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Abstract

This study investigates the environmental and public health impacts of heavy metal pollution
in groundwater originating from Iraq Mass Steel Smelting facilities and adjacent regions in the
Bazian Sub-basin. Twenty groundwater samples were collected and tested for iron (Fe), lead
(Pb), chromium (Cr), copper (Cu), aluminum (Al), nickel (Ni), and cadmium (Cd) via
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The results demonstrated that Pb
and Al concentrations surpassed the safety limitations set by the World Health Organization
(WHO), although the levels of other metals remained below permissible limits. To assess the
extent of contamination and associated health risks, several indices were utilized, including the
Heavy Metal Pollution Index (HPI), Metal Index (MI), Hazard Quotient (HQ), Hazard Index
(HI), and Carcinogenic Risk (CR). The results indicated substantial pollution levels, with HPI
varying from 290.31 to 491.58 and MI from 14.69 to 25.57. Lead was the only heavy metal
with an HQ and HI over one, whilst all other metals adhered to acceptable limits. This
underscores the possible health hazards linked to lead pollution. The Total Carcinogenic Risk
(TCR) values exceeded tolerable limits (104). Children were identified as being at a higher risk
than adults. Multivariate statistical methods, encompassing cluster analysis (CA) and principal
component analysis (PCA), reveal that groundwater contamination in the research area is
predominantly driven by industrial and agricultural activity. The Iraq Mass Steel Smelting
facility is recognized as a significant source of heavy metal contamination. The outputs have
shown that immediate action is required to address contamination concerns and restore the
water supply for human consumption, agricultural use, and industry.

Keywords: Groundwater pollution; Trace element; Health risk; Environmental risk assessment; Pollution indices.

153
ISSN 1811-4539, EISSN 3005-3714 IBGM: http://ibgm-ig.org/
https://doi.org/10.59150/ibgm?2102a09 Academic Scientific Journals: www.iasj.net


http://ibgm-iq.org/
http://www.iasj.net/
mailto:raz.noori@univsul.edu.iq

IBGM. 2025, vol 21, issue 2 154 of 25

1. Introduction

An important freshwater resource that sustains ecological balance as well as human life and
development is groundwater (Shi et al., 2024). Groundwater is susceptible to pollution when it
traverses aquifers that already contain various contaminants. As a result, pollutants could
potentially compromise water quality by penetrating aquifers from both surface and
subterranean sources (Talpur et al., 2024; Talpur et al., 2025). Heavy metals are extremely toxic
at low quantities, making their poisoning of groundwater a significant environmental concern
(Ayejoto et al., 2024; Ugwu et al., 2024). The industrial and anthropogenic activities have
increased human exposure to heavy metals, which have had serious detrimental health effects
(Niu et al., 2023). Many contamination releases, such as direct air deposition, natural
weathering, agricultural pesticide and fertilizer releases, waste from homes, industrial waste,
and municipal waste, can all cause metal contamination (Rashid et al., 2023). Due to their
environmental longevity and severe toxicity, elevated concentrations of heavy metals in
groundwater might jeopardize human health through ingestion and dermal exposure (Shi et al.,
2022). A comprehensive evaluation of heavy metal pollution in groundwater is essential for
safeguarding drinking water and reducing potential health hazards. Extended exposure to heavy
metals can significantly adversely affect human health (Tyczynska et al., 2024). Cu, Zn, Mn,
and Fe are vital micronutrients; however, elevated levels of these metals can present
considerable health hazards (Ceramella et al., 2024). Cr, Pb, Ni, and Cd are classified as heavy
metals with carcinogenic properties due to their high toxicity, ability to induce genetic
mutations, and link to cancer formation (Jiang et al., 2021; Sadeghi et al., 2022). The HPI is a
crucial metric for analyzing the cumulative effects of heavy metal contamination, assessing
overall water quality, and determining its appropriateness for human consumption (Singh et al.,
2023; Zainudin et al., 2023). The MI methodology was utilized alongside the HPI to perform a
comprehensive evaluation of heavy metal contamination and its effects on water quality (Liang
et al., 2011). A health risk assessment entails evaluating the probability of a hazardous source
releasing risk agents into the environment, determining the degree of their interaction with
human-environment interfaces, and analyzing the subsequent health effects of exposure
(Alidadi et al., 2019; Toi Bissang et al., 2024). These evaluations take into consideration the
many toxicological properties of the chemical components involved in order to differentiate
between carcinogenic and non-carcinogenic dangers (Sun et al., 2024). The current study
assessed groundwater implications on the smelting site and the adjacent area to solve these
challenges. Inside the construction site and surrounding neighborhoods, sampling was done.
The Direct Reduced Iron (DRI) plant is vital to maximizing local iron ore and waste metal
usage. However, poorly managed waste outputs from this facility may threaten groundwater
quality. This study examines the occurrence of Al, Cr, Cu, Fe, Pb, Ni, and Cd in groundwater
sources. The primary objectives are (1) to assess the concentration levels and spatial distribution
of heavy metals using key assessment indices, specifically the HP1 and MI, and (2) to evaluate
the associated health risks by analyzing both carcinogenic and non-carcinogenic effects across
various age groups, including adults and children.
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2. Materials and methods
2.1. Study area

