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Hydrogeology is a crucial branch of Earth science dedicated to deciphering the com-
plex interactions between groundwater and the lithosphere, hydrosphere, atmosphere, and
biosphere [1]. This discipline has taken on paramount importance as human demand for
water resources has escalated in response to burgeoning population growth and rapid
industrialization [2]. The distribution and utilization of these resources are profoundly
shaped by both natural conditions and human activities, underscoring the need for com-
prehensive hydrogeological research [3].

The evolution of hydrogeology has been intrinsically tied to human needs. Initially,
it emerged to meet demands for drinking water and irrigation in agriculture. As society
progressed, hydrogeology evolved to support industrial development, where groundwater
became a critical element for production. Today, the scope of hydrogeology has broadened
to encompass diverse sub-disciplines such as eco-hydrogeology, which explores the inter-
play between ecology and hydrogeology; medical hydrogeology, which investigates the
health impacts of hydrogeological processes; and hazard hydrogeology, which focuses on
applying hydrogeological techniques to prevent geological hazards [4-6].

Hydrogeology serves as a vital bridge between nature and human society. It not only
illuminates the formation, evolution, and distribution patterns of groundwater systems,
but also provides a scientific foundation for the judicious development, utilization, and
management of groundwater resources [7]. By probing the interactions between groundwa-
ter, surface water, and atmospheric precipitation, hydrogeology enables the prediction and
assessment of changing groundwater resource trends [8,9]. This knowledge equips us to
tackle pressing environmental issues, such as water scarcity and pollution. Moreover, the
findings obtained from hydrogeological research are indispensable for informed decision
making across a multitude of domains, including urban planning, engineering construction,
and agricultural production [10]. In this way, it not only concerns the safeguarding and
sustainable development of the natural environment, but also directly impacts the economic
prosperity and security of human society.

1. Important Research Topics in Modern Hydrogeology

Modern hydrogeology is a multifaceted discipline that explores the relationships
between groundwater and various natural elements, such as geology, soil, ecosystems,
and climate [11,12]. It also investigates the interplay between groundwater and human
activities, including aspects such as human health, groundwater pollution remediation,
and groundwater resource management [13,14]. This article provides a comprehensive
overview of eight significant research directions within modern hydrogeology, serving as a
valuable resource for readers.
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Groundwater Formation and Evolution

Research into the formation and evolution of groundwater forms the cornerstone of
hydrogeological studies. It encompasses the fundamental processes of groundwater
creation, distribution, flow, and cycling [15]. This field’s research focuses include the
hydrogeological conditions affecting groundwater, its dynamic changes, the physical
and chemical processes driving groundwater flow, and the interactions between
groundwater and other elements like surface water, atmosphere, biota, and rocks.
Groundwater Pollution and Remediation

Groundwater pollution is a pressing global issue that directly influences human health
and ecosystem stability [16,17]. Research in this area includes identifying pollution
sources, understanding the migration and transformation processes of pollutants
in groundwater, assessing the risks associated with groundwater pollution, and
developing effective remediation techniques and strategies.

Groundwater and Human Health

As a primary source of drinking water for humans, groundwater directly impacts
human health based on its quality [18,19]. Research in this domain includes studying
the effects of harmful substances in groundwater (such as heavy metals and organic
pollutants) on human health, assessing the health risks associated with groundwater
pollution, and devising strategies to prevent and control waterborne diseases through
groundwater quality improvement.

Groundwater and Soil Environment

The interplay between groundwater and the soil environment represents an inter-
disciplinary field bridging soil science and hydrogeology. Groundwater fluctuations
typically affect the physical and chemical properties of soil, influencing processes
like soil salinization, desertification, and soil erosion [20,21]. This field focuses on the
mechanisms of groundwater changes impacting the soil environment, the coupling
process of groundwater and the soil environment, and improving soil conditions
through effective groundwater management.

Groundwater and Environmental Geological Disasters

The relationship between groundwater and environmental geological disasters is a
significant area of geological environmental research. Changes in groundwater can
impact the stability of the geological environment, triggering disasters such as loess
landslides, ground subsidence, and ground collapse [6,22]. This field researches the
mechanisms of groundwater changes impacting geological environmental stability, the
coupling process of groundwater and geological disasters, and strategies to prevent
and mitigate geological disasters through groundwater management.

