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Abstract
Groundwater is a critical resource that supports agriculture and ecosystems which is increasingly threatened by anthropogenic 
activities and climate change. Despite the advancements in spatial analysis methods, there remains a lack of comprehensive 
reviews that synthesize these techniques specifically for groundwater vulnerability assessment as existing literature often 
focuses on isolated methodologies without integrating them into a cohesive framework that addresses the complexities 
of groundwater systems. Hence, the need for proactive conservation and mitigation strategies on how spatial analysis can 
enhance groundwater vulnerability assessments is crucial for developing effective policies and practices aimed at safeguard-
ing this vital resource. This review evaluates various spatial analysis techniques used in assessing groundwater vulnerability, 
identify their strengths and limitations, and propose a strategic framework for their application in conservation efforts. A 
systematic literature review was conducted, focusing on peer-reviewed articles published in the last two decades. Techniques 
such as remote sensing (RS), Geographic Information Systems (GIS), Multi-Criteria Decision Analysis (MCDA), and 
statistical modelling were analyzed in terms of their applicability to groundwater vulnerability assessments. The findings 
reveal that spatial analysis techniques significantly enhance the accuracy of groundwater vulnerability assessments (GVAs) 
by incorporating diverse data sources such as land use, soil characteristics, and hydrological features. Key results indicate 
that GIS-based models provide robust frameworks for identifying vulnerable areas, while MCDA facilitates stakeholder 
engagement by integrating socio-economic factors into decision-making processes. The study concludes that a strategic 
approach combining various spatial analysis techniques offers a promising pathway for enhancing groundwater vulner-
ability assessments. This integrated methodology not only aids in identifying vulnerable areas but also supports informed 
decision-making processes regarding conservation efforts. However, future research should focus on developing standardized 
protocols for integrating diverse spatial analysis methods as well as longitudinal studies to assess the long-term effectiveness 
of implemented conservation strategies based on these assessments.

Keywords  Groundwater management · Vulnerability assessment · Geographical information system · Remote sensing · 
Risk mapping · Hydrogeological modeling · Land use planning

Introduction

Groundwater vulnerability (GV) is a critical aspect of water 
resource management, especially in the context of increasing 
anthropogenic pressures and environmental changes (Machi-
wal et al. 2018; Jain 2023; Wang et al. 2023; Li et al. 2023). 
Geospatial assessment techniques have emerged as power-
ful tools for evaluating GV, providing valuable insights into 
the susceptibility of aquifers to contamination and depletion 
(Wang et al. 2023; Nourani et al. 2024; Ourarhi et al. 2024a). 
Effective management and mitigation strategies rely heavily 
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on accurate assessments of GV, enabling policymakers 
and stakeholders to make informed decisions to safeguard 
this vital resource (Cao et al. 2023; Vasileva et al. 2023; 
Sánchez-Gómez et al. 2024). Groundwater vulnerability 
assessment (GVAs) is crucial for the effective management 
and mitigation of groundwater resources (Garg et al. 2020; 
Ourarhi et al. 2023). It helps identify potential threats to 
groundwater quality and quantity, enabling proactive meas-
ures to protect this valuable resource (Nourani et al. 2024; 
Ourarhi et al. 2022). Risk assessments help evaluate risks 
posed by activities such as industrial operations, agriculture, 
or improper waste disposal, enabling policymakers to prior-
itize intervention areas and implement targeted mitigation 
strategies (Atenidegbe and Mogaji 2023).

Land-use planning decisions are guided by GVAs, which 
provide insights into the relationship between land use prac-
tices and potential impacts on groundwater quality (Machi-
wal et al. 2018). This information guides land-use planning 
decisions to prevent contamination and overexploitation of 
aquifers (Lavoie et al. 2015; Dai et al. 2007). Emergency 
response preparedness is also essential, as understanding 
the vulnerability of groundwater sources allows for the 
development of contingency plans and emergency response 
strategies in case of accidental spills, pollution incidents, 
or natural disasters that could threaten groundwater qual-
ity (Vasileva et al. 2023). Regulatory compliance is often 
required for activities with the potential to impact ground-
water resources, and incorporating VAs into regulatory 
frameworks can enforce protective measures effectively. 
Community engagement in GVAs fosters awareness about 
the importance of protecting water resources and leads to 
collaborative efforts in implementing sustainable manage-
ment practices and mitigating risks to groundwater sources 
(Anandhi et al. 2022). By understanding the susceptibility of 
aquifers to contamination and depletion, policymakers can 
make informed decisions to safeguard this precious resource 
for current and future generations.

Methods for assessing GV include the overlay index, sta-
tistical method, and process simulation method (Geng et al. 
2023; Moraru and Hannigan 2018). Overlay index methods 
are widely used for assessing groundwater vulnerability as 
they integrate multiple spatial data layers representing fac-
tors influencing groundwater quality (Machiwal et al. 2018; 
Vu et al. 2021). The steps in this method include data collec-
tion (gathering relevant data layers like land use, soil type, 
hydrogeological characteristics, and potential contaminant 
sources), weight assignment (assigning weights to each layer 
based on their importance in contributing to groundwater 
vulnerability, which can be done through expert judgment 
or statistical techniques), layer overlaying (using GIS to 
overlay these layers, creating a composite score that indi-
cates areas of varying vulnerability levels), and classifica-
tion (scores are then classified for easier interpretation and 

decision-making) (Steiakakis et al. 2023; Jain 2023; Vu et al. 
2021; Ourarhi et al. 2024b). This method is beneficial for 
visually representing vulnerable areas and adapting to local 
conditions. However, statistical methods are used to analyze 
historical data on groundwater quality and potential contam-
inant sources to identify patterns and correlations indicating 
vulnerability (Moraru and Hannigan 2018). These methods 
involve data compilation (groundwater quality parameters), 
statistical analysis (regression analysis or multivariate analy-
sis to determine the relationship between groundwater qual-
ity and various influencing factors), and vulnerability index 
development (Zhang et al. 2022b). These methods provide 
a quantitative basis for understanding groundwater quality 
over time but may require extensive datasets for reliable 
results (Machiwal et al. 2018).

The process-based simulation method, based on water 
and pollutant transport models, utilizes deterministic physi-
cal and chemical equations to simulate the transport and 
transformation of pollutants (Kc et al. 2022; Dai et al. 2005). 
This method involves model selection, parameter calibration, 
scenario analysis, and output interpretation (Gogu and Das-
sargues 2000). Model selection involves choosing an appro-
priate hydrological model, calibrating parameters using 
field data, running simulations under various scenarios, and 
analyzing model outputs to identify vulnerable zones based 
on predicted contaminant concentrations (Moraru and Han-
nigan 2018). This approach allows researchers to explore 
future scenarios and evaluate the effectiveness of manage-
ment strategies for protecting groundwater resources. A sys-
tematic sorting of methods should prioritize the transport 
of pollutants in the vadose zone and consider sources and 
sinks for assessing GV because the lack of systematic sort-
ing hinders the mainstream trend in GV evaluation. GV to 
contamination poses a significant threat to its quality and 
availability, while geospatial assessment techniques offer 
a powerful tool for evaluating GV by integrating various 
spatial data layers to identify areas at risk of contamination 
(Vasileva et al. 2023; Ourarhi et al. 2022).

Additionally, weighting and ranking assign weights to 
different vulnerability parameters to calculate a composite 
vulnerability index, prioritizing areas of higher vulnerability 
for targeted management strategies. The criteria for assign-
ing weight to different vulnerability parameters include 
expert judgment (which involves assessing the significance 
of each factor based on their experience and knowledge, 
often through surveys or interviews), statistical analysis 
(such as regression analysis, can determine the contribu-
tion of each parameter to the overall vulnerability score), 
Analytic Hierarchy Process (AHP) (a structured technique 
used for organizing and analyzing complex decisions based 
on mathematics and psychology), Multi-Criteria Decision 
Analysis (MCDA) [methods that evaluate multiple con-
flicting criteria in decision-making environments using 
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techniques like Weighted Sum Model (WSM) or Technique 
for Order Preference by Similarity to Ideal Solution (TOP-
SIS)], field surveys and stakeholder input (which provide 
insights into the most important factors, and ensuring that 
weights reflect community values and priorities), and lit-
erature review (which helps to identify commonly accepted 
weights assigned to various parameters in similar contexts, 
providing a baseline for adjustments based on local condi-
tions or new findings) (Elzain et al. 2023, 2022).

Furthermore, the quantitative metrics are used to meas-
ure the impact of parameters (such as rainfall intensity and 
soil saturation levels, on flood vulnerability) most especially 
when quantitative data is scarce or unavailable, providing 
insights into how different parameters interact (Garg et al. 
2020; Yi et al. 2024). After assigning weights, sensitivity 
analysis helps to determine the most influential parameters 
and their weights by validating against real-world outcomes 
or case studies to ensure they accurately reflect vulnerabili-
ties observed during actual events (Afrifa et al. 2022). GIS 
analysis integrates spatial datasets, analyzes relationships 
between layers, and visualizes VA results in maps or mod-
els where the validation and calibration of the vulnerability 
model may be necessary to improve its accuracy and reli-
ability (Sangawi et al. 2023; Sánchez-Gómez et al. 2024). 
In a study by Gogu et al. (2001) to describe the creation of 
a hydrogeological GIS database, confirmed that integrating 
various spatial datasets, including geological information, 
topographical maps, and hydrogeological parameters, facili-
tating advanced hydrogeological modeling. The GIS enables 
the generation of maps and vertical cross-sections that illus-
trate groundwater flow and contaminant transport. The study 
further emphasized the use of statistical and geostatistical 
methods, such as kriging, to analyze spatial data effectively, 
thereby supporting groundwater vulnerability assessments 
through visual representations of spatial phenomena like 
wells and hydraulic head.

In Seeboonruang (2015)’s study, GIS multicriteria data 
treatment was employed to map groundwater vulnerability 
to climate change by integrating various hydrogeological 
parameters. The researchers conducted two calculations: one 
focusing on the typology of aquifer behavior under differ-
ent climate scenarios and another combining this typology 
with mean aquifer recharge to produce vulnerability maps. 
Drought resistance indicators were also included to assess 
aquifer resilience, demonstrating the capacity to visualize 
the impacts of climate variability on groundwater systems 
(Aslam et al. 2018). Furthermore, Machdar et al. (2018) 
identified high pollution potential areas, underscoring the 
effectiveness of GIS in groundwater vulnerability assess-
ment by providing detailed visualizations that inform local 
planners and administrators. The study applied the DRAS-
TIC model within a GIS framework to assess groundwater 
vulnerability by employing seven criteria, including depth 

to groundwater and hydraulic conductivity, to generate 
vulnerability maps categorized into five levels, from less 
vulnerable to very high vulnerability. Also, the study of 
Chatrabhuj et al. (2024) combined groundwater vulnerabil-
ity and hazard assessments to create index-based maps at a 
30 arc-second spatial resolution. The evaluation utilized the 
DRASTIC index method and incorporated public datasets, 
revealing that less than 1% of the basin was at high or very 
high contamination risk. The comprehensive approach to 
data integration and visualization in GIS demonstrates its 
utility in regional groundwater assessments. By following 
these steps within a geospatial framework, stakeholders can 
better understand and address GV, leading to more effective 
protection and sustainable management practices.

Groundwater is a vital freshwater resource that is being 
threatened by overexploitation, pollution, and mismanage-
ment globally. Many major aquifers around the world are 
experiencing rapid depletion, with water levels declining 
by tens to hundreds of meters (Adedotun et al. 2023). This 
depletion is linked to increased vulnerability to chemi-
cal contamination, where the demand for groundwater is 
expected to continue growing in the future, driven by fac-
tors like population growth, agricultural expansion, and cli-
mate change. Several qualitative, quantitative, and statistical 
methods have been developed over the past few decades to 
evaluate aquifer vulnerability, both for “resource protec-
tion” of the entire aquifer and “source protection” of spe-
cific water sources like wells and springs. The emergence 
of GIS technology has enabled the widespread application 
of these VA methods, particularly the DRASTIC approach 
(Baki and Ghavami 2023; Ourarhi et al. 2024b). Previous 
studies have employed various spatial analysis techniques 
to evaluate GV; however, there remains a significant gap 
in integrating these techniques into a cohesive framework 
that addresses both conservation and mitigation strate-
gies effectively. Firstly, they often focus on specific spatial 
analysis methods, such as GIS or remote sensing, without 
considering the broader strategic approach needed for real-
world conservation efforts. Secondly, they often overlook the 
complex interactions between environmental factors such 
as socio-economic variables that influence GV. Thirdly, the 
literature often focuses on specific geographic areas, which 
may not represent global groundwater challenges. Fourthly, 
some studies rely on outdated data and techniques, which 
may not incorporate recent advancements in technology or 
data collection techniques. Finally, the lack of stakeholder 
engagement in previous research can lead to impractical or 
unfeasible recommendations in real-world scenarios. Hence, 
this review paper proposes a novel framework for assessing 
GV using an integrated spatial analysis approach by combin-
ing various techniques like GIS, remote sensing, and hydro-
logical modeling to create a comprehensive framework for 
multi-dimensional assessments. The framework considers 
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environmental and socio-economic factors, recognizing their 
interdependencies and impact on groundwater resources. 
It aims to be globally applicable while adjusting to local 
contexts. Advanced technologies like machine learning and 
big data analytics will enhance predictive capabilities and 
also involves a stakeholder-centric approach, involving local 
communities and stakeholders to ensure the strategies are 
practical, relevant, and likely to be adopted in real-world 
applications.

