential for safeguarding public
health and ensuring the long-term sustainability of agricultural practices.

Conclusion

This study provides a comprehensive analysis of soil and groundwater samples from agricultural areas
surrounding three industrial plants: a gasoline refinery, a petroleum facility, and a fuel oil power plant. The
findings reveal significant insights into metal contamination and associated risks. Soil properties exhibited
neutral to slightly alkaline pH levels, suitable for most crops, although the higher electrical conductivity (EC)
in irrigated farming soils indicates potential salinity buildup that may affect crop yields. Organic matter (OM)
and nitrogen content (NC) varied across soil types, with loam and sand in rainfed farming soils displaying
higher levels, which are beneficial for soil health. Contamination factor values indicated very high mercury (Hg)
contamination in both irrigated and rainfed farming soils, with substantial variations in contamination levels
for other metals. The Potential Ecological Risk Index highlighted significant ecological risks posed by Hg, while
other metals presented lower risks.

Furthermore, the Pollution Load Index confirmed heavy metal contamination in soils across the sites,
particularly within irrigated farming systems. Human health risk assessments indicated that ingestion poses
the greatest risk of metal absorption, particularly for children. Although the Hazard Quotient (HQ) and Hazard
Index (HI) values suggested no significant non-carcinogenic risk, lifetime carcinogenic risk assessments
identified Hg, cadmium (Cd), and chromium (Cr) as carcinogenic threats, especially in irrigated farming
systems. Groundwater analysis revealed elevated metal concentrations in irrigated farming systems, with zinc
(Zn) and Cr showing the highest levels. The additive effects of metals were more pronounced in these systems,
further raising lifetime carcinogenic risk levels. In light of these findings, there is an urgent need for public
health policies that address the risks associated with heavy metal exposure in agricultural settings, particularly
for vulnerable populations such as children. This study underscores the critical importance of implementing
sustainable agricultural practices, stringent environmental monitoring, enhanced industrial regulations, and
effective water management strategies. Long-term studies and continuous monitoring are essential to understand
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the ongoing impacts of metal contamination and to develop intervention strategies that protect public health
and ensure the sustainability of agriculture in industrial regions.
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