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Abstract

Heavy metal contamination of aquatic systems represents a critical environmental and
public health concern due to the persistence, toxicity, and bioaccumulative potential of
these elements. Geographic information systems (GISs) have emerged as indispensable
tools for the spatial assessment and management of heavy metals (HMs) in water re-
sources. This review systematically synthesizes current research on GIS applications in
detecting, monitoring, and modeling heavy metal pollution in surface and groundwater.
A bibliometric analysis highlights five principal research directions: (i) global research
trends on GISs and heavy metals in water, (ii) occurrence of HMs in relation to World
Health Organization (WHO) permissible limits, (iii) GIS-based modeling frameworks for
contamination assessment, (iv) identification of pollution sources, and (v) health risk eval-
uations through geospatial analyses. Case studies demonstrate the adaptability of GISs
across multiple spatial scales, ranging from localized aquifers and river basins to regional
hydrological systems, with frequent integration of advanced statistical techniques, remote
sensing data, and machine learning approaches. Evidence indicates that concentrations of
some HMs often surpass WHO thresholds, posing substantial risks to human health and
aquatic ecosystems. Furthermore, GIS-supported analyses increasingly function as decision
support systems, providing actionable insights for policymakers, environmental managers,
and public health authorities. The synthesis presented herein confirms that the GIS is
evolving beyond a descriptive mapping tool into a predictive, integrative framework for
environmental governance. Future research directions should focus on coupling GISs with
real-time monitoring networks, artificial intelligence, and transdisciplinary collaborations
to enhance the precision, accessibility, and policy relevance of heavy metal risk assessments
in water resources.

Keywords: geographic information systems; GIS; water quality; groundwater contamination;
surface water; spatial analysis
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1. Introduction

The term heavy metals (HMs) is widely used in environmental sciences to describe
metals and metalloids associated with contamination, toxicity, and harmful effects on living
organisms. However, its definition varies across the literature, being based alternately on
density, atomic weight, or atomic number, which has led to debate regarding its nomencla-
ture [1]. To address this ambiguity, Appenroth [2] proposed a more systematic classification
grounded in the periodic table. This classification groups HMs into three subcategories:
(1) transition metals—all transition elements except lanthanum (La) and actinium (Ac),
(2) rare earth metals—comprising lanthanides and actinides, including La and Ac, and
(3) lead-group elements—a heterogeneous set of p-block elements (Bi, Al, Ga, In, T, Sn, Pb,
Sb, and Po) and metalloids (Ge, As, and Te), with Pb as the most representative member in
toxicology and environmental sciences. In this review, we adopt Appenroth’s classification
as a consistent framework for discussing heavy metals.

HMs reach aquatic environments through multiple pathways, including agricultural
runoff, industrial effluents, household discharges, and commercial applications [3]. Their
persistence and toxicity raise serious concerns, prompting the development of various
remediation technologies. Among the most studied approaches are chemical precipitation
and coagulation [4,5], ion exchange [6,7], membrane filtration [8,9], bioremediation [10,11],
heterogeneous photocatalysis [12,13], and adsorption [14,15].

Monitoring and characterizing heavy metal contamination increasingly rely on ad-
vanced tools for the acquisition, storage, analysis, and visualization of environmental
data. Geographic information systems (GISs) offer a powerful, integrative framework to
assess spatial patterns of pollutants and their dynamics. Through GISs, geospatial data
can be managed and analyzed in an interactive manner, providing insights into sources,
dispersion, and risks associated with heavy metals in water.

A typical GIS-based environmental assessment involves several stages:

(a) Data collection—sampling of soil, water, air, or sediments, followed by chemical
analyses to quantify heavy metal concentrations. Standards for sampling protocols
and analytical instrumentation must be explicitly reported.

(b) Georeferencing—assigning GPS coordinates to each sample and compiling a spatial
database in line with international reporting standards.

(c) System development and integration—importing data into GIS software, developing
analytical models, and, where appropriate, integrating specialized hydrological or
hydraulic applications (e.g., EPANET, SWMM, HEC-RAS, and TUFLOW). This step
typically produces thematic maps showing pollutant distributions.

(d) Spatial analysis—identifying high-risk areas, correlating pollutant concentrations
with anthropogenic sources, such as industry, traffic, or agriculture, and modeling
dispersion across space and time.

The final stage emphasizes visualization and reporting, achieved through interac-
tive maps, charts, and decision support tools, which provide valuable information for
environmental managers, policymakers, and the public.

Although numerous review studies have addressed statistical approaches, such as
factor analysis [16-19] and environmental issues more broadly [20-23], no comprehensive
review has specifically examined the use of GISs in identifying heavy metals in water.
To fill this gap, we conducted a systematic review of ISI-indexed articles, combining
traditional and bibliometric approaches. Bibliometrics—the quantitative study of scientific
communication through the application of mathematical and statistical techniques—was
first defined by Pritchard in 1969 as the use of mathematics and statistics to shed light on
written communication and the development of a discipline [24,25]. Bibliometric analysis
is well established across diverse research domains, including energy [26], geosciences [27],
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and engineering [28], where it has been applied to identify research trends, evaluate
scientific impact, and map knowledge structures. This article aims to discuss existing
knowledge, current research trends, and emerging directions, thereby offering a foundation
for future investigations into the intersection of GIS applications and water pollution
by HMs.

The goal of this study is to evaluate how geographic information system (GIS) tech-
niques can support the analysis of spatial distribution and concentration of HMs in water
resources, in order to identify potential contamination hotspots, assess associated envi-
ronmental and health risks, and provide a scientific basis for sustainable water resour-
ce management.

2. Materials and Methods

This review followed a two-stage approach: a bibliometric analysis and a systematic
literature review, both conducted according to PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines—under Creative Commons Attribution
License (CC BY 4.0) [29]. The methodological workflow is illustrated in Figures 1 and 2.
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Figure 1. Selection process of the eligible reports based on the PRISMA 2020 flow diagram.
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Figure 2. Schematic presentation of the workflow used in our research.

2.1. Literature Search and Data Sources

The bibliometric analysis was performed using two major databases: Web of Science
(Science Citation Index Expanded, SCI-Expanded) and Scopus, ensuring broad coverage of
peer-reviewed publications. Data were retrieved on 20 May 2025.

Several keyword combinations were initially tested to identify the most effective
search string; however, these yielded fewer or less relevant results, often including studies
outside the focus of GIS-based analyses. Ultimately, the phrase “GIS and heavy metals
in water” was selected, as it provided the most comprehensive and thematically rele-
vant dataset for the purposes of this review. While the use of alternative terms might
capture other domains of research, our chosen string ensured a focused collection of pub-
lications directly addressing the integration of GISs with heavy metal contamination in
aquatic systems.

2.2. Data Integration and Screening

From the database queries, 434 publications were retrieved from Scopus and 616 from
Web of Science, totaling 1050 records. To merge the datasets, all references were exported and
compiled into a single Microsoft Excel file. The records were sorted alphabetically by author
names, after which duplicates were identified and removed by manually comparing both
author names and titles. This step eliminated 264 duplicates, leaving 786 unique records.

Subsequently, titles and abstracts were screened according to the following inclusion
criteria: articles published with an abstract, and studies explicitly addressing GIS applica-
tions in monitoring or managing HMs in water (title or abstract level). Exclusion criteria
included letters and non-scientific materials, unpublished work, or inaccessible full texts.
This process excluded 57 references, and 1 full-text paper could not be accessed. The
remaining 578 articles were examined in detail. Of these, 148 were excluded as irrelevant
and 8 lacked abstracts, leaving 589 studies for bibliometric and systematic review.
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2.3. Bibliometric Analysis

The bibliometric analysis was conducted using Web of Science Core Collection tools
(version 5.35, Clarivate, Philadelphia, PA, USA), Scopus analytics, Microsoft Excel (2024),
Geochart [30-33], and VOSviewer (version 1.6.20) [34]. The analysis focused on nine main
aspects: types of publications, research domains, year of publication, country of origin,
authors, institutions, journals, publishers, and keywords.

Bibliometric indicators, such as links, total link strength, and node size, were incor-
porated into the analysis. The links attribute quantifies the number of direct connections
between a publication and other documents. The total link strength assesses the over-
all intensity of these connections, particularly useful in co-authorship and keyword co-
occurrence networks. Node size indicates the relative weight or frequency of an item (e.g.,
author, keyword, and institution).

This combination of indicators allowed us to identify collaborative research clusters
and assess the role of scientific networks in advancing knowledge on GISs and heavy
metals in aquatic environments.

2.4. Systematic Literature Review

In the second stage, the 589 selected articles underwent a detailed literature review.
Findings were structured into five main thematic clusters: global research trends on GISs
and HMs in water, global occurrence of HMs in water versus WHO permissible limits,
different GIS models applied to HMs in water, sources of HMs in water identified through
GISs, and health effects of HMs in water assessed through GIS-based studies.

3. Results and Discussion
3.1. Bibliometric Review—Synthesis of Literature

Out of the total number of 589 publications that we inventoried, the vast majority are
articles (540, i.e., 92% of the total), followed by proceedings papers (33, i.e., 6% of the total),
review articles (13, i.e., 2% of the total), and 3 book chapters (Figure 3). This distribution of
publications is also found in the case of other studied topics [35,36].
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Figure 3. Distribution of the main publication types related to GISs and HMs in water.

The publications can be classified into different categories of research areas. Among the
53 inventoried categories, the most representative are: Environmental Sciences (326 articles),
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Water Resources (101 articles), Engineering (41 articles), and Geology (33 articles) (Figure 4).
The high share of Environmental Sciences and Water Resources categories confirms that
research on GISs and HMs in water is mainly application-driven, while the contributions
from Engineering and Geology suggest complementary interests in monitoring technologies
and natural background conditions.
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Figure 4. Distribution of the primary research areas in publications on GISs and heavy metals
in water.

As in the case of other topics [37-39], the number of published articles on GISs and
HMs in water has experienced exponential growth, starting with 1 article per year (1990
and 1995) and reaching 60-70 articles per year (2023 and 2024; Figure 5). The exponential
growth in publications after 2015 reflects both the global urgency of heavy metal pollution
and the wider availability of open-source GIS platforms and remote sensing datasets, which
have lowered methodological barriers [40,41].

Among the 87 countries with authors who have published articles on this topic, China
stands out (with 120 articles), as well as India (with 109 articles). They are followed by the
USA (with 45 articles), Pakistan (with 42 articles), Egypt (with 40 articles), and Iran (with
39 articles; Figure 5). The strong output from China and India mirrors not only their acute
contamination problems but also their rapid industrialization, large population pressures,
and substantial governmental investment in environmental research and higher educa-
tion [42,43]. National research funding schemes and strategic priorities for water security
have further boosted publication activity. Meanwhile, contributions from countries such as
Pakistan, Egypt, and Iran underline the vulnerability of developing economies to water
pollution and the increasing recognition of GIS as a cost-effective tool for environmental
monitoring [44,45]. By contrast, the smaller share of articles from industrialized nations
may suggest a shift of focus toward remediation technologies, advanced treatment systems,
and policy frameworks rather than mapping contamination.
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Figure 5. Annual distribution of articles on GISs and HMs in water.

The countries of the authors who published on this topic are grouped into several
clusters, three of which are more comprehensive: cluster 1—Australia, Iran, Italy, Pakistan,
Spain, Sweden, and the USA; cluster 2—Canada, France, Marocco, Philippines, South Korea,
Thailand, and Tunisia; cluster 3—England, Germany, Iraq, Malaysia, Poland, and Turkey
(Figure 6). The clustering of countries reveals international collaboration networks, often
shaped by shared environmental challenges, such as irrigation, groundwater depletion, or
industrial pollution [46,47].
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Figure 6. Countries with contributing authors of articles on GISs and HMs in water.
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The publications on this topic are found, according to our inventory, in 257 journals.
Among these, those with the highest number of published articles are Environmental Moni-
toring and Assessment (34 articles), Water (32 articles), and Environmental Science and Pollution
Research (25 articles; Table 1 and Figure 7). Journals with the largest number of contribu-
tions, such as Environmental Monitoring and Assessment and Water, reflect the applied and
interdisciplinary nature of this field, while the concentration of publications in a few major
publishers highlights the centralization of dissemination channels.

Table 1. Leading journals publishing on GISs and HMs in water (the journals are ordered by “total

link strength’).
Crt. No. Journal Publisher Documents Citations Fl::::n];:}llk
1 Environmental Monitoring Springer/Springer Science 34 859 33
and Assessment and Business Media
2 Water MDPI (Basel) 32 546 25
3 Chemosphere Elsevier (Elsevier Ltd.) 13 893 23
. . Springer/SpringerOpen, (Springer
4 Applied Water Science Science and Business Media) 12 374 21
Environmental Science . .
5 and Pollution Research Springer (Springer Nature) 25 579 17
6 Environmental Pollution Elsevier (Elsevier Sci. Ltd.) 9 729 16
7 Grounduwater for Sustain- Elsevier B.V. 3 122 12
able Development
8 Science of the Total Environment Elsevier (Elsevier B.V.) 18 1308 11
9 Sustainability MDPI (Basel) 11 176 11
10 Environmental Earth Sciences Spljmger (Sprllnger .SCIQI‘ICG and 17 342 10
Business Media Springer-Verlag)
. . Springer/Kluwer Academic
11 Environmental Geochemistry and Health Publishers (Dordrecht) 10 269 8
12 Water Air and Soil Solution Springer Science + Business Media 12 133 7
frgce
Q
cafiada
philippines
spain
southifkorea
b 4
®.  sweden
pakistan
W e
egypt e »
russia @'e peoples r china )
4 & raq
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Figure 7. Country clusters of authors publishing on GISs and HMs in water.
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Among the 102 publishers who have published articles on this subject, the most repre-
sentative are Springer Nature (182 articles), Elsevier (137 articles), and MDPI (71 articles)
(Figure 8). The institutions to which the authors of these articles belong, ranked by impor-
tance, are as follows: Egyptian Knowledge Bank (39 articles), Chinese Academy of Sciences
(19 articles), Indian Institute of Technology System (17 articles), and King Saud University
(13 articles).
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sustaigability
international §gurnal-of envir international @urnal of envir

environmeqtal pollution

human and ecalogical risk

6% VOSviewer

Figure 8. Key journals featuring articles on GISs and HMs in water.

In these articles, the most frequently used keywords are GIS, HMs, contamination,
pollution, and water (Table 2). Keyword analysis shows that the field has evolved from
general detection and monitoring toward more complex assessments of risks, impacts,
and management implications (Figure 9). This shift suggests a maturation of the research
domain, with the GIS no longer seen only as a cartographic tool but increasingly integrated
into environmental governance and decision-making.

Table 2. Most frequently used keywords in published articles on GISs and HMs in water (the
keywords are ordered by ‘total link strength’).