Geospatial data collection 
and preprocessing

The geospatial framework for GVA involves key steps such 
as data collection, hydrogeological conceptualization, vul-
nerability indices, weighting, GIS analysis, validation, sce-
nario analysis, and reporting (Anandhi et al. 2022; Zhao 
et al. 2024). This structured approach helps stakeholders 
understand factors influencing GV and prioritize manage-
ment strategies (Garg et al. 2020). Hydrogeological setting 
characterization is crucial in assessing GV, as it provides 
insights into how groundwater interacts with surface water, 
geological formations that store and transmit water, and 
potential contaminants that may affect groundwater quality 
which involves data collection, analysis of geological for-
mations, and understanding hydrological processes (Barthel 
and Banzhaf 2016). It should be noted that data collection 
and analysis include geological mapping, hydraulic con-
ductivity measurements, aquifer properties, and water table 
mapping (Dindi et al. 2024). However, the key hydrogeolog-
ical parameters considered include soil type and thickness, 
depth to the water table, recharge areas, geochemical proper-
ties, and land use practices. Different soil types have varying 
capacities to filter contaminants, with clay soils providing 
better filtration than sandy soils due to lower permeability 
because shallow water tables are more vulnerable to surface 
contamination, while recharge areas identify areas where 
surface water infiltrates into aquifers (Barthel and Banzhaf 
2016; Dai et al. 2007). However, the interaction between 
surface water and groundwater is a complex process that 
requires numerical modeling for accurate solutions. Such 
was revealed by Ntona et al. (2022) that an increasing trend 
to integrate water resources, with new software and updated 
codes simplifying groundwater-stream interaction simula-
tions with the dominant approach of MODFLOW-SWAT, 
but data scarcity and lack of high-frequency field measure-
ments are the main limitations. The study ascertained that 
multidisciplinary approaches are essential for understanding 
stream-groundwater interaction, and modeling ethics should 
not be neglected during the process.

The integration of groundwater-surface water into wider 
models can be categorized based on the number of processes 

and elements of the hydrological cycle, the conceptual/
mathematical representation of these processes and ele-
ments, the degree of linkage between them, the nature and 
type of model components and process descriptions, the 
temporal aspects of model discretization and coupling, and 
the objectives, problem sets, and focus of interest, includ-
ing issues such as data availability (Barthel and Banzhaf 
2016). These characteristics help to understand the interplay 
between different processes and elements of the hydrologi-
cal cycle, ensuring a comprehensive understanding of the 
system. Geochemical properties influence how contaminants 
behave once they enter the aquifer system, such as pH levels 
affecting the solubility and mobility of certain pollutants 
(Dindi et al. 2024; Li et al. 2023). Also, land use practices 
can significantly impact groundwater quality, and assessing 
land use helps predict potential sources of contamination. 
VAs are then incorporated using modeling techniques like 
the DASTIC Model, which combines multiple hydrogeologi-
cal factors to produce a vulnerability index score for differ-
ent areas within a study region (Ourarhi et al. 2024b, 2023). 
Geographic Information Systems (GIS) allow for spatial 
analysis of hydrogeological data, allowing researchers to 
visualize areas at higher risk for contamination. Statistical 
methods help correlate hydrogeological parameters with 
historical contamination events to refine vulnerability pre-
dictions further.

Effective communication of assessment findings is 
crucial for engaging stakeholders, raising awareness, and 
facilitating informed decision-making for groundwater 
protection and sustainable management (Steiakakis et al. 
2023). To facilitate this process, researchers typically 
employ various mechanisms, such as stakeholder engage-
ment workshops, reports and executive summaries, online 
platforms and databases, policy briefs, collaboration with 
local agencies, public forums and community meetings, 
and Multi-Criteria Decision Analysis (MCDA). Stake-
holder engagement workshops bring together various 
stakeholders, including local government officials, com-
munity representatives, environmental organizations, and 
industry representatives, to present the assessment findings 
in an accessible format. These sessions allow stakeholders 
to ask questions, provide feedback, and discuss implica-
tions for groundwater management. Reports detailing the 
assessment findings include comprehensive data analysis, 
methodologies used in the study, and recommendations 
for action. The study by Villada-Canela et al. (2021) high-
lighted significant barriers to effective communication on 
a study focusing on public participation in groundwater 
management. They noted that public participation was 
limited due to power imbalances among stakeholders and 
a lack of continuity in participatory processes. Hence, 
their recommendations included decentralized decision-
making and the integration of technical and non-technical 
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knowledge, which could potentially enhance stakeholder 
involvement and underscores the importance of creating 
inclusive communication strategies to foster engagement 
and informed decision-making.

Also, online platforms and databases allow users to 
explore data interactively, often featuring visualizations of 
data to convey complex information clearly such as collabo-
ration with local agencies can enhance the dissemination 
process by aligning findings with ongoing initiatives and 
regulatory frameworks. The public forums or community 
meetings serve as platforms for sharing research outcomes 
with the general public, encouraging community involve-
ment in discussions about groundwater management strat-
egies based on study findings. Additionally, the study by 
Jadoon et al. (2024) assessed groundwater quality and high-
lighted the need for improved communication regarding 
water quality issues which included hydrochemical analysis 
and health risk assessments, provided a comprehensive view 
that could inform stakeholders and decision-makers. The 
results indicated that a significant portion of the water qual-
ity sites fell into the poor drinking water category, empha-
sizing the necessity for targeted communication strategies 
to protect vulnerable populations. The research conducted 
by Ataei et al. (2024) introduced an intelligent Decision 
Support System (DSS) designed for groundwater manage-
ment. This DSS utilized telemetry data from wells to inform 
decision-making and integrated expert operational knowl-
edge through the Classical Delphi technique. However, the 
incorporating MCDA into the decision-making process 
allows stakeholders to evaluate multiple conflicting criteria 
when making decisions regarding groundwater manage-
ment options. This structured framework helps prioritize 
different aspects such as economic viability, environmental 
impact, social acceptance, and technical feasibility based on 
quantitative data derived from assessments. By employing 
these mechanisms collectively, researchers can ensure that 
their findings effectively inform decision-making processes 
related to groundwater management and protection.

The dissemination of study results, particularly in the 
context of groundwater management and protection, is cru-
cial for ensuring that stakeholders and decision-makers are 
informed and can make evidence-based decisions. By lever-
aging data analytics and expert knowledge, this system facil-
itated effective communication of findings, bridging the gap 
between theoretical research and practical application (Ataei 
et al. 2024). Mechanisms such as community engagement, 
decision support systems, multi-criteria decision analysis 
frameworks, and technology-driven tools play vital roles 
in facilitating informed decision-making. By prioritizing 
effective communication strategies and stakeholder involve-
ment, these study efforts contribute to the overarching goal 
of sustainable groundwater management and protection. 
Also, implementing this framework can lead to improved 

protection and management practices, ultimately contribut-
ing to groundwater's long-term sustainability.

Integrating geospatial tools and techniques such as GIS 
play a crucial role in enhancing the effectiveness and reli-
ability of the assessment. However, before data integration, 
each dataset must undergo preprocessing to ensure compat-
ibility which includes cleaning to remove irrelevant infor-
mation, aligning all datasets to a common coordinate sys-
tem, and normalizing to a common scale or format (Li et al. 
2015). Various techniques can be employed to integrate the 
datasets, such as overlay analysis, spatial interpolation, and 
data fusion. Overlay analysis combines multiple layers of 
geospatial data to identify relationships between them, while 
spatial interpolation estimates values based on surrounding 
known points. Data fusion, on the other hand, combines dif-
ferent types of data, such as remote sensing imagery with 
ground-based survey results, to enhance overall analysis 
quality by leveraging strengths from each source (Chatrabhuj 
et al. 2024; Hu et al. 2024a). Harmonization of data ensures 
compatibility between integrated datasets in terms of scale, 
resolution, and format (Bill et al. 2022). It involves stand-
ardizing attributes across different datasets using consistent 
naming conventions and units; temporal alignment for time-
sensitive data and quality assessment to evaluate the accu-
racy and reliability of each dataset before final integration 
(Blaschke et al. 2011). This comprehensive dataset can be 
used for VAs by applying analytical models considering fac-
tors like exposure levels, susceptibility characteristics, and 
adaptive capacity within specific regions. The study of Geng 
et al. (2023) introduces a mathematical formula to assess 
vulnerability and create a comprehensive index by quanti-
fying evaluation factors. This method's key advantage lies 
in its ability to describe and estimate the impacts of physi-
cal, chemical, and biological processes on GV and pollut-
ant distribution over time and space. Advancements in field 
monitoring technology and numerical methods increase reli-
ance on process-based models for accurately predicting GV 
across various hydrogeological conditions (Atenidegbe and 
Mogaji 2023; Ourarhi et al. 2024b). RS, GIS, and artificial 
intelligence's potential should be maximized for VA. Adopt 
new tools and technologies to enhance spatial decision sup-
port systems for better decision-making in water resource 
management and land use planning (Sangawi et al. 2023).

Sources of geospatial data

Various sources of geospatial data can aid GVA, as indi-
cated in (Table  1). The table offers a comprehensive 
overview of the sources of geometric data techniques, 
assessment, calibration, mechanisms, and the limitations 
of each of the mentioned techniques for GVA. Satellite 
imagery is a widely used form of geospatial data, pro-
viding high-resolution images of the Earth's surface for 
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various applications such as land use classification, veg-
etation analysis, and environmental monitoring. Common 
sources of satellite imagery include the Landsat Program, 
Sentinel Satellites, and WorldView Satellites (Abduljaleel 
et al. 2024; Hu et al. 2023). Remote sensing data, includ-
ing aerial photography, multispectral imagery, and LiDAR, 
can provide valuable information for mapping terrain fea-
tures and land use dynamics (Abdulraheem et al. 2023). 
LiDAR data, an advanced remote sensing technology, uses 
laser light to create accurate three-dimensional represen-
tations of terrain and vegetation, useful for topographic 
mapping, vegetation analysis, and groundwater monitor-
ing (Chatrabhuj et al. 2024). Groundwater monitoring data 
involves measurements from wells and piezometers, cru-
cial for hydrological studies and water resource manage-
ment. However, aerial photography captures images from 
aircraft or drones at various altitudes, providing higher-
resolution images for localized studies. Climate data 
includes historical weather patterns, temperature records, 
precipitation levels, and other meteorological information 
collected from ground stations or satellite observations. 
These datasets are essential for environmental impact 
assessments and agricultural planning.

GIS software allows for the integration, analysis, and 
visualization of geospatial data layers, enabling the iden-
tification of spatial relationships and patterns influencing 
GV. The study of Taghavi et al. (2022) highlights the use 
of ArcGIS to extract data across 31 variables related to 
groundwater vulnerability. They generated a probability 
map visualizing areas susceptible to groundwater-quality 
degradation, employing logistic regression analysis to 
identify significant correlations between various geospa-
tial data layers. This integration of statistical modeling 
with GIS showcases the versatility of GIS in assessing 
groundwater vulnerability. Integrating socioeconomic 
datasets with geospatial information allows researchers 
to analyze human impacts on the environment, such as 
population density maps, economic activity indicators, or 
land ownership records (Bill et al. 2022; Blaschke et al. 
2011). By combining these diverse datasets through GIS 
techniques, researchers can conduct comprehensive spa-
tial analyses that inform decision-making in areas such as 
urban development, resource management, environmental 
conservation, and disaster response (Blaschke et al. 2011; 
Abduljaleel et al. 2024). The integration process often 
involves using software tools like ArcGIS or QGIS to visu-
alize relationships between different datasets and perform 
spatial analyses such as overlay analysis or buffer analysis.

By incorporating these diverse sources of geospatial 
data into the assessment framework, stakeholders can gain 
a comprehensive understanding of GV and make informed 
decisions to protect and sustainably manage this vital 
resource.Ta
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Methods for data preprocessing and integration

Geospatial assessment of GV is a crucial aspect of environ-
mental management, evaluating the susceptibility of ground-
water resources to contamination (Garg et al. 2020; Ourarhi 
et al. 2024a). In the geospatial assessment of GV, data pre-
processing and integration are crucial steps to ensure the 
accuracy and reliability of the analysis because it involves 
cleaning, transforming, and standardizing the data to make 
it suitable for analysis. Data cleaning involves removing 
duplicate records, handling missing values, and addressing 
outliers to maintain accuracy. Normalization standardizes 
data across different layers to prevent certain features from 
dominating the analysis. Spatial interpolation methods, such 
as Kriging or Inverse Distance Weighting, estimate values 
at unsampled locations based on known data points. Feature 
selection helps identify variables affecting GV and reduces 
computational complexity. However, the Principal Com-
ponent Analysis (PCA) and Recursive Feature Elimination 
(RFE) help identify relevant variables and improve model 
performance. Data integration is crucial for conducting a 
comprehensive GVA. Key approaches include fusion tech-
niques, geodatabase development, and model integration. 
Fusion techniques provide a holistic understanding of GV, 
while geodatabases facilitate seamless querying, visualiza-
tion, and analysis of interconnected information within a 
GIS environment (Lu et al. 2023) while the model integra-
tion allows for a more comprehensive evaluation of GV 
by considering various influencing factors simultaneously 
(Geng et al. 2023; Yi et al. 2024). By applying these meth-
ods for data preprocessing and integration, stakeholders can 
ensure that the geospatial assessment of GV is based on 
high-quality data, effectively captures key factors influenc-
ing vulnerability, and provides valuable insights for sustain-
able management practices.