This study focuses on the Irag Mass Iron and Steel Plant, located in the Bazian Sub-basin,
approximately 38 kilometers west of Sulaymaniyah City. The facility covers an extensive area
of about 10 km? (Figure 1). The sub-basin, which is a crucial part of the larger Basara Basin, is
renowned for its lush terrain, which makes it ideal for agriculture, and it acts as the center of
several industrial activities and resources. Geographically, the area is bounded between the
latitude N 35°38'39” and N 35°41'09” and the longitude E 45°03'45” and E 45°01'15". The
Mass Iraq Iron and Steel Industry was created in 2015 to develop the regional industry.
However, its industrial waste management, hazardous material use, and other pollution sources
threaten nearby groundwater quality. Industrial operations proximity to groundwater recharge
zones and the subsurface’s porosity increase the potential of aquifer contamination. The
Mediterranean climate has long, hot, and arid summers and cold, rainy winters.
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Figure 1. The location and geological map show the groundwater sampling points.

For the past two decades, Bazian Meteorological Station data show a mean annual temperature
of 17°C. July averages 33°C, whereas January averages 1°C. The research region averages 671
mm of precipitation and 1865.90 mm of evapotranspiration. The plains land is mostly used for
agriculture, and groundwater extraction for irrigation, industry, and domestic usage has grown
(Mohammed et al., 2020). Geologically, the Kolosh Formation (Paleocene) is the oldest
exposed geological formation in the region. It consists of an alternation of thin-bedded
sandstone, siltstone, and calcareous shale. The Sinjar Formation (Paleocene — Lower Eocene)
is characterized by thick to massive beds of yellowish-gray reefal limestone. The youngest
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deposits in the area are the Resent deposits, which cover most of the plain area (Ahmed & Al-
Manmi, 2019; Hamamin, 2011; Hamarashid et al., 2022). From a hydrogeological perspective,
the Bazian Sub-basin comprises three distinct aquifer systems (Hamamin, 2018; Mohammed et
al., 2022). The water-bearing units are characterised by heterogeneous and anisotropic
properties: the Eocene Karstic Fissured Aquifer (EKFA), the Alluvium Intergranular Aquifer
(AlA), and the Aquiclude (Figure 2). The examined region is situated inside the Alluvium
Intergranular Aquifer (AIA), distinguished by fragmented sediments including gravel, sand,
silt, and clay. The sediments offer substantial storage and permeability for groundwater flow,
establishing the Al A as the principal aquifer supplying wells in the area. The hydraulic gradient
and intergranular porosity of the deposits influence groundwater flow in this aquifer (Hamamin
& Ali, 2013). Groundwater in the study area flows generally from the north and northwest
toward the south and southeast (Figure 2).
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Figure 2. Hydrogeological map of the study area.
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2.2. Sampling Collection and Analysis

In September 2024, twenty groundwater samples were obtained from several sites, including
the Mass Iraq for Iron and Steel Industry Company, the neighboring scrap yard, and nearby
wells (Figure 1). The depths of the selected wells range from 65 to 202 meters. Sampling sites
were deliberately chosen to evaluate the influence of industrial operations on the condition of
groundwater. Particular focus was directed toward operations at the Mass Iraq Iron and Steel
Industry Company, the collection of scrap metal and iron in the yard, and other associated
industrial processes. To avert contamination during heavy metal analysis, 500 mL glass bottles,
pre-rinsed with distilled water, were employed. Water samples were collected, labeled, and
transported in insulated coolers, ensuring a consistent temperature of 4°C. The samples were
subsequently filtered with a 0.45-um membrane to enable trace element analysis. TO remove
contaminants, 50 mL of the filtrate was discarded, and the remainder was transferred into pre-
cleaned polypropylene containers. The sample was subsequently acidified with pure HNOs,
reducing the pH to 2 or lower to assure preservation and inhibit the precipitation of trace
elements. Trace elements, including Cu, Pb, Ni, Cr, Cd, Fe, and Al, were examined in water
samples following established analytical protocols (Association, 1926; Rice et al., 2012)
utilizing ICP-AES (Perkin Elmer Optima 2100DV). The samples were analyzed at the
University of Sulaimani, Department of Chemistry. Where necessary, water quality evaluation,
sampling, and instrumental precision inaccuracies were resolved. After five samples, a standard
solution was examined to verify instrument accuracy. Analytical-grade standard solutions were
always used, with deionized water as a blank.