Crt. No. Keyword Occurrences Total Link Strength
1 GIS 265 1160
2 heavy metals 259 1125
3 contamination 152 779
4 pollution 149 686
5 groundwater 103 505
6 river 95 493
7 water 110 487
8 sediments 73 348
9 drinking water 58 338

10 water quality 66 295
11 groundwater quality 49 236
12 basin 42 201
13 water quality 42 195

14 trace elements 37 181
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Figure 9. Authors’ keywords related to GISs and HMs in water.

Based on their connections, keywords can be grouped into several clusters. Among
them, the clusters with 19 words are as follows: the first cluster includes China, city,
contamination, ecological risk, heavy metal, heavy metal contamination, heavy metal
pollution, lead, pollution, risk, sediments, spatial distribution, and wastewater, while the
second cluster includes words related to the origin of HMs, such as basin, drinking water,
GIS, groundwater, irrigation, management, mining area, river, and surface water (Figure 9).

An interesting aspect to analyze is the evolution over time of the use of keywords
in articles published on this topic. As can be seen in Figure 10, in the period 2017-2019,
the keywords used were general ones: HMs, lead, quality, management, and remote
sensing. In the period 2019-2020, they became more applied to the consequences of heavy
metal pollution: contamination, risk, spatial distribution, and water quality. In the period
2020-2022, they referred mainly to their risk and impact: risk assessment, groundwater
quality, and impact.
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Figure 10. Annual distribution of keywords related to GISs and HMs in water.

3.2. Literature Review

3.2.1. Global Research Trends on GISs and Heavy Metals in Water

To understand how geographic information systems (GISs) have been applied to

water quality research, we compiled representative case studies from different continents

(Table 3). These studies vary in scale, data types, and environmental contexts, but together

they demonstrate the versatility of the GIS as a tool for visualizing, analyzing, and man-

aging heavy metal contamination in aquatic environments. The selected works provide

insights into groundwater safety, surface water monitoring, mining legacies, and risk

assessment frameworks, illustrating the global relevance of GISs in addressing contami-

nation challenges.

Table 3. Areas of research of GISs and heavy metals in water.

Cur. No. Area of Research Region Citing Article
Applications of geographic information -
1 system (GIS) analysis of lake water Uluabat, Turkey Hacisalihoglu et al., 2016 [48]
2 Assessing drinking water quality Red Sea State, Sudan Ismael et al., 2021 [49]
3 Contamination of groundwaters by HMs Ust Kamenogorsk, Hrkal et al., 2001 [50]
Kazakhstan
4 Evaluation of heavy metal bioavailability Almaerera. Spain Alvarez-Valero et al.,
from tailings dam grera, op 2009 [51]
5 Evaluation of metal contamination in the Aosta Valley Region, Italy ~ Tiwari et al., 2017 [52]

groundwater

Geospatial assessment of groundwater
6 quality with the distinctive portrayal
of HMs

United Arab Emirates

Salem et al., 2022 [53]
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Table 3. Cont.

Cur. No. Area of Research Region Citing Article

7 GIS-based hydrochemical assessment Bakoya Massif, Morocco Benaissa et al., 2024 [54]
of groundwater
GIS, multivariate statistics analysis, and .

) . Herndndez-Mena et al.,

8 health risk assessment of water supply Central Mexico 2021 [55]
quality for human use

9 GIS appr(?ach fgr the ?valuatlon of water Aydar—Arnasay Lakes Kulmatov et al., 2024 [56]
resources’ quality indicators System, Uzbekistan
Groundwater risk assessment of 1 Ten Anim-Gyampo et al.,

10 shallow aquifers Atankwidi Basin, Ghana 2019 [57]

11 Heavy metal and polycyclic Ebrié lagoon, Cote d'Ivoire  Affian et al., 2009 [58]
aromatic hydrocarbons
HMs and geo-accumulation index Mathura city, Uttar

12 development for groundwater Pradesh, India Ahmed etal., 2019 [5]
Heavy metal pollution characteristics and

13 systemic risk assessment of the China He et al., 2024 [60]
environment around the tailings site

14 Hydrogeochemical study and geospatial 3101 eha City, Ethiopia ~ Adamu et al., 2024 [61]
analysis of water quality
Hydro-transport-oriented Zn, Cu, and Pb
behavior assessment and source .

15 identification in the river network of a Hokuroku Basin, Japan Luetal, 2019 [62]
historically mined area

16 Lead distribution by urban sediment Porto Alegre, Brazil Martinez and Poleto,

2010 [63]

17 Metal pollution and health-ecological Saronikos Gulf, Greece Gkaragkouni et al., 2025 [64]
risk assessment

18 Modeling the Vulneral?lllty of SE Nigeria Aghamelu et al., 2023 [65]
groundwater to pollution
MOIRA-PLUS: a decision support system
for the management of complex

19 freshwater ecosystems contaminated by general Monte et al., 2009 [66]
radionuclides and HMs

20 Monitoring of heavy metal pollution Mersin, Turkey Demirel, 2007 [67]
of groundwater
Monitoring HMs and spatial

21 analysis using pollution indices Lake Henci, Kosovo Jusufi et al., 2024 [68]
and cartographic visualization
Natural and anthropogenic contributions Bageio and Heinrich

22 to concentration and distribution of HMs  Formoso river, Brazil 85 !
. 2012 [69]
in surface water

23 Seasona'l assessment of heavy metal Sierra Leone Sankoh et al., 2023 [70]
contamination of groundwater
Spatial diversity of Cr distribution in soil ~ Central Evia and

24 and groundwater sites in relation with Assopos-Thiva Basins, Megremi et al., 2019 [71]
land use management Greece

25 Spatial variations of As, Fe, Mn, and NO; Surma basin, Bangladesh Ahmed et al., 2019 [72]

contaminations of drinking water
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Table 3. Cont.

Cur. No. Area of Research Region Citing Article
Synthetic assessment on pollution level . .

26 and potential ecological risk of HMs Kaozhou Bay, China Cai et al., 2005 [73]
Transition metals in freshwater Marinduque island, .

27 and inland water Philippines Agarin etal,, 2021 [74]

28 Urbanization and quality Phoenix in Arizona, USA  Kang et al., 2014 [75]
of stormwater runoff
Utilizing hydrogeochemical data and g .

29 GIS tools to assess the groundwater Wadi Feiran Bas..m,. Omar et al., 2024 [76]

. : Southwestern Sinai, Egypt

quality in arid regions

30 Vulnerabilities of urban drinking water Bacau, Romania Banica et al., 2016 [77]

31 Water quality monitoring Al-Habbaniyah Lake, Iraq ~ Al-Fahdawi et al., 2015 [78]

The compilation of studies in Table 3 highlights the global scope of research applying
GISs to heavy metal contamination in water resources. Case studies span Europe, Asia,
Africa, and the Americas, illustrating that water quality issues linked to HMs are of
worldwide concern rather than confined to specific regions.

Thematically, the studies can be grouped into several research directions, as follows.

Groundwater Quality and Drinking Water Safety

Research in Sudan, Nigeria, India, Bangladesh, Sierra Leone, the UAE, and Egypt
emphasizes groundwater, reflecting its role as the primary drinking water source in many
regions. The GIS supports the detection of spatial heterogeneity in pollutants, such as
arsenic, lead, manganese, and nitrates, as well as the identification of vulnerable aquifers.

Surface Water Monitoring and Ecosystem Impacts

Investigations in Turkey, Cote d'Ivoire, Brazil, Iraq, and the Philippines demonstrate
GIS applications for lakes, rivers, lagoons, and coastal waters, where HMs accumulate due
to both natural processes and human activities (urbanization, industry, and agriculture).

A representative case study was carried out in the pre-deltaic Danube area, a highly
sensitive transboundary region shared by Romania, Ukraine, and the Republic of Moldova.
This zone is particularly important, as the Danube Delta is part of the UNESCO World
Heritage and requires continuous monitoring to protect its ecosystems from pollution [79].
Two measurement campaigns were conducted across ten monitoring points along a 57.8 km
section of the Danube. The study integrated GIS tools with hydrodynamic modeling to
better understand pollutant behavior. A digital terrain model was generated using the
OpenTopography service, and a non-stationary hydraulic model was developed in HEC-
RAS, incorporating river flow data and cross-sectional profiles. By coupling measured
concentrations with hydraulic transport equations, spatial and seasonal distributions of
HMs were simulated. Results revealed seasonal variations, with systematically higher
concentrations observed in summer. The model successfully reproduced measured values
(R? = 0.8715) and enabled prediction of downstream contamination trends. Importantly,
this case illustrates how GIS-based hydrodynamic modeling can provide both reliable
monitoring and predictive insights for managing heavy metal pollution in vulnerable
aquatic systems [79].
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Mining and Industrial Legacy Contamination

Studies from Spain, Japan, Kazakhstan, Greece, and Morocco reveal the persistent
influence of historical mining and metallurgical operations. GIS methods are valuable
for tracking metal dispersion, hydro-transport, and bioavailability, offering insights into
long-term environmental risks.

Risk Assessment and Decision Support Frameworks

Several works [55,66,73] go beyond descriptive mapping by integrating GISs with pollu-
tion indices, multivariate statistics, and ecological risk assessments. These studies demonstrate
the potential of GIS to function as a decision support system for environmental management
and public health protection. In this regard, the Quantum GIS free software (QGIS)-3.34.0-
Prizren v10.094 (2023-08-08) is used in forest genetics research to map the natural distribution
of species, the origin of provenances, and the field test’s locations [80-84].

Also, the table illustrates a variation in spatial scales, ranging from localized sites
(individual lakes, tailings dams, or river basins) to larger regional aquifers and coastal
systems. This adaptability confirms GIS as a versatile tool for addressing contamination
challenges across different hydrological and environmental settings.

While global datasets provide valuable insights into the widespread problem of heavy
metal contamination, it is important to emphasize that such findings cannot be overgen-
eralized. Regional differences in geology, industrial development, agricultural practices,
hydrological regimes, and regulatory enforcement strongly influence both the sources and
impacts of HMs. For instance, cadmium contamination in South Asia is often linked to
fertilizer use, whereas in Eastern Europe legacy mining operations are the dominant source.
Similarly, natural geogenic contamination in parts of Bangladesh differs fundamentally from
industrial pollution in North Africa or East Asia. Consequently, GIS-based analyses must
always be contextualized to local conditions, with recognition that spatial patterns and health
risks vary considerably across regions. This highlights the need for region-specific monitoring
frameworks and policies, rather than a one-size-fits-all approach.

Policy Implications and Practical Applications

The insights generated by GIS-based assessments have direct relevance for policy
development and environmental governance. First, spatially explicit maps of contamination
hotspots can guide regulatory authorities in prioritizing monitoring and remediation efforts,
ensuring that limited resources are allocated efficiently. Second, integration of GISs with
health risk models provides a scientific foundation for establishing or revising water quality
standards in line with international guidelines, such as those of the WHO. Third, GIS-
supported decision support systems can strengthen land use planning and zoning policies
by identifying areas unsuitable for drinking water abstraction or agricultural irrigation due
to contamination risks. Moreover, real-time GIS monitoring networks can be incorporated
into early warning systems, enabling rapid response to accidental pollution events and
reducing risks to public health. Importantly, the GIS facilitates transboundary water
governance by providing a common spatial framework for negotiation and cooperation
among neighboring countries sharing aquifers or river basins. Finally, findings from
GIS-based analyses should be translated into public communication strategies, increasing
transparency and enabling communities to participate in decision-making regarding water
safety and environmental protection. Collectively, these applications demonstrate that the
GIS is not only a technical tool but also a bridge between scientific evidence and practical
policy actions.
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3.2.2. Global Occurrence of Heavy Metals in Water: Concentrations Versus WHO
Permissible Limits

Beyond spatial analyses, the reviewed studies also provide measured concentrations
of HMs in water across different regions. To facilitate global comparison, these reported
values were compiled and contrasted with the World Health Organization (WHO) maxi-
mum permissible limits (2008; Table 4). While the WHO guidelines offer a useful global
benchmark, it is important to note their limitations. National standards often vary, with
some countries adopting stricter thresholds for drinking water. Furthermore, permissible
limits may differ between groundwater and surface water, as well as between intended
uses (e.g., drinking, irrigation, and ecological protection). Therefore, the comparisons
presented here should be interpreted cautiously and considered indicative rather than
absolute assessments of compliance.

Table 4. Concentrations of heavy metals in water across different regions of the world compared with

WHO permissible limits (2008).

World Health
Organization
Cur. No.  Element Value (mg/L) (WHO) Maxi- Region Citing Article
mum Permissible
Limit 2008 (mg/L)
Makkah Al-Muka-
1 Aluminum (Al) 0.18-0.58 0.2 rramah Province, Alqarawi et al., 2022 [85]
Saudi Arabia
2 0-6.411 Elazig, Turkey Baran et al., 2023 [86]
Lumbardhi Faiku and Hazizi,
3 0.058-0.195 river, Kosova 2016 [87]
Chandrapur district, Satapathy et al.,
4 0.0478 India 2009 [43]
5 Arsenic (As) 0.00581 0.01 Abu-Qir, Egypt El-Alfy et al., 2023 [88]
Lumbardhi Faiku and Hazizi,
6 0.00043-0.0285 river, Kosova 2016 [87]
. Ghahramani et al.,
7 0.00013-0.001 Divandarreh, Iran 2020 [89]
8 0.00174-0.00385 Lower Dir, Pakistan Rashid et al., 2019 [44]
Pearl River
9 0.00189-0.00269 Estuary, China Zhao et al., 2020 [90]
10 Cadmium (Cd)  0.00-0.0038 Cd = 0.005 Spring water, Jordan  L.-Ameer etal,
2020 [91]
11 0.03 Skardu, Pakistan Ahsan et al., 2021 [92]
12 0.001026 Lahore, Pakistan Anwar et al., 2024 [93]
13 0.01837 Mediterranean Sea Darwish et al., 2022 [45]
coast, Egypt
. Kluska and Jabtoriska,
14 0.006 Krzna River, Poland 2024 [94]
15 0.0089 Bahia Blanca Severini et al., 2018 [95]
Estuary, Argentina
16 Cobalt (Co) 0.00097 0.07 Mediterranean Sea Darwish et al., 2022 [45]
coast, Egypt
17 0.0035 Abu-Qir, Egypt El-Alfy et al., 2023 [88]
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Table 4. Cont.