Geospatial assessment of groundwater 
vulnerability

Geospatial assessment of GV is a process that uses spatial 
data and analysis techniques to evaluate the susceptibility 
of groundwater resources to contamination or depletion 
(Ourarhi et al. 2024a). This involves integrating various 
geospatial datasets, such as hydrogeological parameters, 
land use/land cover, soil characteristics, topography, and 
proximity to potential contamination sources, to identify 
areas at higher risk of GV. Data collection involves collect-
ing relevant geospatial datasets, such as hydrogeological 
data, land use/land cover maps, soil maps, topographic data, 
and information on potential contaminant sources (Abdul-
raheem et al. 2023). Data preprocessing involves cleaning 
and preprocessing the datasets, developing a conceptual 

model of the groundwater system, calculating vulnerability 
indices, assigning weights to different vulnerability factors, 
using GIS software to integrate and analyze the datasets, 
validating the results through field observations, monitor-
ing data, or comparison with existing studies, and conduct-
ing scenario analysis to assess the potential impact of land 
use changes, climate scenarios, or contamination sources on 
GV (Sánchez-Gómez et al. 2024). In evaluating GV through 
scenario analysis, Anornu and Kabo-bah (2013) conducted a 
comparative study of the DRASTIC method and the Aquifer 
Vulnerability Index (AVI) for assessing groundwater vul-
nerability. Their analysis highlighted the significance of 
urbanization and climate change as critical factors influenc-
ing groundwater resources. The DRASTIC method, which 
incorporates parameters such as depth to water, net recharge, 
and aquifer media, was found to be more precise and repre-
sentative of groundwater vulnerability compared to the over-
simplified AVI method. The authors suggested that while 
AVI might be applicable for larger basins, it overlooks the 
localized impacts of environmental changes, particularly in 
urbanized areas where groundwater vulnerability is height-
ened due to increased anthropogenic pressures and climatic 
variations (Anornu and Kabo-bah 2013). Also, the study of 
Meng et al. (2020) when exploring the impact of agricul-
tural irrigation activities on groundwater pollution using the 
DRASTIC method in a semi-arid region with three scenarios 
indicated that Scenario 2 exhibited the highest pollution risk, 
with 40.60% of the area classified as high risk due to the 
inclusion of irrigation return water. Conversely, Scenario 3 
demonstrated a significant reduction in the high-risk area, 
underscoring the importance of accurate infiltration param-
eters in evaluating groundwater vulnerability. This study 
illustrates how variations in recharge sources and methods 
can drastically alter the assessment of pollution risks in 
groundwater (Meng et al. 2020).

Furthermore, Sun et al. (2019) utilized nine distinct sce-
narios, combining three climate change models and three 
crop rotation practices and the findings showed that con-
tinuous corn cropping led to significantly higher nitrate 
concentrations compared to other rotation scenarios. The 
study underscored the effectiveness of best management 
practices, which resulted in lower nitrate levels, thereby 
emphasizing the critical role of agricultural practices in 
groundwater quality management. These scenarios and 
their evaluations provide crucial insights into the intercon-
nections between agricultural practices, climate change, 
and groundwater vulnerability (Sun et al. 2019). The Inte-
grated Modelling System employed in the study by Lyra 
et al. (2021) assessed various indicators such as Crop Water 
Productivity, Partial Factor Productivity, and Economic 
Water Productivity which is an indication of how different 
irrigation practices could lead to diverse outcomes regard-
ing groundwater quantity and quality, emphasizing the need 
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for sustainable agricultural practices to mitigate negative 
impacts on groundwater resources. Gao et al. (2021) focused 
on the impacts of climate change on water quality within the 
Lisbon water supply system through evaluating scenarios 
based on two climate change models, A2 and B2 to assess 
potential threats such as competition for water resources and 
the deterioration of water quality. The findings highlighted 
the importance of managing groundwater extraction and 
quality to mitigate the adverse effects of climate change on 
water resources.

Moreover, Stuart et al. (2017) enhanced the BGS Nitrate 
Time Bomb model to include spatially and temporally dis-
tributed nitrate input functions. The model was applied to 
evaluate the impacts of different land use and management 
measures on groundwater nitrate levels through scenario 
testing. This highlights the long-term implications of agri-
cultural practices on groundwater quality, showcasing how 
scenario analysis can be utilized to assess groundwater vul-
nerabilities related to nitrate contamination. (Baena-Ruiz 
and Pulido-Velazquez 2021) introduced the GIS-SWIAS 
tool, which assesses seawater intrusion dynamics at the aqui-
fer scale. The tool allows for the analysis of historical and 
potential future scenarios related to seawater intrusion, high-
lighting the importance of understanding how management 
scenarios can impact groundwater vulnerability. This study 
emphasizes the relevance of scenario analysis in evaluating 
aquifer resilience under different conditions.

In a study by Bancheri et al. (2022) for the assessment 
of specific GV, the system handles data collection, storage, 

and visualization through a Geospatial Cyber-Infrastructure 
(GCI) was built on open-source libraries and applications 
(Fig. 1a). The DSS tools are launched, and users can choose 
their Region of Interest (ROI) in addition to supporting 
real-time modeling applications. The findings indicated the 
change in mass arrival% at the groundwater table depth over 
time due to the characteristics of the graphical user interface 
(Fig. 1b). The graphs show the proportion of mass arrival 
at the groundwater table depth over time for three soil pro-
files with varying behaviors, colored according to the map's 
polygons and considering three different climatic scenarios 
(past, future RCPs 4.5 and 8.5).

Overview of the geospatial assessment framework

A geospatial assessment framework is a structured method 
that uses spatial data, analysis techniques, and modeling 
methods to evaluate environmental, natural resource, or 
infrastructure-related issues (Anandhi et al. 2022). In the 
context of GVA, it typically involves gathering relevant geo-
spatial datasets, such as hydrogeological data, land use/land 
cover information, soil characteristics, topographic data, 
groundwater quality parameters, and potential contamina-
tion sources (Ourarhi et al. 2022). Data preprocessing is cru-
cial for ensuring data quality and compatibility for further 
analysis. Spatial analysis is performed using Geographic 
Information Systems (GIS) tools and techniques to ana-
lyze the integrated datasets, calculate spatial relationships, 
identify patterns, and derive meaningful insights related to 

Fig. 1   Geospatial decision support system (a) Workflow schematic structure with technological components and function (b) varying groundwa-
ter table depth percentage (Bancheri et al. 2022). Open Access available @ Elsevier, 2022
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GV. Model development is done by building mathematical 
models or spatial algorithms to quantify GV based on fac-
tors such as aquifer properties, land use practices, soil char-
acteristics, recharge rates, and proximity to contamination 
sources (Abdulraheem et al. 2024a; Adedotun et al. 2023).

Vulnerability indices or scores are calculated to indicate 
the relative susceptibility of different areas to groundwater 
contamination, depletion, or other risks. Maps are generated 
to visually represent the spatial distribution of GV levels, 
allowing stakeholders to identify high-risk areas and pri-
oritize management efforts accordingly (Gong et al. 2024). 
Validation is done through field data collection, groundwater 
monitoring, historical records, or comparison with existing 
vulnerability studies to ensure the accuracy and reliability 
of the assessment outcomes. Scenario analysis is conducted 
to simulate the potential impacts of different scenarios, such 
as land use changes, climate variations, or contamination 
events, on GV levels and assess the effectiveness of miti-
gation measures. Decision support is provided to decision-
makers, stakeholders, and the public with actionable infor-
mation, recommendations, and visualizations derived from 
the geospatial assessment to support informed decision-
making and sustainable groundwater management practices.

Description of the steps involved in the strategic 
approaches

Geospatial assessment of GV is a systematic process that 
evaluates the susceptibility of groundwater resources to 
contamination based on factors such as land use, hydrogeo-
logical conditions, and human activities (Goyal et al. 2021; 
Song et al. 2015). The framework includes several key steps, 
including data collection, preprocessing, hydrogeological 
modeling, vulnerability mapping, risk assessment, validation 
and calibration, and decision support system. Preprocessing 
ensures the data’s quality and compatibility for further analy-
sis such as hydrogeological modeling simulates the flow of 
water through the subsurface, identifying potential contami-
nation pathways (Zhu et al. 2023). Vulnerability mapping 
integrates different vulnerability indicators, such as soil per-
meability, depth to water table, hydraulic conductivity, land 
use practices, proximity to pollution sources, and recharge 
rates (Lavoie et al. 2015; Ourarhi et al. 2023). Risk assess-
ment evaluates the likelihood of contaminants reaching 
groundwater sources based on their transport mechanisms 
and potential impact on human health and the environment.

Validation and calibration of assessment results ensure 
accuracy and reliability when comparison with field data. 
For instance, the modified DRASTIC model showed a 
substantial improvement in vulnerability assessment accu-
racy through validation against actual nitrate concentra-
tion data collected from 44 groundwater samples, achiev-
ing an improved coincidence rate of 82% compared to the 

standard model’s 67% (Boufekane et al. 2022). Similarly, 
the validation of the DRASTIC model involved calibration 
using nitrate concentration data, which ranged from 8 to 
33 mg/l, to ensure that the model accurately reflected real-
world conditions (Faryabi 2019). In comparative with other 
studies, Baena-Ruiz and Pulido-Velazquez (2020) compared 
the modified DRASTIC model with the COP (C: Concen-
tration of flow; O: Overlaying layers above water table; P: 
Precipitation) method for vulnerability assessments in car-
bonate aquifers. The validation analysis indicated that the 
COP method provided more reliable assessments, highlight-
ing the importance of contextual adaptation of vulnerability 
models. Moreover, the modified DRASTIC and SINTACS 
models were validated against nitrate concentrations, dem-
onstrating that the modified SINTACS model outperformed 
others, reaffirming the need for model comparisons in vul-
nerability assessments (Noori et al. 2019). The participatory 
flood vulnerability assessment described by de Brito et al. 
(2018) employed expert involvement as a qualitative valida-
tion method. Experts were engaged throughout the mod-
eling exercise, ensuring that the assessments incorporated 
multiple perspectives. This approach not only validated the 
model but also enriched the understanding of vulnerability 
criteria. The analytical hierarchy process (AHP) and ana-
lytical network process (ANP) methods were utilized for 
structuring vulnerability criteria based on expert feedback, 
further enhancing the model’s accuracy.

For statistical analysis and sensitivity testing, the study 
by (Faryabi 2019) used sensitivity analysis to identify the 
key parameters affecting groundwater vulnerability, which 
was then calibrated using field data on nitrate concentra-
tions. Furthermore, the study on machine learning classi-
fiers for groundwater vulnerability highlighted the use of 
ROC curve and Precision-Recall curves for validating model 
performance, demonstrating that machine learning models 
could significantly outperform traditional methods (Khan 
et al. 2022). Furthermore, Noori et al. (2019) performed a 
single parameter sensitivity analysis to identify significant 
parameters influencing the modified DRASTIC and SIN-
TACS models, allowing for adjustments of model weights 
to enhance predictive performance. The calibration process 
in the Mitidja plain involved modifying rating classes based 
on actual nitrate concentrations, demonstrating an effective 
calibration strategy that directly linked model outputs to 
observed data (Boufekane et al. 2022; Dai et al. 2005). In 
the study of Goyal et al. (2021) to explore different tools 
and methods used to assess groundwater scarcity and pollu-
tion globally confirmed that geostatistical interpolation and 
index-based methods are often used for preliminary investi-
gations, assuming homogenized parameter distributions, but 
can overlook local variations. Also, that numerical model 
provides more elaborate and quantitative assessments, but 
requires extensive data that may not always be available, 
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especially at larger scales. To overcome these limitations, 
coupling Geographic Information Systems (GIS) with 
numerical models has gained prominence. Major parameters 
influencing GV include depth to water table, vadose zone 
properties, aquifer characteristics, and recharge. Further-
more, Taghavi et al. (2022) highlights the major challenges 
in GVA, including the lack of a clear definition of GV and 
the need to develop universally recognized methods appro-
priate for all hydrological situations.

Decision support systems provide valuable insights for 
sustainable groundwater management practices by identify-
ing high-risk areas, recommending mitigation measures, and 
guiding policy interventions (Garg et al. 2020). By following 
these steps, informed decisions can be made to protect valua-
ble groundwater resources from contamination threats effec-
tively. Geospatial assessment of GV is a systematic process 
that evaluates the susceptibility of groundwater resources 
to contamination based on factors such as land use, hydro-
geological conditions, and human activities (Ourarhi et al. 
2024a). The framework includes several key steps, including 
data collection, preprocessing, hydrogeological modeling, 
vulnerability mapping, risk assessment, validation and cali-
bration, and decision support system (Table 2).