2.3. Pollution Measurement Indicators
2.3.1. Heavy Metal Pollution Index (HPI)

The HPI is known as a key tool to quantify heavy metal contamination in aquatic ecosystems
(Al-Hejuje et al., 2017). Groundwater contamination levels were assessed by calculating
evaluation scores using a weighted arithmetic mean method (Sheng et al., 2022). According to
Mohan et al. (1996), the HPI model was computed using the following approach:

n L WiQi
HPl = =5 —— (1)
i, Wi

The parameters Wi and Qi represent unit weights and sub-indices allocated to the chosen trace
elements specified in Table 3. This study investigates seven trace heavy metals (n=7). The sub-
indices (Wi) and (Qi) are obtained by Equations (2) and (3):

Wi= (2)
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In this context, k denotes a proportionality constant. For the sake of simplifying calculations,
its value is designated as 1 (Wanda et al., 2012).

o |(Mi— i
0i = Ziﬂ%x 100 3)

Mi represents the monitored concentration of the ith heavy metal parameter in ug/l, whereas
the concentration limits, namely the standard permitted value (Si) and the maximum intended
value (1), for each parameter were established according to the standards set by the WHO
(2017), to determine the HPI with the latest water quality data, consult Table 3. The HPI result
under 100 signifies a negligible amount of heavy metal pollution. When this value attains 100,
it signifies a crucial barrier beyond which detrimental health impacts are probable. A HPI result
beyond 100 indicates that the water is not suitable for consumption (Badeenezhad et al., 2023;
Mohan et al., 1996; Prasad & Bose, 2001). The categorization of waters according to HPI
comprises two classes, as presented in Table 1.

Table 1. HPI categorization.

HPI Contamination level
Values

<100 Low water contamination

>100 High water contamination

2.3.2. Metal Index (MI)

The MI functions as an indicator for assessing water quality concerning metal pollution. It is
based on a comprehensive analysis of trends indicative of the current condition (Edet &
Offiong, 2002). The Ml is calculated by comparing the ratio of each metal's concentration in
water to its specified maximum acceptable concentration (MACI), as seen in Table 3. A
preliminary definition of the MI for potable water is as follows (Tamasi & Cini, 2004):

MI—Zn Ci 4
~ Lu;—1 MACi (4)

In this context, 'Ci' denotes the measured concentration of the ith parameter, whereas 'MACH'
signifies the upper permissible limit for each metal. The symbol 'i' denotes the corresponding
sample. The calculated values were categorized into six unigue categories to represent
groundwater contamination levels (Ojekunle et al., 2016), as outlined in Table 2.
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Table 2. Categorization of the MI.

MI Value MI Classification
<0.3 Very pure
0.3-1.0 pure
1.0-2.0 Slightly affected
2.0-4.0 Moderately affected
4.0-6.0 Strongly affected
>6.0 Seriously affected

Table 3. The WHO (2017) standards for heavy metals and weight scores.

Heavy metals Mean (ng//L) Si (ug/L) Unit weight Wi=(K/Si)  MACi (ng /L)

Fe 52.387 300 0.0033 300
Ni 27.333 70 0.0143 70
Al 351.573 200 0.0050 200
Cu 148.488 2000 0.0005 2000
Cr 23.686 50 0.0200 50
Cd 1.190 3 0.3333 3
Pb 169.080 10 0.1000 10

2.4. Assessment of Human Health Risks

Human health risk assessment evaluates the impact of environmental contaminants on public
health. The USEPA stands for the United States Environmental Protection Agency, which
conducts assessments that include gathering data, analytical evaluation, exposure assessment,
hazard analysis, and risk classification. Carcinogenic (CR) and non-carcinogenic (NCR) risks
exist (EPA, 1989). Health risks are assessed using the HQ, HI, and CR. Pb, Cr, Cd, Fe, Al, Cu,
and Ni were evaluated for non-carcinogenic risk in children and adults, while Pb, Cr, Cd, and
Ni were analyzed for carcinogenic dangers.

2.4.1. Exposure assessment

This assessment evaluates exposure by measuring daily heavy metal (HM) consumption. Trace
metals can be inhaled, absorbed, or ingested. Water consumption usually occurs by ingestion
or skin contact (De Miguel et al., 2007; EPA, 2004; Mahato et al., 2016; Wu et al., 2009). The
exposure assessment was calculated using the following equations:

_ (Ci X IR X EF x ED)

ADDi BW X AT) (5)

(Ci X SA x Kp X ET X EF X ED X CF)

ADDd = (BW x AT) ©)
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The ingestion and dermal absorption average daily doses are ADDi (pg/kg/day) and ADDd
(Hg/kg/day), respectively. Equations (5) and (6) provide 'Ci' as the concentration of heavy
metals (ug/L), whereas 'IR" is the daily intake rate (2 L/day for adults and 0.64 L/day for
children). 'EF' denotes the frequency of exposure, established at 350 days annually, while 'ED'
represents the duration of exposure, extending over 30 years for adults and 6 years for children.
'‘BW' denotes body weight, documented as 70 kg for adults and 15 kg for children. 'AT" signifies
the mean exposure duration for non-carcinogenic agents. 'SA' quantifies the exposed skin
surface area, measuring 18,000 cm? for adults and 6,600 cm? for children, while 'ET' denotes
the exposure duration, recorded at 0.58 hours for adults and 1 hour for children daily. 'CF' serves
as a conversion factor (0.001 L/cmd), while 'Kp' denotes the dermal permeability coefficient
(cm/h, Table 5) for heavy metals in water. The reference values for the parameters were derived
from the US EPA manual (EPA, 2004) and (Wu et al., 2009) (Kumar et al., 2019; Wang et al.,
2017).