World Health
Organization
Cur. No.  Element Value (mg/L) (WHO) Maxi- Region Citing Article
mum Permissible
Limit 2008 (mg/L)
Kamber-Shahdadkot, . .
18 0.0039-0.638 Sindh, Pakistan Lanjwani et al., 2022 [96]
19 0.10 Lower Dir, Pakistan Rashid et al., 2019 [44]
20 Chromium (Cr) 0.001724-0.004948 Cr=0.05 Spring water, Jordan Al-Ameer et al., 2020 [91]
21 0.001-18.3 Aligarh, India Badar et al., 2024 [97]
22 0.006-0.235 Elazig, Turkey Baran et al., 2023 [86]
Kamber-Shahdadkot, . .
23 0-0.134 Sindh, Pakistan Lanjwani et al., 2022 [96]
24 0.09 Lower Dir, Pakistan Rashid et al., 2019 [44]
Chandrapur
25 0.0016 district, India Satapathy et al., 2009 [43]
26 0.0256 Bahia Blanca Severini et al., 2018 [95]
Estuary, Argentina
27 0.165-1.57 Baia Mare, Romania Sur et al., 2022 [98]
28 Copper (Cu) 0.867-2.353 Cu =0.05 Skardu, Pakistan Ahsan et al., 2021 [92]
Makkah Al-Mu-
29 0.02-0.18 karramah Province, Algarawy et al., 2022 [85]
Saudi Arabia
Lumbardhi Faiku and Hazizi,
30 0.0014-0.0044 river, Kosova 2016 [87]
Chandrapur
31 0.0016 district, India Satapathy et al., 2009 [43]
32 0.10-1.60 Lake Tana, Ethiopia Sishu et al., 2024 [99]
33 0.036-0.195 Baia Mare, Romania Sur et al., 2022 [98]
34 Lead (Pb) 0.00-0.0183 Pb =0.05 Spring water, Jordan Al-Ameer et al., 2020 [91]
Makkah Al-Mu-
35 0.012-0.035 karramah Province, Algarawy et al., 2022 [85]
Saudi Arabia
36 0-0.065 Elazig, Turkey Baran et al., 2023 [86]
37 0.00286 Abu-Qir, Egypt El-Alfy et al., 2023 [88]
Shallow Lakes
38 0.00002-0.00149 in Jiangsu Lietal., 2016 [42]
Province, China
39 Manganese (Mn)  0.2464-1.1628 Mn =0.1 Spring water, Jordan Al-Ameer et al., 2020 [91]
Makkah Al-Mu-
40 0.54-1.43 karramah Province, Algarawy et al., 2022 [85]
Saudi Arabia
41 0-0.316 Elazig, Turkey Baran et al., 2023 [86]
Kamber-Shahdadkot, . .
42 0-0.14 Sindh, Pakistan Lanjwani et al., 2022 [96]
43 Mercury (Hg) 0.00379 Hg=0.01 Abu-Qir, Egypt El-Alfy et al., 2023 [88]
44 0.0007-0.0037 Northern Quebec large 5,04 ot al, 2013 [100]

boreal lakes, Canada
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Table 4. Cont.

Cur. No. Element

World Health

Organization

(WHO) Maxi- Region
mum Permissible

Limit 2008 (mg/L)

Value (mg/L) Citing Article

Pearl River

45 0.0455-0.0927 Estuary, China Zhao et al., 2020 [90]

46 Nickel (Ni) 0.001481-0.002811 Ni =0.07 Spring water, Jordan Al-Ameer et al., 2020 [91]
Makkah Al-Mu-

47 0.41-0.56 karramah Province, Algarawy et al., 2022 [85]
Saudi Arabia

48 0.002445 Lahore, Pakistan Anwar et al., 2024 [93]

49 0-0.007 Delhi, India Kaur and Rani, 2006 [101]

. Kluska and Jabtoriska,

50 0.0046-0.0061 Krzna River, Poland 2004 [94]

51 0.0027 Bahia Blanca Severini et al., 2018 [95]
Estuary, Argentina

52 0.01-0.718 Baia Mare, Romania Sur et al., 2022 [98]
Makkah Al-Mu-

53 Zinc (Zn) 0.02-0.12 Zn=>5.0 karramah Province, Algarawy et al., 2022 [85]
Saudi Arabia

54 0.06-0.51 Aligarh, India Badar et al., 2024 [97]

55 0.02477 Mediterranean Sea Darwish et al., 2022 [45]
coast, Egypt

. Ghahramani et al.,
56 0.0198-0.0314 Divandarreh, Iran 2020 [89]
57 0.05-0.18 Delhi, India Kaur and Rani, 2006 [101]

Element-Specific Exceedances Relative to WHO Standards

The data presented in Table 3 illustrate the worldwide variability of heavy metal
concentrations in different water bodies, highlighting both natural geochemical variations
and anthropogenic influences. When compared against the WHO maximum permissible
limits (2008), several important observations emerge.

Aluminum (Al): Concentrations exceeded the WHO limit (0.2 mg/L) in Turkey (up to
6.411 mg/L), indicating potential risks of neurological effects and water quality issues. In
contrast, values reported from Kosovo, India, and Saudi Arabia were generally within or
close to permissible thresholds.

Arsenic (As): Most reported concentrations were below the 0.01 mg/L limit, although
certain sites (e.g., Kosovo, Pakistan, and China) showed levels approaching or slightly
exceeding the guideline. Chronic exposure to arsenic remains a major public health concern,
particularly in regions with geogenic contamination.

Cadmium (Cd): While many studies reported safe levels, notable exceedances were
observed in Pakistan (0.03 mg/L) and Egypt (0.01837 mg/L), both surpassing the WHO
limit (0.005 mg/L). These hotspots suggest localized contamination from industrial or
mining activities.

Cobalt (Co): Although the WHO does not provide a strict guideline for Co, values
varied widely, with some extremely high levels (up to 0.638 mg/L in Sindh, Pakistan),
raising concerns about emerging health risks associated with long-term exposure.
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Chromium (Cr): Concentrations in several regions, such as Aligarh, India (up to
18.3 mg/L), and Baia Mare, Romania (up to 1.57 mg/L), greatly exceeded the WHO
threshold (0.05 mg/L). Such levels point to severe contamination likely linked to tannery,
electroplating, or mining activities.

Copper (Cu): Strikingly high concentrations were recorded in Skardu, Pakistan (up
to 2.353 mg/L), far above the WHO guideline of 0.05 mg/L. Although copper is an es-
sential trace element, these elevated levels pose risks of gastrointestinal irritation and
liver /kidney damage.

Lead (Pb): Most reported concentrations were below the permissible limit (0.05 mg/L),
but sites in Turkey and Saudi Arabia showed concerning values (up to 0.065 mg/L). Lead
contamination, even at low levels, is a critical concern due to its cumulative toxicity.

Manganese (Mn): Considerable exceedances were found in Jordan and Saudi Arabia
(up to 1.43 mg/L), well above the 0.1 mg/L limit. Elevated Mn may impair neurological
development in children, making this a pressing public health issue.

Mercury (Hg): While most regions reported values below the 0.01 mg/L limit, the
Pearl River Estuary in China showed extreme levels (0.0455-0.0927 mg/L). This is alarming
given mercury’s potent neurotoxicity and biomagnification in aquatic food webs.

Nickel (Ni): Values exceeded the 0.07 mg/L guideline in several regions, notably Saudi
Arabia (0.56 mg/L) and Romania (0.718 mg/L). Nickel pollution often reflects industrial
effluents and poses risks of carcinogenicity and skin disorders.

Zinc (Zn): All reported concentrations were within the WHO safe limit (5 mg/L).
Although not a major health risk, elevated Zn can impart an undesirable taste and reduce
water quality.

Critical Synthesis: Geogenic Versus Anthropogenic Drivers

Taken together, these findings reveal that exceedances of permissible limits arise from
both geogenic and anthropogenic processes. In South Asia, for example, high cadmium,
chromium, and copper concentrations in Pakistan and India can largely be traced to mining,
tannery effluents, and industrial discharges. By contrast, naturally occurring geochemical
conditions explain elevated arsenic in Bangladesh and Iran, or manganese in Jordan, where
the geological setting contributes to persistent groundwater contamination. In Eastern
Europe, hotspots such as Baia Mare (Romania) and Aligarh (India) are strongly linked to
mining and metallurgical legacies, while in coastal and estuarine regions like the Pearl
River Estuary (China) and Abu-Qir (Egypt), industrial emissions and urban wastewater
play dominant roles.

This contrast between geogenic and anthropogenic sources highlights the need for
tailored monitoring and mitigation strategies. Regions with natural enrichment require
long-term groundwater management and alternative water supply planning, whereas areas
impacted by industrial activity demand stricter effluent controls and remediation efforts.
GIS-based approaches are particularly valuable in this context, as they help distinguish
spatial patterns linked to geological formations from those driven by human activity,
supporting more precise risk mapping and management interventions.

Overall, the global dataset reveals regional disparities in heavy metal contamination,
with hotspots in South Asia, North Africa, and Eastern Europe showing particularly high
levels of cadmium, chromium, copper, manganese, mercury, and nickel. These exceedances
highlight the urgent need for region-specific water monitoring, remediation strategies, and
stricter enforcement of environmental regulations. Moreover, the integration of GIS-based
approaches can provide valuable spatial insights, allowing identification of contamination
clusters, source attribution, and risk mapping to protect public health.
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3.2.3. Different GIS Models for Heavy Metals in Water

The application of geographic information system (GIS) models has become an es-
sential tool in assessing heavy metal contamination and overall water quality in both
surface and groundwater systems. Various modeling approaches demonstrate how GISs
can integrate spatial, hydrological, and chemical datasets to provide effective visualizations
and decision support tools for environmental management, including forestry [102-110].

For example, in the middle Nile Delta, Egypt, irrigation water quality IWQ) was
assessed using GIS-based indicators that addressed salinity, permeability, ion toxicity, and
related risks to sensitive crops. A total of 27 canal water samples were analyzed, and
spatial variability in heavy metal concentrations was mapped using the inverse distance
weighting (IDW) method in ArcGIS 10.7, providing a clear representation of water quality
conditions across the region [111]. Similarly, in the Sarno River Basin, Italy, contamination
maps were produced for As, Cd, Cr, Cu, Hg, Pb, and Zn by combining measured values
with regional background concentrations. This GIS-aided method also integrated factor
analysis, which helped to identify the extent and nature of contamination sources within
river sediments [112].

Large-scale applications have also been demonstrated. In Germany, heavy metal
inputs (Cd, Cr, Cu, Hg, Ni, Pb, and Zn) into major river basins between 1985 and 2000 were
quantified through the MONERIS model. This GIS-integrated approach accounted for both
point-source emissions (wastewater treatment plants and industrial discharges) and diffuse
sources, providing a long-term assessment of heavy metal fluxes at the basin scale [113].
Likewise, in Iraq, the GIS was combined with a weighted arithmetic water quality index
(WQI) and IDW interpolation to map spatial variations in water quality, demonstrating the
effectiveness of integrating water indices with geospatial analysis [114].

Advanced hydrological modeling has also been coupled with GIS for predicting con-
taminant transport. In the Marmara Region, Turkey, GIS data were integrated with the
storm water management model (SWMM) to simulate catchment hydrology and con-
taminant loads. By incorporating kinetic equations for nutrient losses and heavy metal
transport, the model successfully predicted runoff loads of Cu, Ni, Zn, total nitrogen (TN),
and total phosphorus (TP), showing how land use and precipitation influence contaminant
distribution [115]. Complementary to these hydrological models, a GIS-based software—
3.34.0-Prizren v10.094 (2023-08-08), tool was developed for the Nile River in Egypt to
facilitate water quality assessment. This tool included a graphical user interface (GUI),
enabling decision-makers to visualize and interpret spatial patterns of water quality with
greater ease [116].

Groundwater assessments also benefit significantly from GIS applications. In India,
groundwater vulnerability mapping was conducted using a modified DRASTIC model
that incorporated land use/land cover data. The results showed increased susceptibility of
shallow aquifers to pollution, with validation provided by water quality parameters, such
as F~,504%2~,and NO; exceeding permissible limits [117]. Similarly, in Pakistan, the GIS
was used to map regional heavy metal concentrations in urban groundwater, enabling the
identification and delineation of risk-prone zones [118]. In China, an innovative framework
integrating the GIS, multi-criteria decision analysis (MCDA), and remote-sensing-derived
land use/land cover (LULC) was applied to develop a groundwater quality index using a
geostatistical analytical hierarchy process (AHP). This approach allowed for both spatial
evaluation of contamination and scenario-based management of water resources [119].

Urbanized and industrial regions pose specific challenges that GIS-based models can
address. In Glasgow, UK, the GRASP (groundwater and soil pollutants) tool was developed
to evaluate the threat of leaching metals from soil to shallow groundwater. By integrating
soil chemistry data with the GIS, the tool produced risk maps highlighting vulnerable areas
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to contamination from surface pollutants. Metals such as Cr, Pb, and Ni were mapped using
more than 1600 soil samples, providing actionable information for urban planning [120].

Beyond conventional GIS models, machine learning techniques have been incor-
porated into water quality assessments [121]. In Bangladesh, arsenic contamination in
groundwater was predicted by combining GIS-derived spatial grids with artificial neural
networks (ANNSs). A back-propagation neural network (BPNN) architecture (6-20-1) was
able to capture the highly non-linear relationships among input parameters, improving
prediction accuracy for groundwater arsenic levels [90]. Similarly, fuzzy multi-criteria
decision-making approaches have been applied. A novel ontology-based WQI was de-
veloped within a fuzzy environment and integrated into GIS, enabling spatiotemporal
modeling of drinking water quality in groundwater resources [122].

These case studies demonstrate the flexibility and robustness of the GIS as a platform
for integrating diverse datasets—ranging from hydrological models and soil chemistry to
remote sensing and artificial intelligence—to assess heavy metal contamination in water
resources. Interpolation methods, such as IDW [111,114], hydrochemical modeling [115],
vulnerability mapping [117], and decision support tools [116,120], highlight the spatial vari-
ability and complex drivers of contamination. Meanwhile, advanced hybrid models that
integrate GIS with statistical techniques [112], catchment transport simulations [115], or ma-
chine learning [122] provide powerful predictive and management-oriented frameworks.

We can say that GIS-based models not only enhance understanding of heavy metal
pollution dynamics but also support policymaking by generating accessible, spatially
explicit maps. These models allow authorities to identify hotspots, evaluate risks, and
prioritize mitigation strategies, making the GIS a critical technology in modern water
quality management.

Table 5 summarizes the different GIS models used for analysis of HMs in water.

Table 5. Different GIS models for heavy metals in water.