Characteristics of aquifers in groundwater resources

The characterization of aquifers plays a crucial role in the 
effective management and sustainable utilization of ground-
water resources. Aquifers can be categorized based on their 
physical and geological characteristics and the primary types 
include karst, alluvial, and fractured aquifers, each exhibit-
ing unique attributes that influence groundwater flow and 
quality. Studies have shown that karst aquifers can exhibit 
rapid groundwater flow due to the presence of conduits 
formed by dissolution processes. For instance, a study by 
Leketa and Abiye (2021) revealed a significant groundwater 
flow rate of 11 km/year in a karst aquifer, indicating deep 
circulation and complex hydrodynamic behaviors that must 
be considered in aquifer management strategies. Further-
more, the interaction between karst springs and surface 
water has implications for water quality and availability, as 
evidenced by the hydrochemical evolution observed in karst 
springs (Cao et al. 2023; Leketa and Abiye 2021). Also, the 
assessment of an alluvial aquifer highlighted the importance 
of parameters such as depth to the water table and hydrau-
lic conductivity, which were integrated into a vulnerability 
assessment model for groundwater management (Dindi et al. 
2024). The depth to the water table in this region was noted 
to be critical for understanding the aquifer's susceptibility to 
pollution, emphasizing the need for detailed characteriza-
tion. In a study focused on groundwater potential mapping in 
a fractured terrain, Benjmel et al. (2022) demonstrated that 
understanding aquifer characteristics, including depth to the 

water table and hydraulic conductivity, is vital for predicting 
groundwater availability.

Additionally, the study on manganese contamination in 
karst aquifers indicated that similar hydrological behaviors 
could be expected in fractured aquifers, where the interplay 
between lithology and hydrological conditions is crucial 
for water quality (Hinkle et al. 2024; Dai et al. 2007). In 
the aspect of the water table that influences groundwater 
availability and vulnerability to contamination, Ekwe et al. 
(2006) identified significant variability in water table depth, 
ranging from 12 to 153 m, underlining the need for localized 
assessments to inform management approaches. In contrast, 
the exploration of groundwater potential reported average 
depths of 7.26 m to 57.75 m across various locations, indi-
cating a relatively shallow water table in some areas, which 
could be susceptible to surface contamination (Nwachukwu 
et al. 2023). However, the study of Opara (2012) reported 
hydraulic conductivity values ranging from 9.21 to 10.27 m/
day, suggesting moderate water yielding capacity. Similarly, 
Sultan et al. (2022) recorded hydraulic conductivity values 
that varied significantly across different locations, reflect-
ing the heterogeneous nature of unconfined aquifers. While 
karst aquifers have been extensively studied, particularly 
regarding their hydrodynamic behaviors and interaction 
with surface water, alluvial and fractured aquifers require 
more focused research to delineate their unique attributes 
and challenges. Also, there is an apparent need for a deeper 
exploration into the hydraulic properties of fractured aqui-
fers, especially concerning how fracture networks influence 
hydraulic conductivity and groundwater flow patterns.

Algorithms, mathematical models, 
and artificial intelligence in geospatial 
assessment of GV

In the study of geospatial assessment of GV, algorithms, 
mathematical models, and artificial intelligence play cru-
cial roles in developing effective management and mitigation 
strategies. These tools help in analyzing and understanding 
the complex interactions between various factors influencing 
GV, thus enabling stakeholders to make informed decisions 
and implement targeted interventions. Geospatial assessment 
of GV plays a crucial role in effective management and miti-
gation strategies to ensure the sustainable use of this vital 
resource. The integration of algorithms, mathematical mod-
els, and artificial intelligence (AI) has significantly enhanced 
the accuracy and efficiency of assessing GV.

Algorithms in geospatial assessment

Algorithms are at the core of geospatial assessment meth-
odologies for GV. These algorithms process large datasets 
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comprising geological, hydrological, and land-use param-
eters to evaluate the susceptibility of an area to groundwa-
ter contamination. By employing algorithms like machine 
learning and spatial analysis techniques, researchers can 
identify patterns and relationships within these datasets 
that are not easily discernible through traditional methods 
(Raisa et al. 2024). Furthermore, Elzain et al. (2022) utilized 
advanced machine learning models like Radial Basis Neu-
ral Networks (RBNN), Support Vector Regression (SVR), 
and ensemble Random Forest Regression (RFR) to assess 
groundwater contamination vulnerability. By rating eight 
factors of DRASTIC-L with the modified DRASTIC model 
(MDM) as input data, the ensemble RFR model demon-
strated superior performance and accuracy in identifying 
the most vulnerable contamination areas compared to SVR 
and RBNN models. The modified DRASTIC vulnerability 
index (MDVI) of MDM is represented as Eq. (1):

where the subscript of r and w represent the rating value 
(1–10) and the weight value (1–5), respectively. Thus, 
ensemble RFR is a robust tool for improving groundwater 

(1)
MDVI = DrDw = RrRw + ArAw + SrSw

+ TrTw + IrIw + CrCw + LrLw …

contamination VA and promoting environmental safety. This 
allows for a more comprehensive assessment of GV across 
different spatial scales. Other commonly used algorithms 
include DRASTIC (Depth to Water, Recharge, Aquifer 
Media, Soil Media, Topography, Impact of Vadose Zone), 
GOD (Groundwater Occurrence, Depth to Water Table), and 
SINTACS (Sensitivity Index Method). These algorithms 
assign weights to different parameters based on their sig-
nificance in determining vulnerability levels.

Furthermore, the fitting curves of AVI values predicted 
by different ML models as studied by Elzain et al. (2022) 
was illustrated at (Fig. 2). The RBNN model tended to 
overestimate high AVI values and underestimate low AVI 
values (Fig. 2b). This discrepancy was particularly notice-
able for high AVI values. It may be due to the Gaussian 
function's limitations in capturing extreme values in the 
RBNN model. SVR exhibited a more accurate fit than 
RBNN (Fig. 2d) but still had some overestimations. On 
the other hand, the RFR model (Fig. 2f) showed a good 
alignment between predicted and calculated AVI values.

Fig. 2   Fitting plot curve of 
predicting AVIs in training and 
testing phase for; a, b RBNN, 
c, d SVR, and e, f RFR models 
(Elzain et al. 2022) (Copyright 
permission available @ Else-
vier, 2023)
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Mathematical models for GV

Mathematical models are essential for simulating the behav-
ior of groundwater systems and predicting how contami-
nants may spread through aquifers under various scenarios 
(Afrifa et al. 2022; Dai et al. 2005). These models incor-
porate hydrogeological principles, physical processes, and 
mathematical equations to simulate the flow of water and 
contaminants in subsurface environments. Models such 
as MODFLOW (MODular Finite-difference Flow model) 
and MT3DMS (Multi-species Transport in 3-Dimensions) 
are commonly employed to predict contaminant transport 
pathways and assess potential risks to groundwater quality 
(Zhu et al. 2023). By calibrating these models with field 
data, researchers can better understand the vulnerability of 
groundwater sources to pollution and develop strategies to 
mitigate potential risks.

Artificial intelligence applications

Artificial intelligence techniques have revolutionized geo-
spatial assessment by enabling advanced data processing, 
pattern recognition, and predictive analytics. Machine learn-
ing algorithms such as support vector machines (SVM), 
random forests, and neural networks are utilized to analyze 
vast amounts of geospatial data and identify hidden pat-
terns related to GV. In a study by Elzain et al. (2023) to 
enhances the DRASTIC-LU model using Machine Learning 
(ML) techniques like k-nearest Neighbors (KNN), ensemble 
Extremely Randomized Trees (ERT), and ensemble Bagging 

Regression (BA) to forecast groundwater pollution vulner-
ability index (GPVI) values (Fig. 3). The level 2 ensemble 
BA model outperformed the individual KNN and level 1 
ensemble ERT models, yielding accurate results for new 
data and averting overfitting problems during testing. This 
indicates that employing ML modeling at two tiers could be 
a proactive strategy for safeguarding groundwater resources 
from contamination.

AI-based approaches can also optimize sampling strate-
gies, predict future scenarios, and assist in decision-making 
processes for effective groundwater management (Msaddek 
et al. 2022). By leveraging AI techniques, stakeholders can 
gain valuable insights into the factors influencing GV and 
optimize management and mitigation strategies accord-
ingly. ML techniques, particularly random forest (RF), sup-
port vector machines (SVM), and artificial neural networks 
(ANN), heavily influence groundwater level change predic-
tions (Afrifa et al. 2022). Ensembles in ML aid in managing 
computational complexity and enhancing performance and 
training efficiency. In contrast to mathematical models, ML 
methods offer superior accuracy. Hence, researchers should 
integrate novel ML techniques alongside traditional math-
ematical models to predict groundwater level changes.

The synergy between algorithms, mathematical models, 
and artificial intelligence enhances the overall accuracy and 
reliability of GVAs. By combining the strengths of these 
approaches, researchers and policymakers can gain deeper 
insights into the spatial distribution of vulnerable areas, 
prioritize mitigation efforts, and develop sustainable man-
agement strategies for safeguarding groundwater resources. 

Fig. 3   Machine algorithms to 
predict the GV (Elzain et al. 
2023) (Copyright permission 
available @ Elsevier, 2023)



	 Environmental Earth Sciences          (2024) 83:621   621   Page 16 of 24

In conclusion, the integration of algorithms, mathematical 
models, and artificial intelligence in the study of geospatial 
assessment of GV offers a comprehensive framework for 
effective management and mitigation strategies. By harness-
ing the power of these tools, researchers and stakeholders 
can better understand the dynamics of groundwater systems, 
identify potential risks, and implement targeted interven-
tions to safeguard this vital resource for future generations.

Case studies of real‑world examples 
of geospatial assessment of GV 
and mitigation strategies

Groundwater is an important global water resource, but 
increasing industrial and agricultural activities have led to 
widespread contamination issues. Assessing aquifer vulner-
ability helps policymakers understand potential impacts and 
adopt effective management strategies. The three main types 
of GVA methods are index-based qualitative methods, statis-
tical methods, and process-based quantitative methods (Fan-
nakh and Farsang 2022; Kc et al. 2022). Each method has 
advantages and limitations in terms of data requirements, 
applicability to different aquifer types, and reliability of 
VAs. These methods should be coupled with data on specific 
pollutant sources and activities to enhance the reliability of 
VAs for informing groundwater management and protection 
strategies.

Groundwater presents significant advantages compared to 
surface water due to its protection from surface pollutants 
(Steiakakis et al. 2023). However, the growing world popula-
tion, urbanization, and increased demands from agriculture 
and industry are putting intense pressure on groundwater 
resources, which are also threatened by climate change and 
pollution (Voudouris and Kazakis 2021; Abdulraheem et al. 
2024b). To address these challenges, GV and pollution risk 
mapping are important tools for groundwater management 

and protection. GV can be classified as intrinsic (based on 
the physical environment) or specific (considering con-
taminant properties). Li et al. (2014) focuses on nitrate 
pollution in agricultural landscapes using a GIS model and 
found a positive correlation between nitrate concentrations 
and GV in sampled wells (Fig. 4b). Also, a gradual mixing 
between recently replenished high-nitrate groundwater and 
slowly circulating, denitrified discharged groundwater from 
upland areas is most likely the cause of the reduced nitrate 
content at the valley bottom (Fig. 4a). The findings sug-
gest that modeling regional groundwater pollution risk in 
other locations could be successfully achieved. Assessing 
GV and pollution risk allows authorities to identify areas 
most susceptible to contamination and implement appropri-
ate protection measures.