2.4.2. Estimation of non-carcinogenic risk

The non-carcinogenic risk for oral and dermal exposure pathways is assessed by estimating the
ratio of exposure via each pathway in relation to its respective reference dose (RfD) (Tripathee
et al.,, 2016). The HQ was calculated for both oral intake and dermal contact pathways to
evaluate possible dangers, utilizing Equations (7) and (8) (Kumar et al., 2019; Saleem et al.,
2019).

voi — AADE
U= ReDi @)
1o < A4Dd .

If the Hazard Quotient (HQ) is below 1 (HQ < 1), it indicates acceptable risk. However, if HQ
> 1, non-carcinogenic health effects become severe (EPA, 2011; Tripathee et al., 2016). RfDi
and RfDd denote the reference doses designated for ingestion and oral/dermal exposure,
respectively, as specified in Table 5, with units measured in ( pg/kg/day).

The Hazard Index (HI) determines the comprehensive health risk by aggregating the cumulative
effect of Hazard Quotients (HQs) from all exposure paths, as delineated in equation (9) (Saleem
et al., 2019; Toi Bissang et al., 2024).

HI = ZHQing/derm 9)
i=1

HI < 1 signifies an acceptable range; however, HI > 1 indicates a potential risk to human health
(Zhang et al., 2017).
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2.4.3. Determination of carcinogenic risk

Potential carcinogenic risks (CRs) linked to heavy metals were assessed to determine the
probability of one developing cancer over their lifetime owing to extended exposure to
recognized carcinogens. The carcinogenic risk from ingesting, external exposure, and overall
cancer risk associated with various heavy metals was computed using Equations 10 and 11,
respectively (EPA, 2011; Jiang et al., 2021; Toi Bissang et al., 2024).

CRi = ADDi x SF (10)

CRd = ADDd x SF (11)

The slope factor (SF) measures toxicity by comparing dosage and response. Cadmium,
chromium, lead, and nickel are designated as carcinogenic heavy metals, with the following SF
values (mg/kg/day): Cadmium (Cd) = 15, Chromium (Cr) = 0.5, Lead (Pb) = 1.7, and Nickel
(Ni) = 1.7 (Kumar et al., 2019; Sanad, Moussadek, et al., 2024). The CR was estimated by
adding the CRs for each hazardous metal, as shown in equation (12).

CR = Z CRi + CRd (12) (12)

Carcinogenic risks from ingesting and dermal absorption are CRi and CRd, respectively. The
USEPA establishes that the acceptable cancer risk threshold for regulatory purposes is between
1 x10°and 1 x 10* (EPA, 2004; EPA, 1989). Risks over 1 x 10~* are regarded as unacceptably
elevated.

2.5. Statistical analysis

To analyze groundwater heavy metal (HM) linear relationships, we used Pearson's correlation
analysis. We used Kaiser's criterion (eigenvalue > 1) for Principal Component Analysis (PCA)
to minimize dimensionality and identify HM distribution components. By using Ward's
approach in Hierarchical Cluster Analysis (HCA) to categorize heavy metals by similarity,
strong categorization was achieved. The hierarchical dendrogram was created from HM
connection linkage distances. Excel was used to statistically assess groundwater metal
concentrations. Minimum, maximum, and mean values were analyzed. OriginPro 2025 (version
10.2.0) was used for statistical analysis and data visualization, and ArcGIS 10.8's Kriging was
used to represent the pollution index's spatial distribution.
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3. Results and Discussion
3.1. Subsection

The distribution of HMs concentrations in different water samples is established in Table 4.
The findings indicate that the mean amounts of Al and Pb surpassed the reference thresholds.
Conversely, the concentrations of Fe, Ni, Cd, Cr, and Cu remained under the safety thresholds
established by the World Health Organization (WHO, 2017).

Table 4. Statistical summaries of Heavy Metals (HMs) Concentrations (ug/L) in Groundwater
Samples.