. GIS Approach Heavy Metals Key Methods/ Main Findings/
Cur. No.  Region/Study Model Assessment Tools Applications
1 Middle Nile GIS-based Not specified IDW interpolation, 35::251 Yf:ﬁfb}lslg?l]iﬁjftlrrjlgshon
Delta, Egypt indicators P ArcGIS 10.7 o quanty; %
toxicity, risks to crops
Sarno River GIS + Factor As,Cd,Cr,Cy, ~ Comtamination - Identification of
2 Basin, Ital Analvsis He Pb. Zn mapping using contamination extent and
sy y & b GIS, factor analysis ~ sources in river sediments
P Quantified heavy metal inputs
3 Germany MONERIS model C?l’ Cr, Cu, He, GIS mfregrated into river basins (1985-2000),
Ni, Pb, Zn modeling . .
point and diffuse sources
Weighted Spatial mapping of water
4 Iraq GIS + WQI Not specified arithmetic Ealit Var}i)apiiorgm
WQI IDW quattly
. Hydrological Predicted contaminant
5 Marmara Re- GIS + SWMM Cu, NI, Zn, modeling, kinetic transport from land use
gion, Turkey TN, TP . .
equations and precipitation
Facilitates water quality
6 Nile River, Egypt GIS-based Not specified G.UI f(?r . assessment and spatial
software tool visualization . .
interpretation
Modified Groundwater Shallow aquifers highly
. — 27 — 1.
7 India DRASTIC F~, 50477, NOs vulnerability susceptible to pollution

mapping
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Table 5. Cont.

. GIS Approach Heavy Metals Key Methods/ Main Findings/
Cur. No.  Region/Study Model Assessment Tools Applications
. . Various hea- . . Identification of risk-prone
8 Pakistan GIS mapping vy metals Spatial mapping zones in urban groundwater
9 China GIS + MCDA + Not specified Geostatistical AHP, Scenario-based groundwater
Remote Sensing P LULC integration = quality management
10 Glasgow, UK GRASP tool Cr, Pb, Ni GIS + soil Risk maps forurban
chemistry groundwater contamination
Backpropa- Predicted non-linear
11 Bangladesh GIS + ANN Arsenic gation neural relationships and
network (6-20-1) arsenic levels
Fuzzy . .
12 Various locations GIS + Fuzzy WQI  Various multi-criteria Spatiotemporal modeling of

- . dwat lit
decision-making grouncwater quatity

3.2.4. Sources of HMs in Water Identified Through GIS

Water resources are highly vulnerable to contamination from a variety of anthro-
pogenic and natural activities, with HMs being a major concern due to their persistence
and toxicity. GIS-based studies have enabled the identification and spatial visualization of
these contamination sources across diverse environments.

One of the most common pathways of heavy metal input into water bodies is through
emissions from rapidly expanding industrial areas, mine tailings, disposal of high-metal
wastes, leaded gasoline and paints, fertilizers, animal manures, sewage sludge, pesticides,
wastewater irrigation, coal combustion, and electronic waste [123]. Natural sources, such
as direct atmospheric deposition and geological weathering, also contribute significantly.
In addition, agricultural practices and the discharge of domestic, municipal, and industrial
waste products further exacerbate heavy metal contamination [124].

Urbanization and industrialization are key drivers of elevated heavy metal concentra-
tions in water and soils. Rapid urban expansion, coupled with high energy consumption
and population migration into large cities, results in the accumulation of pollutants in the
urban environment. Potentially toxic elements (PTEs) are released into soils and surround-
ing ecosystems due to traffic emissions, fuel combustion, tire and brake wear, weathering
of street dust and building materials, as well as industrial discharges and waste disposal
systems [125,126]. In urban children’s parks (UCPs), GIS-based assessments have revealed
that PTE contamination is strongly associated with traffic activities, urban infrastructure
development, and solid waste dumping [127,128].

Plants indicate water, air, and soil pollution, a phenomenon detectable through remote
sensing techniques [129-131]. Water pollution is a stress factor for natural environment
(habitats, plants, and animals). At the same time, many organisms (bacteria and plants) and
technics are used for natural decontamination of polluted water and riparian ecosystem
rehabilitation [132-136].

Local-scale studies also demonstrate the impacts of urban industrial development.
For example, the Canal do Cunha watershed in Rio de Janeiro has undergone severe
environmental degradation since the 1950s. Deforestation, landfills, drainage works, and
valley occupation altered the fluvial dynamics, causing the watershed to act as a conduit
for wastewater and contaminated sediments into Guanabara Bay. These inputs directly
affect water quality and heavy metal contamination in the western bay area [137].

Accidental pollution events also play a significant role in introducing HMs into aquatic
systems. Recent decades have recorded numerous water pollution accidents in countries,
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such as China [138,139], the United States [140], and Japan [141]. Historical cases provide
further evidence, such as at Los Alamos, New Mexico, where World War II-era nuclear
research and weapons testing released radionuclides and HMs into the environment. GIS
and image processing have proven effective in reconstructing past contamination pathways,
with studies showing that surface water served as the primary transport mechanism for
depleted uranium and associated metals, such as copper [142].

In South Asia, GIS-supported studies have highlighted the impacts of local indus-
tries and water management on contamination levels. In Nagarparker, Thar (Pakistan),
groundwater quality around small dams was found to be unsuitable for drinking due
to contamination, especially during post-monsoon periods. The spread of waterborne
diseases further indicated poor groundwater quality [143]. Similarly, tannery industries are
well-documented as a major source of metal pollution. Effluents from tanneries in India
(Palar River, Tamil Nadu), Egypt (Nile River, Cairo), and Mexico (Gomez River, Leon) have
severely degraded local water bodies. In Bangladesh, the unregulated establishment of
~250 tanneries along the Buriganga River before 2013 led to the daily discharge of approxi-
mately 20,000 m? of untreated effluent, significantly polluting the river and surrounding
lagoon systems [144,145].

Municipal solid waste (MSW) disposal sites also contribute to heavy metal leaching
into groundwater. In Sangamner city, India, GIS-based groundwater assessments showed
that leachate from MSW dumping yards caused deterioration of water quality, rendering it
unsuitable for drinking and domestic use, though marginally acceptable for irrigation [146].
Mining activities further intensify groundwater vulnerability. Open-pit coal mining al-
ters groundwater levels due to dewatering operations and precipitation accumulation in
pits [147]. Acid mine drainage (AMD), a by-product of mining, has emerged as a global
concern. It introduces HMs, such as arsenic, cadmium, coppet, silver, and zinc, into aquatic
systems, originating from tailings wastewater and mill processes [148].

We may assess that GIS-based evaluations demonstrate that heavy metal contamina-
tion in water stems from a wide spectrum of sources: industrial effluents, urbanization,
agriculture, mining, accidental releases, and inadequate waste management. The ability
of GIS to integrate spatial and temporal datasets allows for more effective identification,
monitoring, and visualization of contamination pathways, supporting environmental man-
agement and public health protection.

3.2.5. Health Effects of HMs in Water Assessed Through GIS-Based Studies

Metals such as copper (Cu), zinc (Zn), manganese (Mn), and iron (Fe) are recognized
as essential micronutrients; however, at elevated concentrations they become toxic [149].
In contrast, HMs like chromium (Cr), lead (Pb), mercury (Hg), cadmium (Cd), arsenic
(As), nickel (Ni), fluorine (F), and cobalt (Co) have no biological benefit and are associated
with severe disruptions in physiological processes when exposure is prolonged [150,151].
Chronic exposure to these elements has been linked to cancers, neurological and cardiovas-
cular disorders, kidney damage, developmental delays, poisoning, skin abnormalities, and
bone diseases [152-154].

Particularly, long-term exposure to even low concentrations of Pb, Cd, and Cr may
result in brain and kidney damage, contributing to chronic kidney disease (CKD). Several
studies have identified Cd, Pb, Cu, Ni, U, As, and Fe as nephrotoxic heavy metals, capable
of causing tubular damage and glomerulopathies [155-157].

A study conducted in Tehran, Iran, revealed that exposure to Pb, Hg, and As sig-
nificantly contributed to overall non-carcinogenic health risks in potential consumers of
urban runoff. Moreover, carcinogenic risk values for As, Cd, and Pb were projected to
increase by 2030, particularly in areas of high development and traffic activity. This high-
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lights the influence of land use and climate change scenarios on heavy-metal-related health
risks [158].

Similarly, GIS-based spatial analyses have demonstrated correlations between heavy
metal concentrations in drinking water and cancer incidence. For example, an investigation
found that beryllium (Be), nickel (Ni), antimony (Sb), and molybdenum (Mo) exhibited
significant associations with cancer densities across residential areas [159]. Such findings
underscore the critical role of geospatial methods in identifying and predicting vulnerable
populations at risk from environmental exposure to toxic elements.

Potentially toxic elements (PTEs) are especially concerning due to their bioaccumu-
lation potential and disproportionate impact on vulnerable groups, including children
and the elderly. Recreational exposure in public parks can also increase health risks, with
elevated PTE levels linked to developmental delays, behavioral abnormalities, and cancer
when present in high concentrations [160]. More broadly, prolonged exposure to PTEs
has been associated with immune system disruption, neurological and cardiovascular
impairments, as well as kidney and bone malfunctions [161].

In a recent work, the results obtained for the dynamics of the concentrations of the
metals Al, As, Cd, Cr, and Fe and the evaluation of the specific absorption coefficients for
the explanation and correlation with the results of the measurements in the pre-deltaic
Danube area were presented. This paper was able to expose the self-purification capacity
of the Danube and highlight the existence of a concentration reduction gradient along the
course of the river, even in a seasonal variation of heavy metal concentration [79].

Clinical observations further support these findings. Patients with renal failure have
been linked to contaminated drinking water containing Pb and Cd. High Pb levels are
particularly dangerous, with potential outcomes including irreversible damage to the
central nervous system, kidneys, and brain. Clinical manifestations of Pb exposure include
hyperactivity, cognitive impairment, hypertension, hearing loss, headaches, slowed growth,
reproductive dysfunction, and musculoskeletal pain. Nickel contamination has been
associated with dermatotoxicity in hypersensitive individuals, while chronic exposure to
Cr (especially chromic acid) can cause dermatitis and skin ulceration. Arsenic exposure is
also particularly hazardous, as it coagulates proteins, forms complexes with coenzymes,
and inhibits adenosine triphosphate (ATP) production during cellular respiration [123].

Integration of GIS with health risk assessment models

A key advancement in this field lies in coupling GIS with quantitative health risk
assessment (HRA) frameworks. By incorporating exposure pathways (ingestion, dermal
contact, and inhalation), dose-response functions, and population vulnerability indices
into GIS platforms, researchers can move beyond descriptive mapping toward actionable
risk predictions. For instance, spatial health risk maps allow calculation of hazard quotient
(HQ) and cancer risk (CR) values at neighborhood scales, pinpointing critical zones where
risk exceeds the WHO or USEPA thresholds. This approach enables local authorities to
prioritize interventions (e.g., groundwater treatment, restriction of polluted agricultural
irrigation, or targeted health monitoring). Furthermore, scenario modeling within GIS—
such as projecting changes under urban expansion or climate variability—strengthens the
predictive dimension of public health planning.

In summary, we may admit that GIS-supported assessments have demonstrated that
heavy metal contamination in water sources poses a wide array of acute and chronic health
risks. The integration of geospatial tools enhances the capacity to map exposure pathways,
quantify risks, and forecast the impacts of environmental changes, thereby strengthening
the scientific foundation for public health interventions.

Table 6 summarizes the sources of heavy metals identified through the GIS.
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Table 6. Sources of heavy metals identified through the GIS.

Cur. Nr.  Source Type Specific Examples/Regions Heavy Metals GIS Applications/Findings
. - Factories, tanneries (India, = Cr, Pb, Cd, Mappmg contami-
1 Industrial emissions Egypt, Mexico, Bangladesh) Cu, As, Zn nation from effluents;
8YPY » bang T identifying hotspots
. , GIS-based risk maps
2 Urbanization/traffic U:Es;(?jﬁas,lgigﬁren S Pb, Cr, Ni showing relation with
p 2 traffic, solid waste
Fertilizers. pesticides Spatial visualization of
3 Agriculture . P ! Cd, Cu, Zn, Pb contamination from
animal manure .
agricultural runoff
- Coal mines, tailings, As, Cd, Cu, The GIS identifies vuln-
4 Mining AMD (global) 70 A erable groundwater zones
o ' A8 and AMD-affected sites
GIS-based groundwater
5 Waste disposal MSW landfills (India) Various metals assessments show
leachate impact
. . Water pollution accidents Various metals, GIS + remote Sensmg
6 Accidental pollution . . . reconstructs contami-
(China, USA, Japan) radionuclides .
nation pathways
7 Natural sources Geological .weather.lr}g, Various metals Baseline .contrlbutlon
atmospheric deposition mapped in GISs
. The GIS shows temporal
8 Water manage- Dams, drainage canals Various metals and local-scale

ment issues

(Pakistan, Brazil)

contamination patterns

Climate change is a persistent global phenomenon that can, under certain circum-
stances, lead to droughts, significantly impacting the availability and quality of drinking
water. In addition, it may trigger secondary effects, including seawater intrusion, water
quality degradation, and shortages of potable water. While surface water resources are
directly influenced by long-term changes in key climatic variables, such as rainfall, evapo-
transpiration, and air temperature, the response of groundwater to climate variability is
often more complex [162]. To date, only a limited number of studies have examined the
influence of meteorological factors on heavy metal contamination using either simulation
models or short-term water quality datasets [163—-167]. For instance, Visser et al. [164]
found that decreased precipitation and rising temperatures under projected climate change
scenarios could reduce the leaching of HMs, such as cadmium (Cd) and zinc (Zn), during
summer in the Keersop catchment (Netherlands) between 2071 and 2100.

Importantly, fluctuations in climate variables can also influence the accuracy and
relevance of GIS-based environmental assessments [166,167]. Therefore, it is essential
for researchers to account for temporal variations and climate-induced changes when
interpreting GIS data in studies of heavy metal contamination (Figure 11).
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Figure 11. Summarized research content.

4. Conclusions

This

review synthesized bibliometric and case study evidence on the application of

geographic information systems (GISs) in monitoring and managing heavy metal contami-

nation in aquatic systems. The following key conclusions can be drawn:

1. Research trends and distribution

Scientific output on GISs and heavy metal contamination has grown exponen-
tially in the past decade, reflecting both the urgency of pollution issues and the
accessibility of open-source GIS platforms.

Research is unevenly distributed, with South Asia, North Africa, and Eastern
Europe dominating the literature, while regions such as sub-Saharan Africa and
Latin America remain underrepresented.

2. GIS applications and strengths

The GIS is a versatile tool for integrating spatial, hydrological, and chemical
datasets, enabling identification of pollution hotspots, dispersion pathways, and
contamination sources.

Coupling the GIS with advanced methods (multivariate statistics, machine learn-
ing, and decision support models) extends its role from descriptive mapping to
predictive risk assessment and environmental management.