Land use and topography were identified as the most 
critical parameters in single-parameter sensitivity analy-
sis, while hydraulic conductivity had the most negligible 
impact. Three vulnerability models were validated using 
nitrate concentrations from groundwater samples, with the 
Nitrate NV index being the most accurate, followed by 
Pesticide DRASTIC-LU and Nitrate SINTACS-LU (Kirlas 
et al. 2023; Kumar and Krishna 2018). The study high-
lighted the importance of GVA for the sustainable manage-
ment of groundwater resources which serve as a guideline 
for policymakers and authorities in decision-making at a 
regional scale, emphasizing the need for systematic moni-
toring, regulation of agricultural activities, and implemen-
tation of sustainable practices to prevent further ground-
water quality deterioration. Furthermore, Zhang et  al. 
(2023) identified valley regions, karst subsidence areas, 
and mined-out coastal areas as the most vulnerable, cov-
ering 1.463 km2, and the findings were supported by the 
groundwater pollution index, validating them with an R2 
coefficient of 0.961. The study recommended that the rele-
vant departments address these concerns by improving and 
developing groundwater resources, implementing effective 

Fig. 4   Geospatial approach for assessing groundwater vulnerability (a) groundwater flow in river valley (b) relationship between classification of 
GV and nitrate concentrations (Li et al. 2014)
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pollution control measures, and undertaking remediation 
efforts to restore polluted groundwater. Another study 
aimed to improve the DRASTIC model for assessing GV 
shows that net recharge is the most significant factor in 
GV, while the impact of the vadose zone and hydraulic 
conductivity were the least effective factors (Khosravi 
et  al. 2018). The weights-of-evidence method demon-
strated the highest predictive power, and including more 
factors in the DRASTIC model improved GVA. However, 
Sadeghi-Jahani et  al. (2024) examines the connection 
between sustainable development and water shortages, 
focusing on vegetation, land cover, population, and cli-
matological conditions. As shown in (Fig. 5), the ground-
water vapor levels decreased between 2006 and 2011 and 
between 2012 and 2018, however they remained steady 
between 2003 and 2006. The Kaftar lakes’ second clus-
ter (C2) is made up of sub-basins surrounding the Sivand 
River, which had a constant groundwater level from 2003 
to 2006 and a steadily declining groundwater level after 
that. Throughout the time, the groundwater level condition 
in the third cluster (C3) sub-basins bordering the southern 
and southeast areas of the Tashk and Bakhtegan lakes was 
steady; nevertheless, between 2008 and 2010, there was 
a modest downward tendency. Nevertheless, in the years 
that followed, this tendency was curbed. The Maharloo 
Lake sub-basin and the area downstream of the first clus-
ter, towards the Kor River, are included in the fourth clus-
ter (C4). The GWL loss in C4 aquifers is the most severe; 
over the anticipated period, several of these aquifers had 
a decline in GWL of over 20 m. The study emphasizes the 

necessity for more investigation to determine the funda-
mental reasons behind aquifer GWL decreases.

GV maps are essential for evaluating vulnerability and 
planning land use. However, there isn’t one most reliable 
method, as each depends on various factors such as aqui-
fer characteristics, land use, data availability, parameters, 
weightings, and ratings assigned to each parameter (Bar-
bulescu 2020). The DRASTIC method uses readily available 
geo-data instead of experimental data and includes numer-
ous parameters, which sometimes leads to comparisons with 
field-collected data. Some of the results and lesson learned 
from various studies are presented in (Table 3).

Recent advancements in GIS-based VA methods have 
improved reliability by integrating groundwater quality 
data, considering land use patterns, and using optimization 
schemes (Elçi 2012). The calibrated vulnerability map of 
their studies showed significant changes in the spatial distri-
bution and proportions of vulnerability classes, emphasizing 
the importance of optimization for more reliable VAs (Song 
et al. 2014; Gong et al. 2024). Another study by Cao et al. 
(2023) introduces an improved COPK method to assess GV, 
outperforming the original COP method where the study 
area is categorized into five levels of vulnerability, with most 
areas exhibiting moderate to low vulnerability. The assess-
ment results are validated by analyzing nitrate concentra-
tion in groundwater, showing significant variations and the 
improved COPK method has significantly enhanced perfor-
mance compared to the original COP method. These demon-
strate a stronger relationship with nitrate concentration, sup-
porting its effectiveness in assessing GV in the study area.

Fig. 5   Groundwater vulner-
ability level variations in 
clustering sub-basin region 
(Sadeghi-Jahani et al. 2024) 
(Copyright permission available 
@ Elsevier, 2024)
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Also, overlay and index methods combine maps of vari-
ous geographic attributes to create vulnerability maps, while 
process-based models use mathematical equations to simu-
late contaminant transport (Khosravi et al. 2018). These 
methods create vulnerability maps, simulate contaminant 
transport, and relate water quality to environmental fac-
tors with uncertainties arising from data collection errors, 
natural variability, and model conceptualization limitations. 
These uncertainties can be analyzed using techniques like 
first-order uncertainty analysis and Monte Carlo simula-
tion. Also, Hadžić et al. (2015) in an attempt to analyze 
various methods for assessing GV, focusing on the source of 
groundwater confirmed that mapping GV is a valuable tool 
for assessing with various methods available depending on 
data availability, scale mapping, spatial distribution, hydro-
geological characteristics, and other parameters.

Mitigation strategies for groundwater 
vulnerability

Groundwater, a crucial resource, is at risk of contamination 
from diverse sources like agriculture, industry, and natural 
disasters, and its vulnerability are influenced by geology, 
land use, and potential contaminants (Jain 2023). Assessing 
GV and implementing risk mitigation strategies are essential 
for ensuring the resource’s sustainability. Standard methods 
include index-based, statistical, and GIS-based approaches 
to evaluate geology, hydrogeology, and land use that impact 
vulnerability. Risk mitigation strategies like land-use plan-
ning, pollution prevention, and remediation technologies can 
lower the risk of groundwater contamination and its associ-
ated impacts (Lavoie et al. 2015). A deep understanding of 
site-specific factors and community engagement is needed to 
implement these strategies. In the future, integrating various 
approaches to assess GV and mitigate risks can better protect 
groundwater resources (Varady et al. 2016). Incorporating 
social and cultural factors, as well as advancing modeling 
and monitoring techniques, can further enhance our ability 
to identify and address GV and contamination (Saqr et al. 
2021). Continued research and innovation in this field are 
crucial to ensuring the sustainability of this vital resource 
for generations to come. Below are some descriptions of dif-
ferent types of mitigation strategies to minimize the impacts 
of various threats to our environment.

Source protection

This strategy involves safeguarding potential sources of con-
tamination to prevent pollutants from entering groundwa-
ter system through managing water sources to ensure their 
quality and quantity. This can be achieved through various 
measures such as watershed management, aquifer recharge, 

and source control (Zhang et al. 2022a). Watershed man-
agement includes managing land and water resources, such 
as reforestation, soil conservation, and wetland restoration, 
to reduce soil erosion and protect aquatic habitats. Aqui-
fer recharge replenishes groundwater resources by allow-
ing rainwater or surface water to infiltrate the ground using 
artificial or managed aquifer recharge (Adedotun et al. 2023; 
Khawaja et al. 2021). Source control prevents water resource 
contamination by regulating industrial discharges, control-
ling agricultural practices, and managing urban runoff.

Water conservation

Water conservation strategies aim to reduce the amount of 
water that needs to be extracted from groundwater sources 
by implementing practices such as fixing leaks, efficient irri-
gation, demand management, and promoting water-saving 
behaviors (Calliera and Capri 2022). Efficient irrigation 
techniques include drip, precision, and mulching; water can 
be reused for irrigation and industrial cooling while demand 
management includes pricing policies, metering systems, 
and public education campaigns to promote efficient water 
use and reduce wastage. This helps in sustaining water 
resources and protecting ecosystems.

Contaminant removal

Contaminant removal involves eliminating water pollution to 
safeguard human health and the environment. This is accom-
plished through advanced treatment methods such as mem-
brane filtration, ion exchange, UV disinfection, treatment 
plants, bioremediation techniques to clean up contaminated 
sites, and ozone treatment. Monitoring and enforcement 
efforts aim to implement regulations to prevent contamina-
tion, including those related to industrial discharges, agri-
cultural practices, and urban runoff.

Erosion control

Erosion control measures help prevents soil erosion and 
sedimentation caused by weather events or human activities. 
These can transport sediment and pollutants into groundwa-
ter sources through techniques such as planting vegetation, 
constructing retention ponds, implementing erosion control 
structures, and maintaining proper land use practices that 
can minimize the impact of erosion on groundwater quality.

Habitat restoration

Habitat restoration projects aim to restore natural ecosys-
tems that provide significant groundwater recharge and qual-
ity maintenance services. Activities such as wetland restora-
tion, protection of riparian zones, reintroduction of native 
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species to damaged habitats, and reforestation efforts can 
improve the natural filtration capacity of the landscape and 
safeguard groundwater resources.

Green infrastructure

Green infrastructure refers to nature-based solutions that 
imitate natural hydrological processes to manage storm-
water and encourage absorption into the ground. It helps 
address environmental issues such as urban heat islands, air 
pollution, green roofs, permeable pavements, rain gardens, 
and constructed wetlands, all assist in reducing surface run-
off and replenishing local aquifers.

Climate adaptation

“Climate adaptation strategies aim to prepare for and 
respond to the impacts of climate change on groundwater 
resources. This includes adjusting water management prac-
tices, improving monitoring systems to detect changes in 
groundwater levels or quality, and creating resilience plans 
to deal with extreme weather events and sea-level rise.” By 
combining these different types of mitigation strategies tai-
lored to specific vulnerabilities in a given area, communi-
ties can effectively protect their groundwater resources from 
contamination and depletion.

Conclusion

In conclusion, the review paper presents a framework for 
geospatial assessment of groundwater vulnerability that inte-
grates geospatial data and techniques with hydrogeological 
and statistical analyses which provide a better understanding 
of the potential risks and develop appropriate management 
strategies for land contaminant sources that affect ground-
water quality and quantity. The methodologies examined 
include remote sensing, GIS and statistical modeling, 
which were evaluated based on their effectiveness in dif-
ferent geographical contexts. These technologies serve as 
pivotal components in developing and implementing effec-
tive groundwater management and mitigation strategies, 
allowing for the optimization of water use, the protection 
of water quality, and the sustainability of water resources in 
the face of growing environmental pressures. The findings 
reveal that spatial analysis techniques significantly enhance 
the accuracy of groundwater vulnerability assessments by 
incorporating diverse data sources such as land use, soil 
characteristics, and hydrological features. Key results indi-
cate that GIS-based models provide robust frameworks for 
identifying vulnerable areas, while MCDA facilitates stake-
holder engagement by integrating socio-economic factors 
into decision-making processes. While traditional GIS 

methods remain widely used, there is an increasing trend 
towards incorporating advanced computational techniques 
such as machine learning. These methods enhance predictive 
accuracy and allow for more nuanced analyses of complex 
environmental interactions affecting groundwater quality. 
Furthermore, case studies demonstrate successful applica-
tions of these techniques in various regions, highlighting 
their potential for improving water resource management.

This study underscores the necessity for adopting 
advanced spatial analysis techniques in groundwater man-
agement policies globally. By enhancing the precision and 
effectiveness of vulnerability assessments, geospatial tech-
nologies empower stakeholders to implement proactive 
measures, ensuring the resilience and security of groundwa-
ter resources. The paper contributes to scientific knowledge 
by providing a thorough evaluation of contemporary spatial 
analysis methods for assessing groundwater. It highlights 
their relevance not only at local levels but also in address-
ing global challenges related to water scarcity and pollu-
tion—issues that resonate with international sustainability 
goals. For future studies, the paper advocates for advanc-
ing geospatial methodologies and integrating novel data 
sources, such UAVs to improve the granularity and accuracy 
of GVAs. Additionally, it calls for more transdisciplinary 
research that bridges the gap between hydrogeological sci-
ence and policy-making, emphasizing the need for a collabo-
rative effort to develop inclusive, equitable, and sustainable 
groundwater management policies.

Author contributions  Conceptualization—MIA, JH, YX; validation—
MIA,WZ, LL, AYM, JH; resources-MIA, LL, YX; writing—original 
draft preparation—MIA, YX, writing—review MIA; WZ, JH, YZ;  
and editing—MIA, YX, YZ; JH.; supervision, JH, MIA, YZ funding 
acquisition—JH. All authors have read and agreed to the published 
version of the manuscript.

Funding  This study was funded by the National Natural Science Foun-
dation of China (No. 32071890), the Major Science and Technology 
projects of Henan Province (221100320200), and supported by the 
Henan Center for Outstanding Overseas Scientists (No. GZS2021007).

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of interests  The authors declare no competing interests.