Fe Ni Al Cu Cr Cd Pb
Minimum 37.90 20.23 62.81 64.54 16.56 0.00 114.48
Maximum 85.83 36.11 474.14  442.90 41.49 3.20 221.33
Mean 52.39 27.33 351.57 148.49 23.69 1.19 169.08

Standard Deviation 15.41 483 112.97 109.13 6.46 0.86 32.11
Coefficient of

variation 29.42 17.24 32.13 73.50 27.28 71.99 18.99

WHO (2017) 300 70 200 2000 50 3 10

Cadmium concentrations in soils and groundwater, which are essential for food and water, can
rise from geogenic and anthropogenic sources. Mining, smelting, agriculture, sewage irrigation,
and traffic cause most groundwater cadmium pollution (Hoareau et al., 2022). The analysis
indicated that Cd concentrations ranged from 0 to 3.20 pg/L, with an average value of 1.19
Ma/L, as shown in Table 4. All samples conformed to the WHQO's acceptable threshold of 3 pg/L
(WHO, 2017), except for sample W11 at 3.20 pg/L. Cadmium levels were highest in W11 and
lowest in W5, W7, and W18 (Figure 3). The remaining samples contain low and safe cadmium
levels, but agricultural and industrial activities, especially those of the Mass Steel Company
and neighboring companies, may have affected them in the future. The cadmium pollution may
arise from agricultural practices, with fertilizer use also elevating groundwater Cd
concentrations(Loganathan et al., 2003). The spatial distribution of cadmium (Cd) in
groundwater revealed lower concentrations (<1.0 pg/L) within the smelting site, where no
agricultural chemicals are used, compared to elevated levels (>1.0 pg/L) in surrounding
farmlands. This contrast suggests that external sources, such as fertilizer application in crop
production, may contribute to higher Cd levels outside the industrial zone. The minimal
contamination within the smelting site implies that current industrial activities are not the
primary driver of groundwater Cd pollution in the study area.

Cadmium causes degenerative bone disease, gastrointestinal distress, renal impairment, hepatic,
and pulmonary disorders (Fay et al., 2018). Cadmium exposure in children damages the
respiratory, renal, skeletal, and cardiovascular systems and causes lung, kidney, prostate, and
stomach cancers (Kinuthia et al., 2020).
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Figure 3. Spatial distribution of cadmium (Cd), chromium (Cr), and copper (Cu) concentrations
(ng/L) in groundwater, displayed with groundwater flow directions.

Chromium (Cr) is essential for the metals and chemical industries. It is a naturally occurring
metal in geological formations with varied corrosion resistance (Jacobs & Testa, 2005).
Chromium (Cr) concentrations in groundwater ranged from 16.56 to 41.49 pg/L, with the
highest levels (W4) near smelting activities and the lowest (W14) upstream, indicating
industrial influence Table 4. Despite spatial variability, all samples remained below the (WHO,
2017) limit of 50 pg/L. Concentrations decreased gradually along surface and groundwater flow
paths, suggesting dilution and distance-dependent attenuation from the smelting site (Figure 3).
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The main health risks of chromium compounds are impatience, small intestine and abdominal
ulcers, anemia, and male reproductive system and sperm damage (Li Chen et al., 2009).

Copper (Cu) is an essential nutrient required for various physiological processes in the human
body. Nonetheless, excessive water intake may present risks to health (Samantara et al., 2017).
Copper (Cu) concentrations in groundwater ranged from 64.5 to 442.9 pg/L (Table 4), with the
highest levels (W1, W18) occurring inside or close to the factory premises, implicating
industrial activities as the likely source. While all samples remained below the (WHO, 2017)
limit of 2000 pg/L, the spatial pattern, higher Cu inside and lower outside, suggests potential
future risks of contaminant migration via groundwater flow if mitigation measures are not
implemented. Proactive monitoring and containment strategies are recommended to prevent
broader environmental impact. A small amount of Cu is needed for metabolism, enzymes,
cytochrome, and hemoglobin production. Conversely, excessive copper consumption can cause
neurological diseases, hypertension, hepatic issues, and renal malfunction (Mirlohi & Health,
2022).

Iron (Fe) concentrations in groundwater ranged from 37.9 to 85.8 pg/L (mean: 52.39 pg/L;
Table 4), well below the (WHO, 2017) guideline of 300 pg/L. The highest Fe levels were
detected near industrial areas (W6) and agricultural zones (W19, W17), likely influenced by
industrial activity and fertilizer use, respectively. While Fe generally decreased along
groundwater flow paths toward the southeast, localized increases in the northern area (W19,
W17) correlated with intensive well use for irrigation and potential groundwater head changes
(Figure 4). This suggests both anthropogenic and hydrogeological controls on Fe spatial
distribution.

Nickel is a ferromagnetic element found in Earth’s crust as oxides and sulfides with oxygen and
sulfur. Nickel (Ni) concentrations in groundwater ranged from 20.23 to 36.11 pg/L (mean:
27.33 ug/L), all below the (WHO, 2017) limit of 70 pg/L. The highest level (36.11 pg/L at W6)
and spatial distribution peaking centrally and decreasing along groundwater flow paths suggest
leaching from local geology (Genchi et al., 2020) with transport governed by aquifer dynamics.
Localized Ni increases in northern irrigation zones (e.g., W16/W17), mirroring Fe trends, imply
additional anthropogenic influence from groundwater extraction and head changes (Figure 4).