3.  Heavy metal occurrence and risks

Concentrations of Cd, Cr, Cu, Mn, Hg, and Ni frequently exceed the WHO limits
worldwide, posing serious ecological and health threats.

GIS-based analyses help attribute exceedances to anthropogenic (e.g., urban
runoff and industrial discharge) or geogenic sources, supporting the design of
targeted remediation strategies.
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4.  Limitations and challenges

e  Bibliometric analyses face biases related to database coverage, keyword selection,
and bibliometric tool limitations.

GIS-based studies are constrained by:

Gaps in monitoring networks and data quality, especially in developing countries.
Lack of standardized sampling and analytical protocols.

Mismatches between GIS spatial resolution and contamination hotspots.

These limitations reduce comparability across studies and restrict broader
generalization.

5. Weaknesses in the international research landscape

e  Research is fragmented, with limited integration of geospatial contamination
data and clinical/epidemiological outcomes.

e  Underrepresented regions lack adequate monitoring capacity, limiting global
assessments of heavy metal risks.

e  Addressing these weaknesses requires greater international collaboration, open-
access data platforms, and harmonized methodologies.

6.  Future research directions
To strengthen GIS applications in heavy metal pollution studies, future work sh-
ould prioritize:

e Integration with health risk assessment: develop GIS-based models linking
pollutant distribution, exposure pathways, and population vulnerability.

e  Real-time monitoring: incorporate remote sensing, IoT water sensors, and Al-
driven analytics into GIS platforms for early warning systems.

e Data standardization: establish international standards for sampling, laboratory
methods, and GIS resolution to enable comparability.

e  Decision support integration: embed the GIS in multi-criteria decision analysis
(MCDA) frameworks for remediation, land use, and water resource management.

In conclusion, the GIS should be viewed not merely as a cartographic tool, but as
a comprehensive framework for environmental monitoring, risk assessment, and policy
support. By addressing current methodological and data limitations, and by fostering
global collaboration, the GIS can play a pivotal role in protecting aquatic systems and
safeguarding public health against heavy metal contamination.

Author Contributions: Conceptualization, G.M., D.M. and L.D.; methodology, GM. and L.D,;
software, G.M.; validation, L.D.; formal analysis, S.S. and D.M.; investigation, S.S.; resources, S.S.;
data curation, G.M. and L.D.; writing—original draft preparation, G.M. and L.D.; writing—review
and editing, G.M. and L.D.; visualization, G.M. and D.M.; supervision, G.M. and L.D.; project
administration, G.M. and L.D.; funding acquisition, L.D. All authors have read and agreed to the
published version of the manuscript.

Funding: The work of Gabriel Murariu was supported by a grant from the Ministry of Research,
Innovation, and Digitization, CNCS/CCCDI—UEFISCD], project number PN-IV-P8-8.1-PRE-HE-
ORG-2024-0212, within PNCDI IV. This research was also financed with the support of the Romanian
Ministry of Research, Innovation, and Digitization, within the Nucleu FORCLIMSOC Programme
(Contract No. 12N /2023), project PN23090203—"New scientific contributions for the sustainable
management of torrent control structures, degraded lands, shelter-belts and other agroforestry
systems in the context of climate change”.

Acknowledgments: The work of Dan Munteanu was supported by “Grant intern de cercetare
in domeniul Ingineriei Mediului privind studierea distributiei factorilor poluanti in zona de Sud
Est a Europei”—Contract de finantare nr. 14886/11.05.2022 Universitatea Dunarea de Jos din



Appl. Sci. 2025, 15, 10332 27 of 33

Galati—"Internal research grant in the field of Environmental Engineering regarding the study
of the distribution of polluting factors in the South-Eastern area of Europe”—Financing contract no.
14886/11.05.2022 Dunarea de Jos University of Galati.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ali, H,; Khan, E. What are heavy metals? Long-standing controversy over the scientific use of the term ‘heavy metals'—Proposal
of a comprehensive definition. Toxicol. Environ. Chem. 2018, 100, 6-19. [CrossRef]

2. Appenroth, K.J. What are “heavy metals” in plant sciences? Acta Physiol. Plant. 2010, 32, 615-619. [CrossRef]

3.  Sharma, SK. (Ed.) Heavy Metals in Water: Presence, Removal and Safety; Royal Society of Chemistry: London, UK, 2014.

4. Charerntanyarak, L. Heavy metals removal by chemical coagulation and precipitation. Water Sci. Technol. 1999, 39, 135-138.
[CrossRef]

5. Pang, EM,; Teng, S.P.; Teng, T.T.; Omar, A.M. Heavy metals removal by hydroxide precipitation and coagulation-flocculation
methods from aqueous solutions. Water Qual. Res. ]. 2009, 44, 174-182. [CrossRef]

6.  Hubicki, Z.; Kotodyriska, D. Selective removal of heavy metal ions from waters and waste waters using ion exchange methods. In
Ion Exchange Technologies; IntechOpen: London, UK, 2012.

7. Dabrowski, A.Z.P.E.; Hubicki, Z.; Podkoécielny, P.; Robens, E. Selective removal of the heavy metal ions from waters and industrial
wastewaters by ion-exchange method. Chemosphere 2004, 56, 91-106. [CrossRef]

8. Blocher, C.; Dorda, J.; Mavrov, V.; Chmiel, H.; Lazaridis, N.K.; Matis, K.A. Hybrid flotation—Membrane filtration process for the
removal of heavy metal ions from wastewater. Water Res. 2003, 37, 4018-4026. [CrossRef]

9. Chauhan, M.S.; Rahul, A.K,; Shekhar, S.; Kumar, S. Removal of heavy metal from wastewater using ion exchange with membrane
filtration from Swarnamukhi river in Tirupati. Mater. Today: Proc. 2023, 78, 1-6. [CrossRef]

10. Kulshreshtha, A.; Agrawal, R.; Barar, M.; Saxena, S. A review on bioremediation of heavy metals in contaminated water. IOSR J.
Environ. Sci. Toxicol. Food Technol. 2014, 8, 44-50. [CrossRef]

11. Halder, S. Bioremediation of heavy metals through fresh water microalgae: A review. Sch. Acad. ]. Biosci. 2014, 2, 825-830.

12.  Litter, M.I. Mechanisms of removal of heavy metals and arsenic from water by TiO,-heterogeneous photocatalysis. Pure Appl.
Chem. 2015, 87, 557-567. [CrossRef]

13. Foteinis, S.; Chatzisymeon, E. Heterogeneous photocatalysis for water purification. In Nanostructured Photocatalysts; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 75-97.

14. Arora, R. Adsorption of heavy metals—A review. Mater. Today Proc. 2019, 18, 4745-4750. [CrossRef]

15.  Chen, X,; Hossain, M.F,; Duan, C.; Lu, J.; Tsang, Y.E; Islam, M.S.; Zhou, Y. Isotherm models for adsorption of heavy metals from
water—A review. Chemosphere 2022, 307, 135545. [CrossRef]

16. Boran, M.; Altinok, I. A review of heavy metals in water, sediment and living organisms in the Black Sea. Turk. J. Fish. Aquat. Sci.
2010, 10. [CrossRef]

17.  Biney, C.A.A.T.; Amuzu, A.T.; Calamari, D.; Kaba, N.; Mbome, I.L.; Naeve, H.; Ochumba, P.B.O.; Osibanjo, O.; Radegonde, V.;
Saad, M.A.H. Review of heavy metals in the African aquatic environment. Ecotoxicol. Environ. Saf. 1994, 28, 134-159. [CrossRef]

18. Punia, P; Bharti, M.K,; Dhar, R.; Thakur, P; Thakur, A. Recent advances in detection and removal of heavy metals from
contaminated water. ChemBioEng Rev. 2022, 9, 351-369. [CrossRef]

19. Xu, Z.; Zhang, Q.; Li, X.; Huang, X. A critical review on chemical analysis of heavy metal complexes in water/wastewater and the
mechanism of treatment methods. Chem. Eng. J. 2022, 429, 131688. [CrossRef]

20. Dincg, L.; Crisan, V.; Ienasoiu, G.; Murariu, G.; Drasovean, R. Environmental Indicator Plants in Mountain Forests: A Review.
Plants 2024, 13, 3358. [CrossRef]

21. Bratu, I; Dinca, L.; Schiteanu, I.; Mocanu, G.; Murariu, G.; Stanciu, M.; Zhiyanski, M. Sports in Natural Forests: A Systematic
Review of Environmental Impact and Compatibility for Readability. Sports 2025, 13, 250. [CrossRef]

22. Budau, R.; Timofte, C.S.C.; Mirisan, L.V.; Bei, M,; Dinca, L.; Murariu, G.; Racz, K.A. Living Landmarks: A Review of Monumental
Trees and Their Role in Ecosystems. Plants 2025, 14, 2075. [CrossRef]

23. Dinca, L.; Murariu, G.; Lupoae, M. Understanding the ecosystem services of riparian forests: Patterns, gaps, and global trends.
Forests 2025, 16, 947. [CrossRef]

24. Diodato, V.P; Gellatly, P. Dictionary of Bibliometrics; Routledge: London, UK, 2013.

25. Lawani, S.M. Bibliometrics: Its theoretical foundations, methods and applications. Libri 1981, 31, 294-315. [CrossRef]

26. Albort-Morant, G.; Henseler, J.; Leal-Milldn, A.; Cepeda-Carrién, G. Mapping the field: A bibliometric analysis of green innovation.
Sustainability 2017, 9, 1011. [CrossRef]

27. Gizzi, ET,; Potenza, M.R. The scientific landscape of November 23rd, 1980 Irpinia-Basilicata Earthquake: Taking stock of (almost)

40 years of studies. Geosciences 2020, 10, 482. [CrossRef]


https://doi.org/10.1080/02772248.2017.1413652
https://doi.org/10.1007/s11738-009-0455-4
https://doi.org/10.2166/wst.1999.0642
https://doi.org/10.2166/wqrj.2009.019
https://doi.org/10.1016/j.chemosphere.2004.03.006
https://doi.org/10.1016/S0043-1354(03)00314-2
https://doi.org/10.1016/j.matpr.2022.08.280
https://doi.org/10.9790/2402-08714450
https://doi.org/10.1515/pac-2014-0710
https://doi.org/10.1016/j.matpr.2019.07.462
https://doi.org/10.1016/j.chemosphere.2022.135545
https://doi.org/10.4194/trjfas.2010.0418
https://doi.org/10.1006/eesa.1994.1041
https://doi.org/10.1002/cben.202100053
https://doi.org/10.1016/j.cej.2021.131688
https://doi.org/10.3390/plants13233358
https://doi.org/10.3390/sports13080250
https://doi.org/10.3390/plants14132075
https://doi.org/10.3390/f16060947
https://doi.org/10.1515/libr.1981.31.1.294
https://doi.org/10.3390/su9061011
https://doi.org/10.3390/geosciences10120482

Appl. Sci. 2025, 15, 10332 28 of 33

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Muhuri, PX.; Shukla, A.K.; Abraham, A. Industry 4.0: A bibliometric analysis and detailed overview. Eng. Appl. Artif. Intell. 2019,
78, 218-235. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, 372, n71.
[CrossRef]

Clarivate.com. Web of Science Core Collection. Available online: https://clarivate.com/products/scientific-and-academic-
research/research-discovery-and-workflow-solutions /webofscience-platform /web-of-science-core-collection/ (accessed on
20 May 2025).

Elsevier. Scopus. Available online: https:/ /www.elsevier.com/products/scopus (accessed on 20 May 2025).

Microsoft Corporation. Microsoft Excel. Available online: https://www.microsoft.com/en-us/microsoft-365/excel?legRedir=
true&Correlationld=3bb60ab0-fe13-41a4-812b-2627667cf346 (accessed on 26 May 2025).

Geochart. Google Developers. Available online: https://developers.google.com/chart/interactive /docs/gallery/geochart
(accessed on 23 May 2025).

VOSviewer. Available online: https://www.vosviewer.com/ (accessed on 22 May 2025).

Enescu, C.M.; Mihalache, M,; Ilie, L.; Dinca, L.; Constandache, C.; Murariu, G. Agricultural benefits of shelterbelts and windbreaks:
A bibliometric analysis. Agriculture 2025, 15, 1204. [CrossRef]

Murariu, G.; Dinca, L.; Munteanu, D. Trends and Applications of Principal Component Analysis in Forestry Research: A Literature
and Bibliometric Review. Forests 2025, 16, 1155. [CrossRef]

Dincg, L.; Constandache, C.; Postolache, R.; Murariu, G.; Tupu, E. Timber Harvesting in Mountainous Regions: A Comprehensive
Review. Forests 2025, 16, 495. [CrossRef]

Bratu, I; Dinca, L.; Constandache, C.; Murariu, G. Resilience and decline: The impact of climatic variability on temperate oak
forests. Climate 2025, 13, 119. [CrossRef]

Dinca, L.; Coca, A.; Tudose, N.C.; Marin, M.; Murariu, G.; Munteanu, D. The Role of Trees in Sand Dune Rehabilitation: Insights
from Global Experiences. Appl. Sci. 2025, 15, 7358. [CrossRef]

Mishra, S.; Bharagava, R.N.; More, N.; Yadav, A.; Zainith, S.; Mani, S.; Chowdhary, P. Heavy metal contamination: An alarming
threat to environment and human health. In Environmental Biotechnology: For Sustainable Future; Springer: Singapore, 2018;
pp. 103-125.

Wegmann, M.; Leutner, B.; Dech, S. (Eds.) Remote Sensing and GIS for Ecologists: Using Open Source Software; Pelagic Publishing
Ltd.: London, UK, 2016.

Li, YJ.; Zhang, L.Y.;; Wu, YW,; Li, C.L,; Yang, T.X.; Tang, J. GIS spatial distribution and ecological risk assessment of heavy metals
in surface sediments of shallow lakes in Jiangsu Province. Huan Jing Ke Xue Huanjing Kexue 2016, 37, 1321-1329.