References

Abduljaleel Y, Amiri M, Amen EM, Salem A, Ali ZF, Awd A, 
Lóczy D, Ghzal M (2024) Enhancing groundwater vulner-
ability assessment for improved environmental management: 
addressing a critical environmental concern. Environ Sci 



Environmental Earth Sciences          (2024) 83:621 	 Page 21 of 24    621 

Pollut Res Int 31(13):19185–19205. https://​doi.​org/​10.​1007/​
s11356-​024-​32305-1

Abdulraheem MI, Zhang W, Li S, Moshayedi AJ, Farooque AA, Hu 
J (2023) Advancement of remote sensing for soil measure-
ments and applications: a comprehensive review. Sustainabil-
ity. https://​doi.​org/​10.​3390/​su152​115444

Abdulraheem MI, Chen H, Li L, Moshood AY, Zhang W, Xiong 
Y, Zhang Y, Taiwo LB, Farooque AA, Hu J (2024a) Recent 
advances in dielectric properties-based soil water content 
measurements. Remote Sens. https://​doi.​org/​10.​3390/​rs160​
81328

Abdulraheem MI, Xiong Y, Zhang W, Chen H, Zhang H, Hu J (2024b) 
Recent applications of fiber bragg grating sensors in humidity 
and water content detection in agriculture: a comprehensive 
review of development, challenges, and future trends. Int J 
Precis Eng Manuf 25(7):1499–1524. https://​doi.​org/​10.​1007/​
s12541-​024-​01015-6

Adedotun AI, Stella BB, Olumide SS, Oluwatimilehin AV (2023) 
Integration of geologic and geoelectrically derived parameters 
for aquifer vulnerability assessment in Akure Metropolis, South-
western Nigeria. Phys Access 3(2):99–123. https://​doi.​org/​10.​
47514/​phyac​cess.​2023.3.​2.​013

Afrifa S, Zhang T, Appiahene P, Varadarajan V (2022) Mathematical 
and machine learning models for groundwater level changes: a 
systematic review and bibliographic analysis. Future Internet. 
https://​doi.​org/​10.​3390/​fi140​90259

Anandhi A, Karunanidhi D, Sankar GM, Panda S, Kannan N (2022) 
A framework for sustainable groundwater management. Water. 
https://​doi.​org/​10.​3390/​w1421​3416

Anornu GK, Kabo-bah AT (2013) Evaluation of AVI and DRASTIC 
methods for groundwater vulnerability mapping. J Environ Ecol. 
https://​doi.​org/​10.​5296/​jee.​v4i2.​4961

Aslam RA, Shrestha S, Pandey VP (2018) Groundwater vulnerability 
to climate change: a review of the assessment methodology. Sci 
Total Environ 612:853–875. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2017.​08.​237

Ataei P, Takhtravan A, Gheibi M, Chahkandi B, Faramarz MG, 
Wacławek S, Fathollahi-Fard AM, Behzadian K (2024) An intel-
ligent decision support system for groundwater supply manage-
ment and electromechanical infrastructure controls. Heliyon 
10(3):e25036. https://​doi.​org/​10.​1016/j.​heliy​on.​2024.​e25036

Atenidegbe OF, Mogaji KA (2023) Modeling assessment of ground-
water vulnerability to contamination risk in a typical basement 
terrain using TOPSIS-entropy developed vulnerability data min-
ing technique. Heliyon 9(7):e18371

Baena-Ruiz L, Pulido-Velazquez D (2020) A novel approach to harmo-
nize vulnerability assessment in carbonate and detrital aquifers at 
basin scale. Water. https://​doi.​org/​10.​3390/​w1211​2971

Baena-Ruiz L, Pulido-Velazquez D (2021) GIS-SWIAS: tool to sum-
marize seawater intrusion status and vulnerability at aquifer 
scale. Sci Program 2021(1):8818634. https://​doi.​org/​10.​1155/​
2021/​88186​34

Baki AM, Ghavami SM (2023) A modified DRASTIC model for 
groundwater vulnerability assessment using connecting path 
and analytic hierarchy process methods. Environ Sci Pol-
lut Res 30(51):111270–111283. https://​doi.​org/​10.​1007/​
s11356-​023-​30201-8

Bancheri M, Fusco F, Torre DD, Terribile F, Manna P, Langella G, De 
Vita P, Allocca V, Loishandl-Weisz H, Hermann T, De Michele 
C, Coppola A, Mileti FA, Basile A (2022) The pesticide fate 
tool for groundwater vulnerability assessment within the geo-
spatial decision support system LandSupport. Sci Total Environ 
807:150793. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​150793

Barbulescu A (2020) Assessing groundwater vulnerability: DRASTIC 
and DRASTIC-like methods: a review. Water. https://​doi.​org/​10.​
3390/​w1205​1356

Barthel R, Banzhaf S (2016) Groundwater and surface water interaction 
at the regional-scale—a review with focus on regional integrated 
models. Water Resour Manage 30(1):1–32. https://​doi.​org/​10.​
1007/​s11269-​015-​1163-z

Benjmel K, Amraoui F, Aydda A, Tahiri A, Yousif M, Pradhan B, 
Abdelrahman K, Fnais MS, Abioui M (2022) A multidiscipli-
nary approach for groundwater potential mapping in a fractured 
semi-arid terrain (Kerdous Inlier, Western Anti-Atlas, Morocco). 
Water. https://​doi.​org/​10.​3390/​w1410​1553

Bill R, Blankenbach J, Breunig M, Haunert JH, Heipke C, Herle S, 
Maas HG, Mayer H, Meng L, Rottensteiner F, Schiewe J, Sester 
M, Sörgel U, Werner M (2022) Geospatial information research: 
state of the art, case studies and future perspectives. J Photogr 
Remote Sens Geoinf Sci 90(4):349–389. https://​doi.​org/​10.​1007/​
s41064-​022-​00217-9

Blaschke T, Hay GJ, Weng Q, Resch B (2011) Collective sensing: inte-
grating geospatial technologies to understand urban systems—an 
overview. Remote Sens 3(8):1743–1776. https://​doi.​org/​10.​3390/​
rs308​1743

Boufekane A, Yahiaoui S, Meddi H, Meddi M, Busico G (2022) Modi-
fied DRASTIC index model for groundwater vulnerability map-
ping using geostatistic methods and GIS in the Mitidja plain area 
(Algeria). Environ for 23(5–6):539–556. https://​doi.​org/​10.​1080/​
15275​922.​2021.​19136​74

Calliera M, Capri E (2022) Multi-actor approaches and engagement 
strategies to promote the adoption of best groundwater manage-
ment practices. Curr Opin Environ Sci Health 27:100351. https://​
doi.​org/​10.​1016/j.​coesh.​2022.​100351

Cao H, Dong W, Chen H, Wang R (2023) Groundwater vulnerability 
assessment of typical covered karst areas in northern China based 
on an improved COPK method. J Hydrol 624:129904. https://​doi.​
org/​10.​1016/j.​jhydr​ol.​2023.​129904

Chatrabhuj MK, Mishra U, Omar PJ (2024) Integration of remote sens-
ing data and GIS technologies in river management system. Dis-
cov Geosci 2(1):67. https://​doi.​org/​10.​1007/​s44288-​024-​00080-8

Chelioti KH, Tsaimou CN, Tsoukala VK (2023) Unmanned aerial vehi-
cles: a survey on monitoring advancements for port infrastruc-
ture applications. J Eng Project Prod Manag. https://​doi.​org/​10.​
32738/​JEPPM-​2023-​0023

Chen H, Awais M, Li L, Zhang W, Abdulraheem MI, Xiong Y, 
Raghavan V, Hu J (2024) Soil-specific calibration using plate 
compression filling technique and monitoring soil biomass deg-
radation based on dielectric properties. Agriculture. https://​doi.​
org/​10.​3390/​agric​ultur​e1405​0773

Dai Z, Ritzi RW Jr, Dominic DF (2005) Improving permeability semi-
variograms with transition probability models of hierarchical 
sedimentary architecture derived from outcrop analog studies. 
Water Resour Res. https://​doi.​org/​10.​1029/​2004W​R0035​15

Dai Z, Wolfsberg A, Lu Z Jr, R, (2007) Representing aquifer architec-
ture in macrodispersivity models with an analytical solution of 
the transition probability matrix. Geophys Res Lett. https://​doi.​
org/​10.​1029/​2007G​L0316​08

de Brito M, Evers M, Almoradie A (2018) Participatory flood vulner-
ability assessment: a multi-criteria approach. Hydrol Earth Syst 
Sci 22:373–390. https://​doi.​org/​10.​5194/​hess-​22-​373-​2018

Dindi E, Shehu A, Dindi A (2024) Groundwater vulnerability assess-
ment—case study: tirana-ishmi aquifer, Albania. Hydrology. 
https://​doi.​org/​10.​3390/​hydro​logy1​10801​10

Ekwe A, Onu N, Onuoha KM (2006) Estimation of aquifer hydraulic 
characteristics from electrical sounding data: the case of mid-
dle Imo River basin aquifers, south- eastern Nigeria. J Spatial 
Hydrol 6:121–132

Elçi A (2012) Advances in GIS-based approaches to groundwater vul-
nerability assessment: overview and applications. In: Quercia 
F, Vidocevic D (eds) Clean soil and safe water. Springer, pp 
97–114. https://​doi.​org/​10.​1007/​978-​94-​007-​2240-8_9

https://doi.org/10.1007/s11356-024-32305-1
https://doi.org/10.1007/s11356-024-32305-1
https://doi.org/10.3390/su152115444
https://doi.org/10.3390/rs16081328
https://doi.org/10.3390/rs16081328
https://doi.org/10.1007/s12541-024-01015-6
https://doi.org/10.1007/s12541-024-01015-6
https://doi.org/10.47514/phyaccess.2023.3.2.013
https://doi.org/10.47514/phyaccess.2023.3.2.013
https://doi.org/10.3390/fi14090259
https://doi.org/10.3390/w14213416
https://doi.org/10.5296/jee.v4i2.4961
https://doi.org/10.1016/j.scitotenv.2017.08.237
https://doi.org/10.1016/j.scitotenv.2017.08.237
https://doi.org/10.1016/j.heliyon.2024.e25036
https://doi.org/10.3390/w12112971
https://doi.org/10.1155/2021/8818634
https://doi.org/10.1155/2021/8818634
https://doi.org/10.1007/s11356-023-30201-8
https://doi.org/10.1007/s11356-023-30201-8
https://doi.org/10.1016/j.scitotenv.2021.150793
https://doi.org/10.3390/w12051356
https://doi.org/10.3390/w12051356
https://doi.org/10.1007/s11269-015-1163-z
https://doi.org/10.1007/s11269-015-1163-z
https://doi.org/10.3390/w14101553
https://doi.org/10.1007/s41064-022-00217-9
https://doi.org/10.1007/s41064-022-00217-9
https://doi.org/10.3390/rs3081743
https://doi.org/10.3390/rs3081743
https://doi.org/10.1080/15275922.2021.1913674
https://doi.org/10.1080/15275922.2021.1913674
https://doi.org/10.1016/j.coesh.2022.100351
https://doi.org/10.1016/j.coesh.2022.100351
https://doi.org/10.1016/j.jhydrol.2023.129904
https://doi.org/10.1016/j.jhydrol.2023.129904
https://doi.org/10.1007/s44288-024-00080-8
https://doi.org/10.32738/JEPPM-2023-0023
https://doi.org/10.32738/JEPPM-2023-0023
https://doi.org/10.3390/agriculture14050773
https://doi.org/10.3390/agriculture14050773
https://doi.org/10.1029/2004WR003515
https://doi.org/10.1029/2007GL031608
https://doi.org/10.1029/2007GL031608
https://doi.org/10.5194/hess-22-373-2018
https://doi.org/10.3390/hydrology11080110
https://doi.org/10.1007/978-94-007-2240-8_9


	 Environmental Earth Sciences          (2024) 83:621   621   Page 22 of 24

Elzain HE, Chung SY, Senapathi V, Sekar S, Lee SY, Roy PD, Has-
san A, Sabarathinam C (2022) Comparative study of machine 
learning models for evaluating groundwater vulnerability to 
nitrate contamination. Ecotoxicol Environ Saf 229:113061. 
https://​doi.​org/​10.​1016/j.​ecoenv.​2021.​113061

Elzain HE, Chung SY, Venkatramanan S, Selvam S, Ahemd HA, 
Seo YK, Bhuyan MS, Yassin MA (2023) Novel machine learn-
ing algorithms to predict the groundwater vulnerability index 
to nitrate pollution at two levels of modeling. Chemosphere 
314:137671. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2022.​
137671

Faltynkova A, Wagner M (2023) Developing and testing a workflow 
to identify microplastics using near infrared hyperspectral imag-
ing. Chemosphere 336:139186. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2023.​139186

Fannakh A, Farsang A (2022) DRASTIC, GOD, and SI approaches 
for assessing groundwater vulnerability to pollution: a 
review. Environ Sci Eur 34(1):77. https://​doi.​org/​10.​1186/​
s12302-​022-​00646-8

Faryabi M (2019) Assessing the groundwater vulnerability to pollution 
using DRASTIC and SINTACS models, case study: Evan Plain, 
south west of Iran. Environ Resour Res 7(2):105–116

Foster S, Chilton J, Nijsten G-J, Richts A (2013) Groundwater—a 
global focus on the ‘local resource.’ Curr Opin Environ Sustain 
5(6):685–695. https://​doi.​org/​10.​1016/j.​cosust.​2013.​10.​010

Gao T, Wang X, Wei D, Wang T, Liu S, Zhang Y (2021) Transbound-
ary water scarcity under climate change. J Hydrol 598:126453. 
https://​doi.​org/​10.​1016/j.​jhydr​ol.​2021.​126453

Garg KK, Anantha KH, Nune R, Akuraju VR, Singh P, Gumma MK, 
Dixit S, Ragab R (2020) Impact of land use changes and man-
agement practices on groundwater resources in Kolar district, 
Southern India. J Hydrol Reg Stud 31:100732. https://​doi.​org/​
10.​1016/j.​ejrh.​2020.​100732

Geng C, Lu D, Qian J, Xu C, Li D, Ou J, Ye Z (2023) A review on 
process-based groundwater vulnerability assessment methods. 
Processes. https://​doi.​org/​10.​3390/​pr110​61610

Gogu RC, Dassargues A (2000) Current trends and future challenges 
in groundwater vulnerability assessment using overlay and index 
methods. Environ Geol 39(6):549–559. https://​doi.​org/​10.​1007/​
s0025​40050​466

Gogu R, Carabin G, Hallet V, Peters V, Dassargues A (2001) GIS-based 
hydrogeological databases and groundwater modelling. Hydro-
geol J 9(6):555–569. https://​doi.​org/​10.​1007/​s10040-​001-​0167-3