Lead is the most prominent heavy metal toxin, with its inorganic forms being absorbed through
consumption via food, drink, and inhalation (Jaishankar et al., 2014). The dataset showed very
consistent Pb readings, ranging from 114.48 to 221.33 ug/L, with an average concentration of
169.08 pg/L (Table 4). All well readings surpassed the WHO limit of 10 pg/L, with significant
variation present in wells near the Mass Steel Company. The spatial distribution of lead (Pb)
concentrations indicates elevated levels in the central and downstream regions of the research
area, suggesting that groundwater flow affects the transport and spread of lead pollution. This
pattern suggests that toxins are likely moving in accordance with the direction of groundwater
flow (Figure 4). The lead (Pb) levels in groundwater samples from wells near the Bazian Qil
Refinery varied from 200 pg/L to 920 pg/L (Rasheed & Fagesaleh, 2016). This variance
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suggests that the Mass Iron and Steel factory and nearby industrial and agricultural activity
affect pollution levels. Long-term lead exposure can cause psychosis, cognitive decline, kidney
damage, and lung issues through inflammatory and oxidative pathways (Engwa et al., 2019). It
also disrupts hemoglobin synthesis, leading to anemia and reduced intellectual capacity in
children (Kinuthia et al., 2020).
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Figure 4. Spatial distribution maps of iron (Fe), nickel (Ni), lead (Pb), and aluminum (Al)
concentrations (ug/L) in groundwater, displayed with groundwater flow directions.

Aluminum is among the most prevalent elements in the Earth's crust, and mostly occurs in the
environment in its trivalent (*3) oxidation form (Jaishankar et al., 2014). Aluminum (Al)
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concentrations (62.81 — 474.14 ug/L) exceeded the(WHO, 2017) threshold of 200 pg/L in most
wells, with only W19 and W20 remaining below this limit. The highest levels formed a diffuse
plume centered on industrial zones, suggesting primary contamination from smelting activities
(e.g., metal yard leaching, onsite operations) rather than directional groundwater flow.

The Al contamination plume radiates uniformly from industrial zones, unaffected by natural
flow paths, a pattern distinct from other metals (Figure 4). While smelting operations (historical
and current) are the likely primary source, elevated peripheral levels suggest agricultural
activities may be mobilizing Al through irrigation or soil disturbance. This multi-source
pollution scenario requires targeted sampling to apportion blame between industrial legacy and
farming impacts. This widespread Al pollution warrants urgent remediation, as both the local
sand surrounding the industrial operation input appears to be driving chronic groundwater
degradation. High aluminum levels in groundwater-drinking areas may cause Alzheimer's
disease (Flaten, 2001).

3.2. Evaluation of Pollution with Heavy Metal Indices

HPI values in the Bazian Sub-basin, especially near the Mass Steel Company, varied from
290.31 to 491.58, with a mean of 388.04. As illustrated in Figure 5a, groundwater
contamination varies greatly across the region. The HPI regularly classifies the research area's
groundwater as High-Water Pollution. All samples (100%) exceed the HPI criterion of 100.
The mean MI was 20.17, ranging from 14.69 to 25.57. The MI classification classifies all
groundwater samples as "Seriously Affected"” because each value exceeds 6.0 (Figure 5b). The
Irag Mass Iron and Steel facility and the surrounding area's groundwater are heavily
contaminated with heavy metals, putting the aquatic ecology at risk, according to HPI and MI.
Lead (Pb) and aluminum (Al) are the main groundwater contaminants, according to the study.
In the studied area, human activities cause high pollution. Industrial operations, agricultural
returned water, and chemical fertilizers significantly pollute groundwater. These metals,
especially if HPI and MI values exceed critical levels, require immediate treatment. Restoring
groundwater quality for human use and other uses requires reducing their concentrations.

3.3. Assessment of Human Health Risk

The HQ and HI values for trace element intake and external routes for adults and children are
represented in Table 5. The data demonstrate the cumulative health risks of groundwater heavy
metal exposure. The evaluation was based on the arithmetic Average concentrations of
potentially toxic elements (Al, Cd, Cr, Cu, Fe, Ni, and Pb) in groundwater samples. Both adults
and children had health quotient intake values below 1 for Cu, Ni, Cr, Fe, Al, and Cd, indicating
no health risks. However, the HQ _ingestion value for Pb is above 1, suggesting potential health
risks and non-carcinogenic concerns from everyday oral consumption. For all components, the
Hazard Quotient for dermal exposure (HQ_dermal) consistently remained below 1 for both
adults and children. These components pose little external absorption risk. Children have higher
HQ _ingestion and HQ_dermal values than adults, indicating greater vulnerability to water-
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borne trace element exposure. Both adults and children had Pb HIs greater than 1. We conclude
that Pb contributes the most to chronic risks in the research area. Although abundant in water,
aluminum caused no health concern. Its high reference dose (RfD) indicates the body's ability
to tolerate higher exposure levels without harm. At all sampling locations, children had higher
hazard index (HI) values than adults, indicating they are more vulnerable (Figure 6).
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Figure 5. Spatial distribution of (a) HPI, (b) Ml values in the study area.