Satapathy, D.R.; Salve, PR.; Katpatal, Y.B. Spatial distribution of metals in ground/surface waters in the Chandrapur district
(Central India) and their plausible sources. Environ. Geol. 2009, 56, 1323-1352. [CrossRef]

Rashid, A.; Khan, S.; Ayub, M.; Sardar, T.; Jehan, S.; Zahir, S.; Khan, M.S.; Muhammad, J.; Khan, R.; Ali, A.; et al. Mapping
human health risk from exposure to potential toxic metal contamination in groundwater of Lower Dir, Pakistan: Application of
multivariate and geographical information system. Chemosphere 2019, 225, 785-795. [CrossRef]

Darwish, D.H.; Basiony, A.L; El-Alfy, M.A. Mapping heavy metals contamination and eco-risk along Mediterranean Sea coast,
Egypt. Geocarto Int. 2022, 37, 8645-8671. [CrossRef]

Dalin, C.; Wada, Y.; Kastner, T.; Puma, M.]. Groundwater depletion embedded in international food trade. Nature 2017, 543,
700-704. [CrossRef]

Yoffe, S.; Fiske, G.; Giordano, M.; Giordano, M.; Larson, K.; Stahl, K.; Wolf, A.T. Geography of international water conflict and
cooperation: Data sets and applications. Water Resour. Res. 2004, 40, 1-12. [CrossRef]

Hacisalihoglu, S.; Karaer, F.; Katip, A. Applications of geographic information system (GIS) analysis of lake Ulua-bat. Environ.
Monit. Assess. 2016, 188, 331. [CrossRef]

Ismael, M.; Mokhtar, A.; Farooq, M.; Lii, X. Assessing drinking water quality based on physical, chemical and microbial
parameters in the Red Sea State, Sudan using a combination of water quality index and artificial neural network model. Grounduw.
Sustain. Dev. 2021, 14, 100612. [CrossRef]

Hrkal, Z.; Gadalia, A.; Jucker, C. Contamination of groundwaters by heavy metals in the city of Ust Kamenogorsk, north-eastern
Kazakhstan. Environ. Geol. 2001, 41, 174-182. [CrossRef]

Alvarez-Valero, A.M.; Sdez, R.; Pérez-Lépez, R.; Delgado, J.; Nieto, ].M. Evaluation of heavy metal bio-availability from Almagrera
pyrite-rich tailings dam (Iberian Pyrite Belt, SW Spain) based on a sequential extraction procedure. J. Geochem. Explor. 2009, 102,
87-94. [CrossRef]

Tiwari, A K.; De Maio, M.; Amanzio, G. Evaluation of metal contamination in the groundwater of the Aosta Valley Region, Italy.
Int. J. Environ. Res. 2017, 11, 291-300. [CrossRef]


https://doi.org/10.1016/j.engappai.2018.11.007
https://doi.org/10.1136/bmj.n71
https://clarivate.com/products/scientific-and-academic-research/research-discovery-and-workflow-solutions/webofscience-platform/web-of-science-core-collection/
https://clarivate.com/products/scientific-and-academic-research/research-discovery-and-workflow-solutions/webofscience-platform/web-of-science-core-collection/
https://www.elsevier.com/products/scopus
https://www.microsoft.com/en-us/microsoft-365/excel?legRedir=true&CorrelationId=3bb60ab0-fe13-41a4-812b-2627667cf346
https://www.microsoft.com/en-us/microsoft-365/excel?legRedir=true&CorrelationId=3bb60ab0-fe13-41a4-812b-2627667cf346
https://developers.google.com/chart/interactive/docs/gallery/geochart
https://www.vosviewer.com/
https://doi.org/10.3390/agriculture15111204
https://doi.org/10.3390/f16071155
https://doi.org/10.3390/f16030495
https://doi.org/10.3390/cli13060119
https://doi.org/10.3390/app15137358
https://doi.org/10.1007/s00254-008-1230-3
https://doi.org/10.1016/j.chemosphere.2019.03.066
https://doi.org/10.1080/10106049.2021.2005154
https://doi.org/10.1038/nature21403
https://doi.org/10.1029/2003WR002530
https://doi.org/10.1007/s10661-016-5332-1
https://doi.org/10.1016/j.gsd.2021.100612
https://doi.org/10.1007/s002540100376
https://doi.org/10.1016/j.gexplo.2009.02.005
https://doi.org/10.1007/s41742-017-0027-1

Appl. Sci. 2025, 15, 10332 29 of 33

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Salem, I.B.; Nazzal, Y.; Howari, EM.; Sharma, M.; Mogaraju, J.K.; Xavier, C.M. Geospatial assessment of groundwater quality
with the distinctive portrayal of heavy metals in the United Arab Emirates. Water 2022, 14, 879. [CrossRef]

Benaissa, C.; Rossi, A.; Bouhmadi, B.; El Hammoudani, Y.; Dimane, F. GIS-based hydrochemical assessment of groundwater in
the Bakoya Massif, Northern Morocco. Desal. Water Treat. 2024, 317, 100287. [CrossRef]

Hernandez-Mena, L.; Panduro-Rivera, M.G.; Diaz-Torres, J.D.J.; Ojeda-Castillo, V.; Real-Olvera, ].D.; Lopez-Cervantes, M.;
Pacheco-Dominguez, R.L.; Morton-Bermea, O.; Santacruz-Benitez, R.; Vallejo-Rodriguez, R.; et al. GIS, multivariate statistics
analysis and health risk assessment of water supply quality for human use in Central Mexico. Water 2021, 13, 2196. [CrossRef]
Kulmatov, R.; Taylakov, A.; Khasanov, S. GIS approach for the evaluation of water resources quality indicators of the Aydar-
Arnasay Lakes System in Uzbekistan. Sustain. Water Resour. Manag. 2024, 10, 36. [CrossRef]

Anim-Gyampo, M.; Anornu, G.K,; Agodzo, S.K.; Appiah-Adjei, E.K. Groundwater risk assessment of shallow aquifers within the
Atankwidi Basin of Northeastern Ghana. Earth Syst. Environ. 2019, 3, 59-72. [CrossRef]

Affian, K.; Robin, M.; Maanan, M.; Digbehi, B.; Djagoua, E.V.; Kouamé, F. Heavy metal and polycyclic aromatic hydrocarbons in
Ebrié lagoon sediments, Céte d’Ivoire. Environ. Monit. Assess. 2009, 159, 531-541. [CrossRef] [PubMed]

Ahmed, S.; Khurshid, S.; Qureshi, F.; Hussain, A.; Bhattacharya, A. Heavy metals and geo-accumulation index development for
groundwater of Mathura city, Uttar Pradesh. Desal. Water Treat. 2019, 138, 291-300. [CrossRef]

He, Y.; Zhang, Q.; Li, H.; Wang, W.; Hua, ]. Heavy metal pollution characteristics and systemic risk assessment of the environment
around the tailings site. J. Soils Sediments 2024, 24, 217-229. [CrossRef]

Adamu, A.Y; Nigussie, A.B.; Amognehegn, A.E. Hydrogeochemical Study and Geospatial Analysis of Water Quality Using GIS
based Water Index and Multivariate Statistics in Kombolcha City, Ethiopia. Water Air Soil Pollut. 2024, 235, 637. [CrossRef]

Lu, Q.; Bian, Z.; Tsuchiya, N. Hydrotransport-oriented Zn, Cu, and Pb behavior assessment and source identification in the river
network of a historically mined area in the Hokuroku basin, Northeast Japan. Int. ]. Environ. Res. Public Health 2019, 16, 3907.
[CrossRef]

Martinez, L.L.; Poleto, C. Lead distribution by urban sediments on impermeable areas of Porto Alegre-RS, Brazil. ]. Urban Environ.
Eng. 2010, 4, 1-8. [CrossRef]

Gkaragkouni, A.; Dimas, X.; Sergiou, S.; Christodoulou, D.; Anastasopoulos, L.; Geraga, M.; Karapanagioti, H.K.; Papatheodorou,
G. Metal Pollution and Health-Ecological Risk Assessment in an Intensely Burdened Coastal Environment of Greece, the
Saronikos Gulf: A 50-Year Critical Review. Water 2025, 17, 1029. [CrossRef]

Aghamelu, O.P,; Omeka, M.E.; Unigwe, C.O. Modeling the vulnerability of groundwater to pollution in a fractured shale aquifer
in SE Nigeria using information entropy theory, geospatial, and statistical modeling approaches. Model. Earth Syst. Environ. 2023,
9, 2385-2406. [CrossRef]

Monte, L.; Brittain, J.E.; Gallego, E.; Hakanson, L.; Hofman, D.; Jiménez, A. MOIRA-PLUS: A decision support system for the
management of complex fresh water ecosystems contaminated by radionuclides and heavy metals. Comput. Geosci. 2009, 35,
880-896. [CrossRef]

Demirel, Z. Monitoring of heavy metal pollution of groundwater in a phreatic aquifer in Mersin-Turkey. Environ. Monit. Assess.
2007, 132, 15-23. [CrossRef] [PubMed]

Jusufi, K.; Ejupi, A.; Demaku, S.; Maliqi, E. Monitoring Heavy Metals and Spatial Analysis Using Pollution Indices and
Cartographic Visualization: A Case Study in Kosovo. Soil Sediment Contam. Int. ]. 2024, 34, 1402-1419. [CrossRef]

Baggio, H.; Heinrich, H. Natural and anthropogenic contributions to concentration and distribution of heavy metals in surface
water and in stream sediments in the Formoso River, Buritizeiro municipality-Minas Gerais State, Brazil. Comun. Geolégicas 2012,
99, 71-78.

Sankoh, A.A.; Amara, J.; Komba, T.; Laar, C.; Sesay, A.; Derkyi, N.S.; Frazer-Williams, R. Seasonal assessment of heavy metal
contamination of groundwater in two major dumpsites in Sierra Leone. Cogent Eng. 2023, 10, 2185955. [CrossRef]

Megremi, I.; Vasilatos, C.; Vassilakis, E.; Economou-Eliopoulos, M. Spatial diversity of Cr distribution in soil and groundwater
sites in relation with land use management in a Mediterranean region: The case of C. Evia and Assopos-Thiva Basins, Greece. Sci.
Total Environ. 2019, 651, 656—667. [CrossRef]

Ahmed, N.; Bodrud-Doza, M.; Islam, A.R.M.T.; Hossain, S.; Moniruzzaman, M.; Deb, N.; Bhuiyan, M.A.Q. Appraising spatial
variations of As, Fe, Mn and NO3 contaminations associated health risks of drinking water from Surma basin, Bangladesh.
Chemosphere 2019, 218, 726-740. [CrossRef] [PubMed]

Cai, W,; Lin, Q.; Jai, X.; Wang, Z; Li, C.; Yang, M. Synthetic assessment on pollution level and potential ecological risk of heavy
metals in Kaozhou Bay. Chin. |. Ecol. 2005, 10, 343.

Agarin, C.J.M.; Mascarefias, D.R.; Nolos, R.; Chan, E.; Senoro, D.B. Transition metals in freshwater crustaceans, tilapia, and inland
water: Hazardous to the population of the small island province. Toxics 2021, 9, 71. [CrossRef]

Kang, M.].; Mesev, V.; Myint, S.W. Urbanization and Quality of Stormwater Runoff: Remote Sensing Measurements of Land
Cover in an Arid City. Korean J. Remote Sens. 2014, 30, 399—415. [CrossRef]


https://doi.org/10.3390/w14060879
https://doi.org/10.1016/j.dwt.2024.100287
https://doi.org/10.3390/w13162196
https://doi.org/10.1007/s40899-023-01007-w
https://doi.org/10.1007/s41748-018-0077-3
https://doi.org/10.1007/s10661-008-0649-z
https://www.ncbi.nlm.nih.gov/pubmed/19067205
https://doi.org/10.5004/dwt.2019.23322
https://doi.org/10.1007/s11368-023-03588-7
https://doi.org/10.1007/s11270-024-07438-1
https://doi.org/10.3390/ijerph16203907
https://doi.org/10.4090/juee.2010.v4n1.001008
https://doi.org/10.3390/w17071029
https://doi.org/10.1007/s40808-022-01640-y
https://doi.org/10.1016/j.cageo.2008.03.008
https://doi.org/10.1007/s10661-006-9498-9
https://www.ncbi.nlm.nih.gov/pubmed/17171255
https://doi.org/10.1080/15320383.2024.2430268
https://doi.org/10.1080/23311916.2023.2185955
https://doi.org/10.1016/j.scitotenv.2018.09.186
https://doi.org/10.1016/j.chemosphere.2018.11.104
https://www.ncbi.nlm.nih.gov/pubmed/30504048
https://doi.org/10.3390/toxics9040071
https://doi.org/10.7780/kjrs.2014.30.3.6

Appl. Sci. 2025, 15, 10332 30 of 33

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Omar, A.E.; Abdel-Halim, K.A.; Arnous, M.O. State of the practice worldwide: Utilizing hydrogeochemical data and GIS tools to
assess the groundwater quality in arid region: Example from Wadi Feiran Basin, Southwestern Sinai, Egypt. Groundw. Monit.
Remediat. 2024, 44, 101-121. [CrossRef]

Banica, A.; Breaban, L.G.; Terryn, I.C.; Munteanu, A. Vulnerability and resilience of the urban drinking water system in the city
of Bacau, Romania. In Proceedings of the 3rd International Multidisciplinary Scientific Conference on Social Sciences and Arts
SGEM 2016, Albena, Bulgaria, 24-30 August 2016; pp. 1209-1218.

Al-Fahdawi, A.A.; Rabee, A.M.; Al-Hirmizy, S.M. Water quality monitoring of Al-Habbaniyah Lake using remote sensing and in
situ measurements. Environ. Monit. Assess. 2015, 187, 367. [CrossRef] [PubMed]

Topa, C.; Murariu, G.; Calmuc, V.; Calmuc, M.; Arseni, M.; Serban, C.; Chitescu, C.; Georgescu, L. A spatial-seasonal study on the
Danube River in the adjacent Danube Delta area: Case study—Monitored heavy metals. Water 2024, 16, 2490. [CrossRef]
Budeanu, M.; Sofletea, N.; Petritan, I.C. Among-population variation in quality traits in two Romanian provenance trials with
Picea abies L. Balt. For. 2014, 20, 37-47.

Besliu, E.; Curtu, A.L.; Apostol, E.N.; Budeanu, M. Using adapted and productive European beech (Fagus sylvatica L.) provenances
as future solutions for sustainable forest management in Romania. Land 2024, 13, 183. [CrossRef]

Besliu, E.; Curtu, A.L.; Budeanu, M.; Apostol, E.N.; Ciocirlan, M.I. Exploring the effects of the assisted transfer of European beech
(Fagus sylvatica L.) provenances in the Romanian Carpathians. Not. Bot. Horti Agrobot. Cluj-Napoca 2024, 52, 13968. [CrossRef]
Budeanu, M.; Besliu, E.; Pepelea, D. Testing the radial increment and climate-growth relationship between Swiss Stone pine
European provenances in the Romanian Carpathians. Forests 2025, 16, 391. [CrossRef]

Budeanu, M.; Popescu, E; Besliu, E.; Aposton, N.E. Diallel crossing (10 x 10) in Swiss stone pine. Juvenile-adult correlations and
genetic gain for predicting forward selection. Ann. For. Res. 2024, 67, 109-120. [CrossRef]

Algarawy, A.; El Osta, M.; Masoud, M.; Elsayed, S.; Gad, M. Use of hyperspectral reflectance and water quality indices to assess
groundwater quality for drinking in arid regions, Saudi Arabia. Water 2022, 14, 2311. [CrossRef]

Baran, H.A.; Nalbantcilar, M.T.; Koktan, N. Pollution and health risk assessment of heavy metals in waters around mine sites of
Elazig (Eastern Turkey). J. Mt. Sci. 2023, 20, 1293-1306. [CrossRef]

Faiku, F.; Haziri, A. Assessment of the water quality of Lumbardhi River, Prizren (Kosovo). Bulg. Chem. Commun. 2016, 48,
646—658.