Gong H, Hu J, Rui X, Wang Y, Zhu N (2024) Drivers of change behind 
the spatial distribution and fate of typical trace organic pollutants 
in fresh waste leachate across China. Water Res 263:122170. 
https://​doi.​org/​10.​1016/j.​watres.​2024.​122170

Goyal D, Haritash AK, Singh SK (2021) A comprehensive review of 
groundwater vulnerability assessment using index-based, mod-
elling, and coupling methods. J Environ Manage 296:113161. 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2021.​113161

Hadžić E, Lazović N, Mulaomerović-Šeta A (2015) The Importance 
of Groundwater Vulnerability Maps in the Protection of Ground-
water Sources. Key Study: Sarajevsko Polje. Procedia Environ 
Sci 25:104–111. https://​doi.​org/​10.​1016/j.​proenv.​2015.​04.​015

Hamed MH, Dara RN, Kirlas MC (2024) Groundwater vulnerabil-
ity assessment using a GIS-based DRASTIC method in Erbil 
Dumpsite area (Kani Qirzhala), Central Erbil Basin, North Iraq. 
J Groundwater Sci Eng 12(1):16–33. https://​doi.​org/​10.​26599/​
JGSE.​2024.​92800​03

Hinkle MAG, Ziegler B, Culbertson H, Goldmann C, Croy ME, Willis 
N, Ling E, Reinhart B, Lyon EC (2024) Manganese exposure 
from spring and well waters in the Shenandoah Valley: inter-
play of aquifer lithology, soil composition, and redox conditions. 
Environ Geochem Health 46(6):203. https://​doi.​org/​10.​1007/​
s10653-​024-​01987-4

Hu C, Dong B, Shao H, Zhang J, Wang Y (2023) Toward purifying 
defect feature for multilabel sewer defect classification. IEEE 
Trans Instrum Meas 72:1–11. https://​doi.​org/​10.​1109/​TIM.​2023.​
32503​06

Hu C, Zhao C, Shao H, Deng J, Wang Y (2024a) TMFF: trustworthy 
multi-focus fusion framework for multi-label sewer defect clas-
sification in sewer inspection videos. IEEE Trans Circ Syst Video 
Technol. https://​doi.​org/​10.​1109/​TCSVT.​2024.​34334​15

Hu J, Yang P, Li Q, Wang M, Feng J, Gao Z, Liu J (2024b) Evalua-
tion of groundwater vulnerability of yishu river basin based on 
DRASTIC-GIS model. Water. https://​doi.​org/​10.​3390/​w1603​
0429

Jadoon WA, Zaheer M, Tariq A, Sajjad RU, Varol M (2024) Assess-
ment of hydrochemical characteristics, health risks and quality of 
groundwater for drinking and irrigation purposes in a mountain-
ous region of Pakistan. Environ Sci Pollut Res Int 31(31):43967–
43986. https://​doi.​org/​10.​1007/​s11356-​024-​34046-7

Jain H (2023) Groundwater vulnerability and risk mitigation: a compre-
hensive review of the techniques and applications. Groundw Sus-
tain Dev 22:100968. https://​doi.​org/​10.​1016/j.​gsd.​2023.​100968

Kc S, Shrestha S, Nguyen TPL, Das Gupta A, Mohanasundaram S 
(2022) Groundwater governance: a review of the assessment 
methodologies. Environ Rev 30(2):202–216. https://​doi.​org/​10.​
1139/​er-​2021-​0066

Khan Q, Liaqat MU, Mohamed MM (2022) A comparative assessment 
of modeling groundwater vulnerability using DRASTIC method 
from GIS and a novel classification method using machine learn-
ing classifiers. Geocarto Int 37(20):5832–5850. https://​doi.​org/​
10.​1080/​10106​049.​2021.​19238​33

Khawaja AuH, Jahanzaib M, Munawar M (2021) Optimizing the per-
formance of high-speed machining on 15CDV6 HSLA steel 
in terms of green manufacturing using response surface meth-
odology and artificial neural network. Int J Precis Eng Manuf 
22(6):1125–1145. https://​doi.​org/​10.​1007/​s12541-​021-​00520-2

Khosravi K, Sartaj M, Tsai FTC, Singh VP, Kazakis N, Melesse AM, 
Prakash I, Tien Bui D, Pham BT (2018) A comparison study of 
DRASTIC methods with various objective methods for ground-
water vulnerability assessment. Sci Total Environ 642:1032–
1049. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​06.​130

Kirlas MC, Karpouzos DK, Georgiou PE, Theodossiou N (2023) A 
GIS-based comparative groundwater vulnerability assessment 
using modified-DRASTIC, modified-SINTACS and NV Index 
in a Porous Aquifer, Greece. Environments. https://​doi.​org/​10.​
3390/​envir​onmen​ts100​60095

Kumar A, Krishna A (2018) Groundwater vulnerability and contamina-
tion risk assessment using GIS-based modified DRASTIC-LU 
model in hard rock aquifer system in India. Geocarto Int 35:1–66. 
https://​doi.​org/​10.​1080/​10106​049.​2018.​15572​59

Lavoie R, Joerin F, Vansnick J-C, Rodriguez MJ (2015) Integrating 
groundwater into land planning: a risk assessment methodology. 
J Environ Manage 154:358–371. https://​doi.​org/​10.​1016/j.​jenvm​
an.​2015.​02.​020

Leketa K, Abiye T (2021) Using environmental tracers to character-
ize groundwater flow mechanisms in the fractured crystalline 
and karst aquifers in upper crocodile River Basin, Johannesburg, 
South Africa. Hydrology. https://​doi.​org/​10.​3390/​hydro​logy8​
010050

Li R, Merchant JW, Chen X-H (2014) A geospatial approach for assess-
ing groundwater vulnerability to nitrate contamination in agri-
cultural settings. Water Air Soil Pollut 225(12):2214. https://​doi.​
org/​10.​1007/​s11270-​014-​2214-4

Li S, Dragicevic S, Anton F, Sester M, Winter S, Coltekin A, Pettit 
C, Jiang B, Haworth J, Stein A, Cheng T (2015) Geospatial big 
data handling theory and methods: a review and research chal-
lenges. ISPRS J Photogr Remote Sens. https://​doi.​org/​10.​1016/j.​
isprs​jprs.​2015.​10.​012

https://doi.org/10.1016/j.ecoenv.2021.113061
https://doi.org/10.1016/j.chemosphere.2022.137671
https://doi.org/10.1016/j.chemosphere.2022.137671
https://doi.org/10.1016/j.chemosphere.2023.139186
https://doi.org/10.1016/j.chemosphere.2023.139186
https://doi.org/10.1186/s12302-022-00646-8
https://doi.org/10.1186/s12302-022-00646-8
https://doi.org/10.1016/j.cosust.2013.10.010
https://doi.org/10.1016/j.jhydrol.2021.126453
https://doi.org/10.1016/j.ejrh.2020.100732
https://doi.org/10.1016/j.ejrh.2020.100732
https://doi.org/10.3390/pr11061610
https://doi.org/10.1007/s002540050466
https://doi.org/10.1007/s002540050466
https://doi.org/10.1007/s10040-001-0167-3
https://doi.org/10.1016/j.watres.2024.122170
https://doi.org/10.1016/j.jenvman.2021.113161
https://doi.org/10.1016/j.proenv.2015.04.015
https://doi.org/10.26599/JGSE.2024.9280003
https://doi.org/10.26599/JGSE.2024.9280003
https://doi.org/10.1007/s10653-024-01987-4
https://doi.org/10.1007/s10653-024-01987-4
https://doi.org/10.1109/TIM.2023.3250306
https://doi.org/10.1109/TIM.2023.3250306
https://doi.org/10.1109/TCSVT.2024.3433415
https://doi.org/10.3390/w16030429
https://doi.org/10.3390/w16030429
https://doi.org/10.1007/s11356-024-34046-7
https://doi.org/10.1016/j.gsd.2023.100968
https://doi.org/10.1139/er-2021-0066
https://doi.org/10.1139/er-2021-0066
https://doi.org/10.1080/10106049.2021.1923833
https://doi.org/10.1080/10106049.2021.1923833
https://doi.org/10.1007/s12541-021-00520-2
https://doi.org/10.1016/j.scitotenv.2018.06.130
https://doi.org/10.3390/environments10060095
https://doi.org/10.3390/environments10060095
https://doi.org/10.1080/10106049.2018.1557259
https://doi.org/10.1016/j.jenvman.2015.02.020
https://doi.org/10.1016/j.jenvman.2015.02.020
https://doi.org/10.3390/hydrology8010050
https://doi.org/10.3390/hydrology8010050
https://doi.org/10.1007/s11270-014-2214-4
https://doi.org/10.1007/s11270-014-2214-4
https://doi.org/10.1016/j.isprsjprs.2015.10.012
https://doi.org/10.1016/j.isprsjprs.2015.10.012


Environmental Earth Sciences          (2024) 83:621 	 Page 23 of 24    621 

Li J, Pang Z, Liu Y, Hu S, Jiang W, Tian L, Yang G, Jiang Y, Jiao X, 
Tian J (2023) Changes in groundwater dynamics and geochem-
ical evolution induced by drainage reorganization: Evidence 
from 81Kr and 36Cl dating of geothermal water in the Weihe 
Basin of China. Earth Planet Sci Lett 623:118425. https://​doi.​
org/​10.​1016/j.​epsl.​2023.​118425

Li Z, He M-Y, Li B, Wen X, Zhou J, Cheng Y, Zhang N, Deng 
L (2024) Multi-isotopic composition (Li and B isotopes) and 
hydrochemistry characterization of the Lakko Co Li-rich salt 
lake in Tibet, China: origin and hydrological processes. J 
Hydrol 630:130714. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2024.​
130714

Lu Y, Nie C, Zhou D, Shi L (2023) Research on programmatic multi-
attribute decision-making problem: an example of bridge pile 
foundation project in karst area. PLoS ONE 18(12):e0295296. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02952​96

Lyra A, Loukas AG, Sidiropoulos PJWS (2021) Impacts of irrigation 
and nitrate fertilization scenarios on groundwater resources quan-
tity and quality of the Almyros Basin, Greece. Water Supply 
21(6):2748–2759

Machdar I, Zulfikar T, Rinaldi W, Alfiansyah Y (2018) Assessment 
of groundwater vulnerability using DRASTIC Model and GIS: 
a case study of two sub-districts in Banda Aceh city, Indonesia. 
IOP Conf Ser Mater Sci Eng 334(1):012032. https://​doi.​org/​10.​
1088/​1757-​899X/​334/1/​012032

Machiwal D, Jha MK, Singh VP, Mohan C (2018) Assessment and 
mapping of groundwater vulnerability to pollution: current status 
and challenges. Earth Sci Rev 185:901–927. https://​doi.​org/​10.​
1016/j.​earsc​irev.​2018.​08.​009

Meng L, Zhang Q, Liu P, He H, Xu WJS (2020) Influence of agri-
cultural irrigation activity on the potential risk of groundwater 
pollution: a study with drastic method in a semi-arid agricultural 
Region of China. Sustainability 12:1954. https://​doi.​org/​10.​3390/​
su120​51954

Moraru C, Hannigan R (2018) Overview of groundwater vulner-
ability assessment methods. In: Moraru C, Hannigan R (eds) 
Analysis of hydrogeochemical vulnerability. Springer Inter-
national Publishing, Cham, pp 1–16. https://​doi.​org/​10.​1007/​
978-3-​319-​70960-4_1

Msaddek MH, Moumni Y, Fraj Ayari A, El May M, Chenini I (2022) 
Artificial intelligence modelling framework for mapping ground-
water vulnerability of fractured aquifer. Geocarto Int 37:1–31. 
https://​doi.​org/​10.​1080/​10106​049.​2022.​20377​29

Noori R, Ghahremanzadeh H, Kløve B, Adamowski JF, Baghvand A 
(2019) Modified-DRASTIC, modified-SINTACS and SI methods 
for groundwater vulnerability assessment in the southern Tehran 
aquifer. J Environ Sci Health Part A 54(1):89–100. https://​doi.​
org/​10.​1080/​10934​529.​2018.​15377​28

Nourani V, Maleki S, Najafi H, Baghanam AH (2024) A fuzzy logic-
based approach for groundwater vulnerability assessment. Envi-
ron Sci Pollut Res 31(12):18010–18029. https://​doi.​org/​10.​1007/​
s11356-​023-​26236-6

Ntona MM, Busico G, Mastrocicco M, Kazakis N (2022) Modeling 
groundwater and surface water interaction: an overview of cur-
rent status and future challenges. Sci Total Environ 846:157355. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​157355

Nwachukwu IN, Dike BU, Nwoke HU, Nwakwasi LN (2023) Explora-
tion of ground water potential of federal university of technology, 
owerri and its environs using resistivity survey. Saudi J Civil Eng 
7(9):227–240

Opara A (2012) Geophysical Sounding for the Determination of Aqui-
fer Hydraulic Characteristics from Dar- Zurrock Parameters: 
Case Study of Ngor Okpala, Imo River Basin, Southeastern 
Nigeria. Pacific J Sci Technol 13(1):590–603