Table 5. Health Risk Assessment of Heavy Metals: Dermal Permeability, Reference Dose,

Hazard Quotient, and Hazard Index.

Adult Child Adult Child Adult Child
RfD RfD
Metels Kpemh e Mt hoi Wi HQd Hod Hi Hi
Fe 1.00E-03  7.00E+02 1.40E+02 2.05E-03 3.06E-03 5.35E-05 1.58E-04 2.10E-03 3.22E-03
Ni 2.00E-04 2.00E+01 8.00E-01 3.74E-02 5.59E-02 9.77E-04 2.88E-03 3.84E-02 5.88E-02
Al 1.00E-03 1.00E+03 2.00E+02 9.63E-03 1.44E-02 2.51E-04 7.42E-04 9.88E-03 1.51E-02
Cu 1.00E-03  4.00E+01 8.00E+00 1.02E-01 1.52E-01 2.65E-03 7.83E-03 1.04E-01 1.60E-01
Cr 2.00E-03  3.00E+00 7.50E-02 2.16E-01 3.23E-01 9.03E-02 2.66E-01 3.07E-01 5.90E-01
Cd 1.00E-03 5.00E-01 2.50E-02 6.52E-02 9.74E-02 6.81E-03 2.01E-02 7.20E-02 1.17E-01
Pb 1.00E-04 1.40E+00 4,20E-01 3.31E+00 4.94E+00 5.76E-03 1.70E-02 3.31E+00 4 96E+00
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Figure 6. Hazard Index of Heavy Metals in Groundwater for Adults and Children in the study
area.

The TCR assesses groundwater carcinogenic heavy metal health hazards. Adults and children
were tested for carcinogenic risks by ingestion and skin exposure. Children and adults are at
risk for cancer regardless of oral or cutaneous exposure Table 6. EPA (1989, 2004) specified a
TCR range of (10-° to 10) as acceptable. The cumulative carcinogenic risk from heavy metals
is greater in children compared to adults (Figure 7). The recorded TCR levels exceeded
regulatory acceptable risk criteria (10 to 104). Public health requires regular risk assessment
and mitigation. Children absorb more heavy metals per weight than adults; therefore, avoid
contaminated water. The risk of heavy metal ingestion was much higher than external exposure.
The risk assessments show that water heavy metal concentrations are carcinogenic and non-
carcinogenic. Enforcement of heavy metal pollution restrictions is essential. Top metal levels
were in the research area, exceeding limits. Lead causes most adult and child non-carcinogenic
and carcinogenic concerns.

Table 6. Carcinogenic risk of various HMs in groundwater.

Metals Adult Child Adult Child Adult Child
CRi CRi CRd CRd TCR TCR
Ni 1.27E-03 1.90E-03 1.33E-06 3.92E-06 1.27E-03 1.91E-03
Cr 3.24E-04 4.85E-04 3.39E-06 9.99E-06 3.28E-04 4.95E-04
Cd 4.89E-04 7.30E-04 2.55E-06 7.53E-06 4.92E-04 7.38E-04
Pb 7.87E-03 1.18E-02 4.11E-06 1.21E-05 7.88E-03 1.18E-02
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Figure 7. Carcinogenic risk (CR) of various heavy metals in the study area.
4. Multivariate Statistical Analysis
4.1. Correlation Analysis

This statistical technique is applied in water quality studies to examine the relationships
between elements and assess their influence on the chemical composition of water (Oueld Lhaj
et al., 2024). The correlation matrix was

used to evaluate the interactions among seven heavy metals. Significant positive relationships
were identified between Lead and copper (0.76), nickel and lead (0.62), nickel and iron (0.57),
chromium and aluminum (0.43), and copper and nickel (0.45) exhibited strong positive
relationships, indicating shared anthropogenic origins such as industrial effluents or smelting
operations. These metals may exhibit similar geochemical activity and mobilization
mechanisms within the aquifer. The strong relationships between Pb—Cu and Ni—Fe indicate
potential co-contamination from the steel sector. Conversely, Cd exhibited significant negative
correlations with Pb (-0.72), Cu (-0.69), and Cr (-0.52), signifying divergent geochemical
behavior. This phenomenon may result from cadmium's enhanced mobility in reducing settings,
whereas chromium and copper often precipitate or adsorb in oxidizing environments (Alloway,
2012; Bradl, 2005). These contrasting behaviors likely explain the inverse relationships
observed in Figure 8.