El-Alfy, M.A; Elnaggar, A.A. Ecological and human risk assessment of heavy metals at Abu-Qir coastline of Mediterranean Sea
in Egypt using GIS. Acta Ecol. Sin. 2023, 43, 907-924. [CrossRef]

Ghahramani, E.; Khoshniyat, R.; Chavoshi, S.; Golzar, F.A.K. Heavy Metal Contamination in Drinking Water Supplies in the
Villages of Divandarreh: The Use of Geographic Information System. Avicenna J. Environ. Health Eng. 2020, 7, 86-91. [CrossRef]
Zhao, Y.P.; Wu, R;; Cui, J.L.; Gan, S.C.; Pan, ].C.; Guo, PR. Improvement of water quality in the Pearl River Estuary, China: A
long-term (2008-2017) case study of temporal-spatial variation, source identification and ecological risk of heavy metals in surface
water of Guangzhou. Environ. Sci. Pollut. Res. 2020, 27, 21084-21097. [CrossRef]

Al-Ameer, S.; AbuSaleem, K.; Abukashabeh, A.; Twaiq, O.; Al-Absi, E. Is Raw Spring Water Safe For Drinking? A Case Study For
Spring Water Quality In Jordan. Fresenius Environ. Bull. 2020, 29, 10602-10610.

Ahsan, W.A.; Ahmad, H.R.; Farooqi, Z.U.R.; Sabir, M.; Ayub, M.A.; Rizwan, M.; Ilic, P. Surface water quality assessment of Skardu
springs using Water Quality Index. Environ. Sci. Pollut. Res. 2021, 28, 20537-20548. [CrossRef]

Anwar, M.; Shirazi, S.A.; Mazhar, U. Spatial distribution and health risk assessment of groundwater pollution in Kotlakhpat
industrial complex, Lahore. Water Air Soil Pollut. 2024, 235, 157. [CrossRef]

Kluska, M.; Jabtoriska, J. Pollution assessment and spatial distribution of heavy metals in surface waters and bottom sediments of
the Krzna River (Poland). Water 2024, 16, 1008. [CrossRef]

Severini, M.D.E.,; Carbone, M.E.; Villagran, D.M.; Marcovecchio, ].E. Toxic metals in a highly urbanized industry-impacted estuary
(Bahia Blanca Estuary, Argentina): Spatio-temporal analysis based on GIS. Environ. Earth Sci. 2018, 77, 393. [CrossRef]
Lanjwani, M.E; Khuhawar, M.Y.; Lanjwani, A.H.; Khuahwar, T.M.].; Samtio, M.S.; Rind, LK.; Soomro, W.A.; Khokhar, L.A;
Channa, F.A. Spatial variability and risk assessment of metals in groundwater of district Kamber-Shahdadkot, Sindh, Pakistan.
Groundw. Sustain. Dev. 2022, 18, 100784. [CrossRef]

Badar, M.S.; Ali, S.; Daniyal; Akram, M.W.; Faheem, K.; Khan, S.U.; Farooqi, I.H. GIS-based assessment of groundwater
vulnerability to heavy metal contamination via water quality pollution indices in urban Aligarh, India. Water Pract. Technol. 2024,
19, 419-434. [CrossRef]

Sur, LM.; Moldovan, A.; Micle, V,; Polyak, E.T. Assessment of surface water quality in the Baia Mare area, Romania. Water 2022,
14, 3118. [CrossRef]

Sishu, EK.; Melese, T.B.; Aklog, D. Assessment of heavy metal and other chemical pollution in Lake Tana along urban peripheries,
Ethiopia. Water Pract. Technol. 2024, 19, 1200-1218. [CrossRef]

Moingt, M.; Lucotte, M.; Paquet, S.; Beaulne, J.S. The influence of anthropogenic disturbances and watershed morphological
characteristics on Hg dynamics in Northern Quebec large boreal lakes. Adv. Environ. Res. 2013, 2, 81-98. [CrossRef]


https://doi.org/10.1111/gwmr.12625
https://doi.org/10.1007/s10661-015-4607-2
https://www.ncbi.nlm.nih.gov/pubmed/25995139
https://doi.org/10.3390/w16172490
https://doi.org/10.3390/land13020183
https://doi.org/10.15835/nbha52313968
https://doi.org/10.3390/f16030391
https://doi.org/10.15287/afr.2024.3770
https://doi.org/10.3390/w14152311
https://doi.org/10.1007/s11629-022-7618-9
https://doi.org/10.1016/j.chnaes.2023.02.001
https://doi.org/10.34172/ajehe.2020.13
https://doi.org/10.1007/s11356-020-08378-z
https://doi.org/10.1007/s11356-020-11818-5
https://doi.org/10.1007/s11270-024-06967-z
https://doi.org/10.3390/w16071008
https://doi.org/10.1007/s12665-018-7565-5
https://doi.org/10.1016/j.gsd.2022.100784
https://doi.org/10.2166/wpt.2024.019
https://doi.org/10.3390/w14193118
https://doi.org/10.2166/wpt.2024.083
https://doi.org/10.12989/aer.2013.2.2.081

Appl.

Sci. 2025, 15, 10332 310f33

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

Kaur, R.; Rani, R. Spatial characterization and prioritization of heavy metal contaminated soil-water resources in peri-urban areas
of National Capital Territory (NCT), Delhi. Environ. Monit. Assess. 2006, 123, 233-247. [CrossRef] [PubMed]

Vasile, D.; Petritan, A.-M.; Tudose, N.C.; Toiu, EL.; Scarlatescu, V.; Petritan, I.C. Structure and Spatial Distribution of Dead Wood
in Two Temperate Old-Growth Mixed European Beech Forests. Not. Bot. Horti Agrobot. 2017, 45, 639-645. [CrossRef]
Mihalache, A.L.; Marin, M.; Davidescu, S.0.; Ungurean, C.; Adorjani, A.; Tudose, N.C.; Davidescu, A.A.; Clinciu, I. Physical
status of torrent control structures in Romania. Environ. Eng. Manag. J. 2020, 19, 861-872. [CrossRef]

Marin, M.; Clinciu, I.; Tudose, N.C.; Ungurean, C.; Mihalache, A.L.; Martoiu, N.E.; Tudose, O.N. Assessment of Seasonal Surface
Runoff under Climate and Land Use Change Scenarios for a Small Forested Watershed: Upper Tarlung Watershed (Romania).
Water 2022, 14, 2860. [CrossRef]

Marin, M.; Tudose, N.C.; Ungurean, C.; Mihalache, A.L. Application of Life Cycle Assessment for Torrent Control Structures: A
Review. Land 2024, 13, 1956. [CrossRef]

Mustétea, M.; Clius, M.; Tudose, N.C.; Cheval, S. An enhanced Machado Index of naturalness. Catena 2022, 212, 106091. [CrossRef]
Oprica, R.; Tudose, N.C.; Davidescu, S.0.; Zup, M.; Marin, M.; Comanici, A.N.; Crit, M.N.; Pitar, D. Gender inequalities in
Transylvania’s largest peri-urban forest usage. Ann. For. Res. 2022, 65, 57-69. [CrossRef]

Tudose, N.C.; Petritan, I.C.; Toiu, EL.; Petritan, A.-M.; Marin, M. Relation between Topography and Gap Characteristics in a
Mixed Sessile Oak—Beech Old-Growth Forest. Forests 2023, 14, 188. [CrossRef]

Murariu, G.; Dinca, L.; Tudose, N.; Crisan, V.; Georgescu, L.; Munteanu, D.; Mocanu, G.D. Structural characteristics of the main
resinous stands from Southern Carpathians, Romania. Forests 2021, 12, 1029. [CrossRef]

Dinca, L.; Achim, F. The management of forests situated on fields susceptible to landslides and erosion from the Southern
Carpathians. Sci. Papers. Ser. Manag. Econ. Eng. Agric. Rural Dev. 2019, 19, 183-188.

Hendawy, E.; Belal, A.A.A.; Rebouh, N.Y.; Shokr, M.S.; Mohamed, E.S.; Sheta, A.E.A.S.; Abou-Hadid, A.F. Assessing Surface
Water Quality Using Risk Indicators, Geographic Information System Modeling Techniques, and Multi-Statistical Methods in
Arid Regions to Maintain the Sustainability of Water Resources. Agronomy 2024, 14, 2834. [CrossRef]

Albanese, S.; Iavazzo, P.; Adamo, P,; Lima, A.; De Vivo, B. Assessment of the environmental conditions of the Sarno river basin
(south Italy): A stream sediment approach. Environ. Geochem. Health 2013, 35, 283-297. [CrossRef]

Scherer, U.; Fuchs, S.; Behrendt, H.; Hillenbrand, T. Emissions of heavy metals into river basins of Germany. Water Sci. Technol.
2003, 47,251-257. [CrossRef]

Chabuk, A.; Jahad, U.A.; Majdi, A.; Majdi, H.S.; Hadi, A.A.; Hadi, H.; Isam, M. Integrating WQI and GIS to assess water quality
in Shatt Al-Hillah River, Iraq using physicochemical and heavy metal elements. Appl. Water Sci. 2023, 13, 147. [CrossRef]
Akdogan, Z.; Gliven, B.; Balcioglu, I. Modeling nutrient and heavy metal transport at selected catchments in the Marmara Region.
Fresenius Environ. Bull. 2016, 25, 969-980.

Elmahdi, A.; Afify, A.; Abdin, A. Development of a GIS-based decision support tool and assessment of Nile River water quality.
Int. . Water 2008, 4, 55-68. [CrossRef]

Akhtar, M.A.; Akhtar, N.; Shoeb, M. Study of DRASTIC model and its modification by LULC for groundwater vulnerability
assessment in Sonipat District, Haryana. J. Geol. Soc. India 2022, 98, 955-960. [CrossRef]

Ashraf, S.; Abbas, E,; Ibrahim, M.; Rashid, U.; Khalid, S.; Ahmad, H.R.; Majeed, T. Application of GIS for the identification and
demarcation of selective heavy metal concentrations in the urban groundwater. J. Geogr. Sci. 2015, 25, 225-235. [CrossRef]

Dai, H.; Quddoos, A.; Naz, I.; Batool, A.; Yaseen, A.; Ali, M.; Alzahrani, H. Geospatial decision support system for urban and
rural aquifer resilience: Integrating Remote sensing-based rangeland analysis with groundwater quality assessment. Rangel. Ecol.
Manag. 2025, 99, 102-118. [CrossRef]

Fordyce, EM.; Dochartaigh, B.O.; Bonsor, H.C.; Ander, E.L.; Graham, M.T.; McCuaig, R.; Lovatt, M. Assessing threats to shallow
groundwater quality from soil pollutants in Glasgow, UK: Development of a new screening tool. Earth Environ. Sci. Trans. R. Soc.
Edinb. 2017, 108, 173-190. [CrossRef]

Necula, M.; Tusa, I.M.; Sidoroff, M.E.; Itcus, C.; Florea, D.; Amarioarei, A.; Paun, A.; Pacioglu, O.; Paun, M. How accurate is the
remote sensing based estimate of water physico-chemical parameters in the Danube Delta (Romania). Ann. For. Res. 2022, 65,
103-114. [CrossRef]

Shahsavani, S.; Shooshtarian, M.R.; Tabatabaei, H.R.; Dehghani, M. An ontology-based approach for modeling the heavy metals’
temporal and spatial variations in groundwater resources by using fuzzy multi-criteria group decision-making models and
geographical information system. Desal. Water Treat. 2018, 136, 259-267. [CrossRef]

Sankhla, M.S.; Kumari, M.; Nandan, M.; Kumar, R.; Agrawal, P. Heavy metals contamination in water and their hazardous effect
on human health—A review. Int. J. Curr. Microbiol. Appl. Sci. 2016, 5, 759-766. [CrossRef]

Lace, A.; Cleary, J. A Review of Microfluidic Detection Strategies for Heavy Metals in Water. Chemosensors 2021, 9, 60. [CrossRef]
Liu, X.; Zhong, L.; Meng, ].; Wang, E; Zhang, J.; Zhi, Y.; Zeng, L.; Tang, X.; Xu, J. A multi-medium chain modeling approach to
estimate the cumulative effects of cadmium pollution on human health. Environ. Pollut. 2018, 239, 308-317. [CrossRef] [PubMed]


https://doi.org/10.1007/s10661-006-9193-x
https://www.ncbi.nlm.nih.gov/pubmed/16763736
https://doi.org/10.15835/nbha45210829
https://doi.org/10.30638/eemj.2020.081
https://doi.org/10.3390/w14182860
https://doi.org/10.3390/land13111956
https://doi.org/10.1016/j.catena.2022.106091
https://doi.org/10.15287/afr.2022.2757
https://doi.org/10.3390/f14020188
https://doi.org/10.3390/f12081029
https://doi.org/10.3390/agronomy14122834
https://doi.org/10.1007/s10653-012-9483-x
https://doi.org/10.2166/wst.2003.0696
https://doi.org/10.1007/s13201-023-01933-2
https://doi.org/10.1504/IJW.2008.018147
https://doi.org/10.1007/s12594-022-2100-4
https://doi.org/10.1007/s11442-015-1164-0
https://doi.org/10.1016/j.rama.2025.01.008
https://doi.org/10.1017/S1755691018000336
https://doi.org/10.15287/afr.2022.2682
https://doi.org/10.5004/dwt.2018.23074
https://doi.org/10.20546/ijcmas.2016.510.082
https://doi.org/10.3390/chemosensors9040060
https://doi.org/10.1016/j.envpol.2018.04.033
https://www.ncbi.nlm.nih.gov/pubmed/29665551

Appl.