Ourarhi S, Barkaoui A-E, Zarhloule Y (2022) Assessment of the agri-
cultural intensification impact on groundwater quality: a case 

study of the Triffa plain. Water Air Soil Pollut 233(8):342. 
https://​doi.​org/​10.​1007/​s11270-​022-​05810-7

Ourarhi S, Alae-eddine B, Yassine Z (2023) Mapping groundwater’s 
susceptibility to pollution in the Triffa Plain (Eastern Morocco) 
using a modified method based on the DRASTIC, RIVA, and 
AHP models. Environ Dev Sustain. https://​doi.​org/​10.​1007/​
s10668-​023-​03262-5

Ourarhi S, Barkaoui A-E, Zarhloule Y (2024a) Enhanced methods 
for evaluating aquifer susceptibility: incorporating static and 
dynamic vulnerability assessments. Water Resour Manage 
38(8):2791–2810. https://​doi.​org/​10.​1007/​s11269-​024-​03792-1

Ourarhi S, Barkaoui A-E, Zarhloule Y, Kadiri M, Bouiss H (2024b) 
Groundwater vulnerability assessment in the Triffa Plain based 
on GIS combined with DRASTIC, SINTACS, and GOD mod-
els. Model Earth Syst Environ 10(1):619–629. https://​doi.​org/​10.​
1007/​s40808-​023-​01801-7

Raisa SS, Sarkar SK, Sadiq MA (2024) Advancing groundwater vul-
nerability assessment in Bangladesh: a comprehensive machine 
learning approach. Groundw Sustain Dev 25:101128. https://​doi.​
org/​10.​1016/j.​gsd.​2024.​101128

Sadeghi-Jahani H, Ketabchi H, Shafizadeh-Moghadam H (2024) Spa-
tiotemporal assessment of sustainable groundwater manage-
ment using process-based and remote sensing indices: a novel 
approach. Sci Total Environ 918:170828. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2024.​170828

Sánchez-Gómez A, Schürz C, Molina-Navarro E, Bieger K (2024) 
Groundwater modelling in SWAT+: considerations for a realistic 
baseflow simulation. Groundw Sustain Dev 26:101275. https://​
doi.​org/​10.​1016/j.​gsd.​2024.​101275

Sangawi A, Al-Manmi DA, Aziz BQ (2023) Integrated GIS, Remote 
Sensing, and Electrical Resistivity Tomography Methods for 
the Delineation of Groundwater Potential Zones in Sangaw 
Sub-Basin, Sulaymaniyah, KRG-Iraq. Water. https://​doi.​org/​10.​
3390/​w1506​1055

Saqr AM, Ibrahim MG, Fujii M, Nasr M (2021) Sustainable develop-
ment goals (SDGs) associated with groundwater over-exploita-
tion vulnerability: geographic information system-based multi-
criteria decision analysis. Nat Resour Res 30(6):4255–4276. 
https://​doi.​org/​10.​1007/​s11053-​021-​09945-y

Seeboonruang U (2015) Impact assessment of climate change on 
groundwater and vulnerability to drought of areas in Eastern 
Thailand. Environ Earth Sci 75(1):42. https://​doi.​org/​10.​1007/​
s12665-​015-​4896-3

Song C-H, Kwon K-B, Park J-Y, Oh J-Y, Lee S, Shin D-Y, Cho J-W 
(2014) Optimum design of the internal flushing channel of a 
drill bit using RSM and CFD simulation. Int J Precis Eng Manuf 
15(6):1041–1050. https://​doi.​org/​10.​1007/​s12541-​014-​0434-6

Song C-H, Cho M-G, Park J-Y, Lee J-W, Cho J-W, Jang H-S, Lee S-E, 
Chung J (2015) Computational fluid dynamics simulation of coal 
ash filling in underground mine cavity. Int J Precis Eng Manuf 
16(7):1543–1549. https://​doi.​org/​10.​1007/​s12541-​015-​0204-0

Steiakakis E, Vavadakis D, Mourkakou O (2023) Groundwater Vul-
nerability and Delineation of Protection Zones in the Discharge 
Area of a Karstic Aquifer—Application in Agyia’s Karst System 
(Crete, Greece). Water. https://​doi.​org/​10.​3390/​w1502​0231

Stuart M, Wang L, Ascott M, Ward R, Lewis M, Hart A (2017) Model-
ling the groundwater nitrate legacy. British Geological Survey

Sultan Z, Osi AT, Ali DKJIGJ (2022) Assessment of unconfined aquifer 
hydraulic characteristics using self-potential method: case study 
in laylan sub-basin, Kirkuk, Iraq. Iraqi Geol J 55(2F):186–196. 
https://​doi.​org/​10.​46717/​igj.​55.​2F.​13ms-​2022-​12-​28

Sun S, Zhou T, Wu P, Wang Y, Zhao X, Yin Y (2019) Impacts of future 
climate and agricultural land-use changes on regional agricul-
tural water use in a large irrigation district of northwest China. 
Land Degrad Dev 30(10):1158–1171. https://​doi.​org/​10.​1002/​
ldr.​3287

https://doi.org/10.1016/j.epsl.2023.118425
https://doi.org/10.1016/j.epsl.2023.118425
https://doi.org/10.1016/j.jhydrol.2024.130714
https://doi.org/10.1016/j.jhydrol.2024.130714
https://doi.org/10.1371/journal.pone.0295296
https://doi.org/10.1088/1757-899X/334/1/012032
https://doi.org/10.1088/1757-899X/334/1/012032
https://doi.org/10.1016/j.earscirev.2018.08.009
https://doi.org/10.1016/j.earscirev.2018.08.009
https://doi.org/10.3390/su12051954
https://doi.org/10.3390/su12051954
https://doi.org/10.1007/978-3-319-70960-4_1
https://doi.org/10.1007/978-3-319-70960-4_1
https://doi.org/10.1080/10106049.2022.2037729
https://doi.org/10.1080/10934529.2018.1537728
https://doi.org/10.1080/10934529.2018.1537728
https://doi.org/10.1007/s11356-023-26236-6
https://doi.org/10.1007/s11356-023-26236-6
https://doi.org/10.1016/j.scitotenv.2022.157355
https://doi.org/10.1007/s11270-022-05810-7
https://doi.org/10.1007/s10668-023-03262-5
https://doi.org/10.1007/s10668-023-03262-5
https://doi.org/10.1007/s11269-024-03792-1
https://doi.org/10.1007/s40808-023-01801-7
https://doi.org/10.1007/s40808-023-01801-7
https://doi.org/10.1016/j.gsd.2024.101128
https://doi.org/10.1016/j.gsd.2024.101128
https://doi.org/10.1016/j.scitotenv.2024.170828
https://doi.org/10.1016/j.scitotenv.2024.170828
https://doi.org/10.1016/j.gsd.2024.101275
https://doi.org/10.1016/j.gsd.2024.101275
https://doi.org/10.3390/w15061055
https://doi.org/10.3390/w15061055
https://doi.org/10.1007/s11053-021-09945-y
https://doi.org/10.1007/s12665-015-4896-3
https://doi.org/10.1007/s12665-015-4896-3
https://doi.org/10.1007/s12541-014-0434-6
https://doi.org/10.1007/s12541-015-0204-0
https://doi.org/10.3390/w15020231
https://doi.org/10.46717/igj.55.2F.13ms-2022-12-28
https://doi.org/10.1002/ldr.3287
https://doi.org/10.1002/ldr.3287


	 Environmental Earth Sciences          (2024) 83:621   621   Page 24 of 24

Taghavi N, Niven RK, Paull DJ, Kramer M (2022) Groundwater vul-
nerability assessment: a review including new statistical and 
hybrid methods. Sci Total Environ 822:153486. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2022.​153486

Tahlawi MR, Kassem M, Boghdady G, Saleem H (2016) Assessment 
of groundwater vulnerability–a case study. Int J Adv Remote 
Sens GIS 5:1561–1579. https://​doi.​org/​10.​23953/​cloud.​ijarsg.​79

Varady RG, Zuniga-Teran AA, Gerlak AK, Megdal SB (2016) Modes 
and approaches of groundwater governance: a survey of lessons 
learned from selected cases across the globe. Water. https://​doi.​
org/​10.​3390/​w8100​417

Vasileva T, Valtchev S, Toteva A (2023) Regional characterization of 
the vulnerability of the unconfined groundwaters in Bulgaria. 
Geol Balcanica 52(3):15–20

Villada-Canela M, Muñoz-Pizza DM, García-Searcy V, Camacho-
López R, Daesslé LW, Mendoza-Espinosa L (2021) Public par-
ticipation for integrated groundwater management: the case of 
Maneadero Valley, Baja California, Mexico. Water. https://​doi.​
org/​10.​3390/​w1317​2326

Voudouris K, Kazakis N (2021) Groundwater quality and groundwater 
vulnerability assessment. Environments. https://​doi.​org/​10.​3390/​
envir​onmen​ts810​0100

Vu T-D, Ni C-F, Li W-C, Truong M-H, Hsu SM (2021) Predictions 
of groundwater vulnerability and sustainability by an integrated 
index-overlay method and physical-based numerical model. 
J Hydrol 596:126082. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2021.​
126082

Wang Z, Xiong H, Ma C, Zhang F, Li X (2023) Assessment of 
groundwater vulnerability by applying the improved DRAS-
TIC model: a case in Guyuan City, Ningxia, China. Environ 
Sci Pollut Res 30(20):59062–59075. https://​doi.​org/​10.​1007/​
s11356-​023-​26763-2

Yi X, Wang Z, Zhao P, Song W, Wang X (2024) New insights on 
destruction mechanisms of waste activated sludge during 

simultaneous thickening and digestion process via forward osmo-
sis membrane. Water Res 254:121378. https://​doi.​org/​10.​1016/j.​
watres.​2024.​121378

Zhang K, Li Y, Yu Z, Yang T, Xu J, Chao L, Ni J, Wang L, Gao Y, 
Hu Y, Lin Z (2022a) Xin’anjiang nested experimental watershed 
(XAJ-NEW) for understanding multiscale water cycle: scientific 
objectives and experimental design. Engineering 18:207–217. 
https://​doi.​org/​10.​1016/j.​eng.​2021.​08.​026

Zhang Y, Qin H, An G, Huang T (2022b) Vulnerability assessment 
of farmland groundwater pollution around traditional industrial 
parks based on the improved DRASTIC model-a case study in 
Shifang City, Sichuan Province, China. Int J Environ Res Public 
Health. https://​doi.​org/​10.​3390/​ijerp​h1913​7600

Zhang Q, Shan Q, Chen F, Liu J, Yuan Y (2023) Groundwater vul-
nerability assessment and protection strategy in the coastal area 
of China: a GIS-based DRASTIC model approach. Appl Sci. 
https://​doi.​org/​10.​3390/​app13​19107​81

Zhao Y, Zhang M, Liu Z, Ma J, Yang F, Guo H, Fu Q (2024) How 
human activities affect groundwater storage. Research. https://​
doi.​org/​10.​34133/​resea​rch.​0369

Zhu Y, Dai H, Yuan S (2023) The competition between heterotrophic 
denitrification and DNRA pathways in hyporheic zone and its 
impact on the fate of nitrate. J Hydrol 626:130175. https://​doi.​
org/​10.​1016/j.​jhydr​ol.​2023.​130175

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

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.scitotenv.2022.153486
https://doi.org/10.1016/j.scitotenv.2022.153486
https://doi.org/10.23953/cloud.ijarsg.79
https://doi.org/10.3390/w8100417
https://doi.org/10.3390/w8100417
https://doi.org/10.3390/w13172326
https://doi.org/10.3390/w13172326
https://doi.org/10.3390/environments8100100
https://doi.org/10.3390/environments8100100
https://doi.org/10.1016/j.jhydrol.2021.126082
https://doi.org/10.1016/j.jhydrol.2021.126082
https://doi.org/10.1007/s11356-023-26763-2
https://doi.org/10.1007/s11356-023-26763-2
https://doi.org/10.1016/j.watres.2024.121378
https://doi.org/10.1016/j.watres.2024.121378
https://doi.org/10.1016/j.eng.2021.08.026
https://doi.org/10.3390/ijerph19137600
https://doi.org/10.3390/app131910781
https://doi.org/10.34133/research.0369
https://doi.org/10.34133/research.0369
https://doi.org/10.1016/j.jhydrol.2023.130175
https://doi.org/10.1016/j.jhydrol.2023.130175

	Spatial analysis techniques for assessing groundwater vulnerability: a strategic approach to proactive conservation and mitigation strategies
	Abstract
	Introduction
	Geospatial data collection and preprocessing
	Sources of geospatial data
	Methods for data preprocessing and integration

	Geospatial assessment of groundwater vulnerability
	Overview of the geospatial assessment framework
	Description of the steps involved in the strategic approaches
	Characteristics of aquifers in groundwater resources

	Algorithms, mathematical models, and artificial intelligence in geospatial assessment of GV
	Algorithms in geospatial assessment
	Mathematical models for GV
	Artificial intelligence applications

	Case studies of real-world examples of geospatial assessment of GV and mitigation strategies
	Mitigation strategies for groundwater vulnerability
	Source protection
	Water conservation
	Contaminant removal
	Erosion control
	Habitat restoration
	Green infrastructure
	Climate adaptation

	Conclusion
	References