4.2. Principal Component Analysis

This statistical method efficiently reduces intricate datasets with several variables, where
principal components with substantial eigenvalues represent the primary differences in heavy
metal characteristics (Sanad, Moubhir, et al., 2024). Table 7 shows PCA eigenvalues, variance,
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and cumulative values. PC1 and PC2 account for almost 70.98% of the dataset's variability
(Figure 9), demonstrating that groundwater heavy metals variation is mostly incorporated in
these two components. Absolute loading levels exceeding 0.75, ranging from 0.75 to 0.50, and
from 0.50 to 0.30 were designated as 'strong,” 'moderate,’ and 'weak' factor loadings,
respectively (Gao et al., 2016). Pb's moderately positive loading of 0.50 and Cu, Ni, Cr, Al, and
Fe's weakly positive loadings of 0.45, 0.39, 0.25, and 0.28 contributed to the first factor's
47.80% variance. These metals' positive loadings are strongly connected, indicating human
origin. Fertilizers, pesticides, and industrial activity, especially the Mass Iraq Iron and Steel
Plant in the research region, may be sources. Heavy metal-contaminated groundwater is
common due to intensive agriculture and industrialization. PC2, which accounts for 23.18% of
variance, has positive Cd, Fe, and Ni loadings. Human and natural factors may affect PC2
Table 7.

Figure 8. Pearson correlation matrix between heavy metal concentrations.
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Figure 9. Principal Component Analysis Applied to Groundwater Assessment.

Table 7. Principal component analysis of various heavy metals in groundwater.

Components
Parameters

PC1 PC2

Fe 0.21 0.60

Pb 0.50 0.09

Al 0.28 -0.21

Ni 0.39 0.43

Cd -0.46 0.20

Cr 0.25 -0.60

Cu 0.45 -0.07
Eigenvalue 3.35 1.62
Variability (%) 47.80 23.18
Cumulative (%) 47.80 70.98

4.3. Hierarchical Cluster Analysis

Hierarchical Cluster Analysis (CA) facilitates the categorization of water samples based on
common spatial and chemical properties (Vega et al., 1998). CA exhibited three distinct
clustering patterns of heavy metals (Figure 10). Cadmium in Cluster | is predominantly affected
by agricultural practices, supplemented by surrounding industrial activities. Several industrial
operations contributed aluminum and chromium to Cluster 1l. Cluster 111 comprises two sub-
clusters: Fe, Cu, and Ni, and Pb, all of which are contaminated by the Mass Iraq for Iron and
Steel Industry Company. Elevated Cd concentrations in Cluster | could belong to agricultural
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and industrial pollution, whereas heavy metals in Clusters Il and I1l demonstrate the influence
of industrial discharges, particularly from Iron and Steel smelting.

Cluster |
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06 —
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02 - ‘ \
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o
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Figure 10. Dendrogram of heavy metals for groundwater in the study area.
5. Conclusions

This study evaluates the pollution of groundwater by trace elements (Fe, Al, Cu, Ni, Cr, Pb,
and Cd) in the area near the Iraq Iron Mass Steel Plant and its surroundings in northeast Iraq's
Bazian Sub-basin. Most of the trace element concentrations meet WHO (2017) guidelines;
however, lead (Pb) and aluminum (Al) exceed limits, indicating local contamination.
Environmental and human health risks were assessed utilizing HPI, MI, HQ, HI, and CR,
considering both oral and dermal exposure pathways. The groundwater was contaminated
regarding Pb and Al, where all the samples had HPI values between 290.31 and 491.58,
indicating "High Water Pollution.” All samples were "Seriously affected,” indicating
substantial water quality issues with MI values of 14.69 to 25.57. Every sample had a higher
ingestion HQ (HQi) than dermal (HQd).

Lead's Hazard Index (HI) readings of 3.31 for adults and 4.96 for children are above the safety
level of 1. HI and HQ values of less than 1 for additional heavy metals made them less
dangerous via external and intestinal pathways. Nickel, chromium, cadmium, and lead have
TCR values above 10, with lead being the main cause. Children were more sensitive to
carcinogenic and non-carcinogenic risks. The study reveals significant groundwater
contamination by Pb, Al, Ni, Fe, and Cu near the smelting site, with Al exceeding WHO limits
in most wells, while other metals remain below thresholds but show concerning spatial trends
linked to industrial and agricultural activities. Industrial operations (especially smelting)
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emerge as the primary pollution source, though agricultural practices contribute to secondary
metal mobilization, evidenced by plumes extending beyond factory boundaries.

Multivariate statistical analysis, encompassing cluster analysis and principal component
analysis, assesses the Irag Mass Steel Smelting plant, agricultural activities, and diverse
industrial operations as the principal sources of polluted groundwater by heavy metals in the
studied area. This detailed Bazian sub-basin heavy metal contamination study illustrates
industrial operations' adverse environmental and health effects. The study stresses proactive
monitoring and management by giving site-specific statistics and important risk indicators.
Policies and remedies require knowledge of groundwater quality and public health. Proactive
measures, including source containment, groundwater monitoring, and farming practice
revisions, are urgently needed to mitigate long-term environmental and health risks in the
region.
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