Sci. 2025, 15, 10332 32 0f33

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Singh, K.K,; Tewari, G.; Kumar, S.; Busa, R.; Chaturvedi, A.; Rathore, S.S.; Singh, R K.; Gangwar, A. Understanding urban
groundwater pollution in the Upper Gangetic Alluvial Plains of northern India with multiple industries and their impact on
drinking water quality and associated health risks. Groundw. Sustain. Dev. 2023, 21, 100902. [CrossRef]

Nawab, J.; Khan, S.; Ali, S.; Sher, H.; Rahman, Z.; Khan, K.; Tang, J.; Ahmad, A. Health risk assessment of heavy metals and
bacterial contamination in drinking water sources: A case study of Malakand Agency, Pakistan. Environ. Monit. Assess. 2016,
188, 286. [CrossRef]

Boum-Nkot, S.N.; Nlend, B.; Komba, D.; Ndondo, G.N.; Bello, M.; Fongoh, E.; Ntamak-Nida, M.-].; Etame, ]. Hydrochemistry and
assessment of heavy metals groundwater contamination in an industrialized city of sub-Saharan Africa (Douala, Cameroon).
Implication on human health. HydroResearch 2023, 6, 52-64. [CrossRef]

Bolea, V.; Chira, D.; Popa, M.; Mantale, C.; Pepelea, D.; Gancz, V.; Iacoban, C. Trees-synthetic bioindicators and bioaccumulators
in forest ecosystems. Analele ICAS 2006, 49, 67-77.

Wall, W.A.; Busby, R.; Bosche, L. Vegetation predicts soil shear strength in Arctic Soils: Ground-based and remote sensing
techniques. Ann. For. Res. 2024, 67, 155-166. [CrossRef]

Kushwaha, M.; Shankar, S.; Goel, D.; Singh, S.; Chaurasia, PK. Role of plants as bioindicators of water pollution and treatment of
water contaminations. In Biotechnologies for Wastewater Treatment and Resource Recovery; Elsevier: Amsterdam, The Netherlands,
2025; pp. 187-201.

Bolea, V.; Chira, D.; Sarbu, G. Ecological reconstruction, tending and management of riparian forest ecosystems. Rev. Silvic.
Cineget. 2014, 19, 53-73.

Dinca, L.; Murariu, G.; Enescu, C.M.; Achim, F; Georgescu, L.; Murariu, A.; Holonec, L. Productivity differences between
southern and northern slopes of Southern Carpathians (Romania) for Norway spruce, silver fir, birch and black alder. Not. Bot.
Horti Agrobot. Cluj-Napoca 2020, 48, 1070-1084. [CrossRef]

Achim, F; Dinca, L.; Chira, D.; Raducu, R.; Chirca, A.; Murariu, G. Sustainable Management of Willow Forest Landscapes: A
Review of Ecosystem Functions and Conservation Strategies. Land 2025, 14, 1593. [CrossRef]

Hayati, T.; Korkorian, N.; Peshotan, N.; Sadeghi, A.; Doudi, M. Overview of Bioremediation (Bacteria) of Some Heavy Metals and
Metalloids from 2014 to 2024. Int. J. New Find. Health Educ. Sci. 2025, 3, 202-219.

Jabade, M.; Kaur, J. Systematic Review of Phytoremediation: Efficacy of Aquatic Plants in Wastewater Treatment and Pollutant
Removal. Nat. Environ. Pollut. Technol. 2025, 24, B4243. [CrossRef]

Borges, R.C.; Caldas, V.G. A review of use of GIS for the evaluation of heavy metal and water quality parameters in the Canal do
Cunha watershed and west of the Guanabara Bay, Rio de Janeiro (Brazil). |. Sediment. Environ. 2016, 1, 268-278. [CrossRef]

Qu, J.H.; Meng, X.L.; Ye, X.Q. Characteristic variation and original analysis of emergent water source pollution accidents in China
between 1985 and 2013. Environ. Sci. Pollut. Res. 2016, 23, 19675-19685. [CrossRef] [PubMed]

Liu, R.Z,; Zhang, K.; Zhang, Z.].; Borthwick, A.G.L. Water-scale environmental risk assessment of accident water pollution: The
case of Laoguan River, China. J. Environ. Inform. 2018, 31, 87-96.

Pulido-Velazquez, M.; Escriva-Bou, A. Developing a water-energy-GHG emissions modeling framework: Insights from an
application to California’s water system. Environ. Model. Softw. 2018, 109, 54-65.

Ueda, S.; Hasegawa, H.; Kakiuchi, H. Nuclear accident-derived H-3 in river water of Fukushima Prefecture during 2011-2014. J.
Environ. Radioact. 2015, 146, 102-109. [CrossRef]

Becker, N.M.; Van Eeckhout, E.; David, N.A ; Irvine, ] M. Applying GIS Characterizing and Modeling Contaminant Transport in Surface
Water at Los Alamos National Laboratory (No. LA-UR-95-3388; CONF-960451-1); Los Alamos National Laboratory: Los Alamos, NM,
USA, 1995.

Bhatti, N.B.; Siyal, A.A.; Qureshi, A.L.; Solangi, G.S.; Memon, N.A ; Bhatti, . A. Impact of small dam’s construction on groundwater
quality and level using water quality index (WQI) and GIS: Nagarparkar area of Sindh, Pakistan. Hum. Ecol. Risk Assess. 2020, 26,
2586-2607. [CrossRef]

Hasan, M.M.; Ahmed, M.S.; Adnan, R. Assessment of physico-chemical characteristics of river water emphasizing tannery
industrial park: A case study of Dhaleshwari River, Bangladesh. Environ. Monit. Assess. 2020, 192, 807. [CrossRef]

Bhuiyan, M.A.H.; Suruvi, N.I.; Dampare, S.B.; Islam, M.A.; Quraishi, S.B.; Ganyaglo, S.; Suzuki, S. Investigation of the possible
sources of heavy metal contamination in lagoon and canal water in the tannery industrial area in Dhaka, Bangladesh. Environ.
Monit. Assess. 2011, 175, 633-649. [CrossRef]

Deshmukh, K.K.; Aher, S.P. Assessment of the impact of municipal solid waste on groundwater quality near the Sangamner City
using GIS approach. Water Resour. Manag. 2016, 30, 2425-2443. [CrossRef]

Haque, E.; Reza, S.; Ahmed, R. Assessing the vulnerability of groundwater due to open pit coal mining using DRASTIC model: A
case study of Phulbari Coal Mine, Bangladesh. Geosci. J. 2018, 22, 359-371. [CrossRef]

Luo, D.; Liu, Y. Distribution and mobilization of heavy metals at an acid mine drainage affected region in South China, a
post-remediation study. Sci. Total Environ. 2020, 724, 138122. [CrossRef]


https://doi.org/10.1016/j.gsd.2023.100902
https://doi.org/10.1007/s10661-016-5296-1
https://doi.org/10.1016/j.hydres.2023.01.003
https://doi.org/10.15287/afr.2024.3457
https://doi.org/10.15835/nbha48211824
https://doi.org/10.3390/land14081593
https://doi.org/10.46488/NEPT.2025.v24i02.B4243
https://doi.org/10.12957/jse.2016.23389
https://doi.org/10.1007/s11356-016-7164-5
https://www.ncbi.nlm.nih.gov/pubmed/27402253
https://doi.org/10.1016/j.jenvrad.2015.04.014
https://doi.org/10.1080/10807039.2019.1674634
https://doi.org/10.1007/s10661-020-08750-z
https://doi.org/10.1007/s10661-010-1557-6
https://doi.org/10.1007/s11269-016-1299-5
https://doi.org/10.1007/s12303-017-0054-0
https://doi.org/10.1016/j.scitotenv.2020.138122

Appl.

Sci. 2025, 15, 10332 33 0f 33

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Ceramella, J.; De Maio, A.C.; Basile, G.; Facente, A.; Scali, E.; Andreu, I.; Sinicropi, M.S.; Iacopetta, D.; Catalano, A. Phyto-chemicals
involved in mitigating silent toxicity induced by heavy metals. Foods 2024, 13, 978. [CrossRef]

Anchidin-Norocel, L.; Gutt, G.; Tataranu, E.; Amariei, S. Electrochemical sensors and biosensors: Effective tools for detecting
heavy metals in water and food with possible implications for children’s health. Int. |. Electrochem. Sci. 2024, 19, 100643. [CrossRef]
Zhu, Y,; Yang, Q.; Wang, H.; Yang, J.; Zhang, X.; Li, Z.; Martin, ].D. A hydrochemical and isotopic approach for source identification
and health risk assessment of groundwater arsenic pollution in the central Yinchuan Basin. Environ. Res. 2023, 231, 116153.
[CrossRef] [PubMed]

Althomali, R.H.; Abbood, M.A; Saleh, E.A.M.; Djuraeva, L.; Abdullaeva, B.S.; Habash, R.T.; Alhassan, M.S.; Alawady, A HR;
Alsaalamy, A.H.; Najafi, M.L. Exposure to heavy metals and neurocognitive function in adults: A systematic review. Environ. Sci.
Eur. 2024, 36, 18. [CrossRef]

Shukla, S.; Mbingwa, G.; Khanna, S.; Dalal, J.; Sankhyan, D.; Malik, A.; Badhwar, N. Environment and health hazards due to
military metal pollution: A review. Environ. Nanotechnol. Monit. Manag. 2023, 20, 100857. [CrossRef]

Wu, Y.-S.; Osman, A.IL; Hosny, M.; Elgarahy, A.M.; Eltaweil, A.S.; Rooney, D.W.; Chen, Z.; Rahim, N.S.; Sekar, M.; Gopinath, S.C.B,;
et al. The toxicity of mercury and its chemical compounds: Molecular mechanisms and environmental and human health
implications: A comprehensive review. ACS Omega 2024, 9, 5100-5126. [CrossRef] [PubMed]

Karaouzas, I.; Kapetanaki, N.; Mentzafou, A.; Kanellopoulos, T.D.; Skoulikidis, N. Heavy metal contamination status in Greek
surface waters; a review with application and evaluation of pollution indices. Chemosphere 2020, 263, 128192. [CrossRef]
Proshad, R.; Islam, S.; Tusher, T.R.; Zhang, D.; Khadka, S.; Gao, J.; Kundu, S. Appraisal of heavy metal toxicity in surface water
with human health risk by a novel approach: A study on an urban river in vicinity to industrial areas of Bangladesh. Toxin Rev.
2020, 40, 803-819. [CrossRef]

Tokatli, C.; Ustaoglu, F. Health risk assessment of toxicants in Merig River delta wetland, Thrace region, Turkey. Environ. Earth
Sci. 2020, 79, 426. [CrossRef]

Soltaninia, S.; Eskandaripour, M.; Ahmadi, Z.; Ahmadi, S.; Eslamian, S. The hidden threat of heavy metal leaching in urban
runoff: Investigating the long-term consequences of land use changes on human health risk exposure. Environ. Res. 2024,
251, 118668. [CrossRef] [PubMed]

Colak, E.H.; Yomralioglu, T.; Nisanci, R.; Yildirim, V.; Duran, C. Geostatistical analysis of the relationship between heavy metals
in drinking water and cancer incidence in residential areas in the Black Sea region of Turkey. J. Environ. Health 2015, 77, 86-93.
[PubMed]

Oginawati, K.; Susetyo, S.H.; Rosalyn, F.A.; Kurniawan, S.B.; Abdullah, S.R.S. Risk analysis of inhaled hexavalent chromium
(Cr 6+) exposure on blacksmiths from industrial area. Environ. Sci. Pollut. Res. 2021, 28, 14000-14008. [CrossRef] [PubMed]
Ahmad, W.; Alharthy, R.D.; Zubair, M.; Ahmed, M.; Hameed, A.; Rafique, S. Toxic and heavy metals contamination assessment in
soil and water to evaluate human health risk. Sci. Rep. 2021, 11, 17006. [CrossRef]

Karami, L.; Alimohammadi, M.; Soleimani, H.; Askari, M. Assessment of water quality changes during climate change using the
GIS software in a plain in the southwest of Tehran province, Iran. Desalination Water Treat. 2019, 148, 119-127. [CrossRef]
Rozemeijer, J.C.; Broers, H.P. The groundwater contribution to surface water contamination in a region with intensive agricultural
land use (Noord-Brabant, The Netherlands). Environ. Pollut. 2007, 148, 695-706. [CrossRef]

Visser, A.; Kroes, J.; Van Vliet, M.T.; Blenkinsop, S.; Fowler, H.]J.; Broers, H.P. Climate change impacts on the leaching of a heavy
metal contamination in a small lowland catchment. . Contam. Hydrol. 2012, 127, 47-64. [CrossRef]

Ye, F; Huang, X.; Zhang, D.; Tian, L.; Zeng, Y. Distribution of heavy metals in sediments of the Pearl River Estuary, Southern
China: Implications for sources and historical changes. J. Environ. Sci. 2012, 24, 579-588. [CrossRef] [PubMed]

Lunetta, R.; Congalton, R.; Fenstermaker, L.; Jensen, J.; Mcgwire, K.; Tinney, L.R. Remote sensing and geographic information
system data integration- Error sources and research issues. Photogramm. Eng. Remote Sens. 1991, 57, 677—-687.

Neeson, T.M.; Gorman, A.M.; Whiting, PJ.; Koonce, ].F. Factors affecting accuracy of stream channel slope estimates derived from
geographical information systems. North Am. ]. Fish. Manag. 2008, 28, 722-732. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/foods13070978
https://doi.org/10.1016/j.ijoes.2024.100643
https://doi.org/10.1016/j.envres.2023.116153
https://www.ncbi.nlm.nih.gov/pubmed/37196693
https://doi.org/10.1186/s12302-024-00843-7
https://doi.org/10.1016/j.enmm.2023.100857
https://doi.org/10.1021/acsomega.3c07047
https://www.ncbi.nlm.nih.gov/pubmed/38343989
https://doi.org/10.1016/j.chemosphere.2020.128192
https://doi.org/10.1080/15569543.2020.1780615
https://doi.org/10.1007/s12665-020-09171-4
https://doi.org/10.1016/j.envres.2024.118668
https://www.ncbi.nlm.nih.gov/pubmed/38467359
https://www.ncbi.nlm.nih.gov/pubmed/25619041
https://doi.org/10.1007/s11356-020-11590-6
https://www.ncbi.nlm.nih.gov/pubmed/33201502
https://doi.org/10.1038/s41598-021-94616-4
https://doi.org/10.5004/dwt.2019.23780
https://doi.org/10.1016/j.envpol.2007.01.028
https://doi.org/10.1016/j.jconhyd.2011.04.007
https://doi.org/10.1016/S1001-0742(11)60783-3
https://www.ncbi.nlm.nih.gov/pubmed/22894090
https://doi.org/10.1577/M05-127.1

	Introduction 
	Materials and Methods 
	Literature Search and Data Sources 
	Data Integration and Screening 
	Bibliometric Analysis 
	Systematic Literature Review 

	Results and Discussion 
	Bibliometric Review—Synthesis of Literature 
	Literature Review 
	Global Research Trends on GISs and Heavy Metals in Water 
	Global Occurrence of Heavy Metals in Water: Concentrations Versus WHO Permissible Limits 
	Different GIS Models for Heavy Metals in Water 
	Sources of HMs in Water Identified Through GIS 
	Health Effects of HMs in Water Assessed Through GIS-Based Studies 


	Conclusions 
	References