Management of Groundwater Resources and Groundwater Environments

The scientific and effective utilization and protection of groundwater resources is the
main focus in groundwater environmental management [23,24]. Research in this field
includes assessing and predicting groundwater resources, understanding the effects
of groundwater extraction and utilization, determining groundwater protection zones,
and developing policies and regulations concerning groundwater resources.
Groundwater and Ecosystems

The interaction between groundwater and ecosystems is a crucial research direction
within modern hydrogeology. It involves the interplay between groundwater and
various ecosystems, such as wetlands, forests, and grasslands [25,26]. This field
focuses on studying the impact of groundwater on ecosystems, determining the water
demand of ecosystems for groundwater, and understanding the coupling process of
groundwater and ecosystems.

Groundwater and Climate Change

The relationship between groundwater and climate change is an emerging topic in
modern hydrogeology. It focuses on understanding the impact of climate change on
groundwater and the feedback mechanisms of groundwater to climate change [27,28].
One of the most significant challenges that is currently faced by hydrogeology is ad-
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dressing the impact of global climate change on water resources. With global warming,
extreme climate events such as heavy rain and drought have become more frequent,
posing severe threats to the safety and sustainable use of water resources [29,30].
These climate changes not only disrupt the patterns of the hydrological cycle, lead-
ing to uneven spatial and temporal distributions of water resources, but they also
exacerbate issues like water shortage, water pollution, and water disasters.

Hydrogeology must delve deeper into the mechanisms of climate change’s impact on
groundwater systems, predict and assess the changing trends of groundwater resources,
and propose adaptive management strategies. Simultaneously, it must consider the impact
of human activities on the hydrogeological environment and reinforce water resource pro-
tection and environmental remediation efforts. In this process, hydrogeology needs to foster
interdisciplinary collaboration to effectively address these intricate and pressing challenges.

2. Actions to Meet Challenges

With the growing global population and the acceleration of urbanization, the demand
for water resources is continually increasing. Determining how to realize the sustainable
use of groundwater resources while meeting the development needs of human society is a
significant challenge in modern hydrogeology. Therefore, modern hydrogeology needs to
continuously promote innovative research methods and technical means, improve research
levels and practical abilities, and provide robust scientific support to face these challenges.
Multiple perspectives are needed to achieve the sustainable use of groundwater resources.

Firstly, in-depth research into groundwater systems is required to understand the
distribution, reserves, quality, and dynamic changes of groundwater resources. This
understanding will form the basis for developing rational groundwater resource utilization
strategies. Attention must also be paid to the impacts of climate change and human
activities on groundwater systems to promptly respond to the potential issues caused by
these factors [31].

Secondly, modern hydrogeology should promote technological innovation and ap-
plication, such as developing efficient groundwater extraction and utilization technolo-
gies, optimizing groundwater resource allocation, and reducing waste. Simultaneously,
by promoting advanced groundwater monitoring and prediction technologies, real-time
changes in groundwater resources can be grasped, providing a scientific basis for decision
making [32].

Furthermore, interdisciplinary cooperation and exchange is the key to realizing the
sustainable use of groundwater resources [33]. Hydrogeological researchers need to work
closely with scientists in other disciplines, such as environmental science, ecology, and
engineering, to solve difficult problems in groundwater resource utilization. By sharing
research results and experiences, the sustainable use of groundwater resources can be
promoted more effectively.

In addition, education and training are indispensable [34]. By cultivating more talents
with knowledge of hydrogeology, society’s understanding and emphasis on the sustainable
use of water resources can be improved, promoting the formulation and implementation of
relevant policies and regulations.

Finally, policy guidance and public participation are crucial guarantees for the sustain-
able use of water resources. Governments should introduce relevant policies to encourage
and support the rational use and protection of water resources [35,36], and public propa-
ganda and education should be strengthened to improve the public’s understanding of and
participation in the sustainable use of water resources.

In summary, to achieve the sustainable use of groundwater resources, efforts in multi-
ple areas are needed, including conducting in-depth research into groundwater systems,
promoting technological innovation and application, strengthening interdisciplinary coop-
eration and exchange, enhancing education and training, and promoting policy guidance
and public participation.
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3. Papers in this Issue

To report the latest achievements in modern hydrogeology, this Special Issue published
nine review papers after rigorous peer review. These review papers summarize and intro-
duce the recent developments in various groundwater-related research directions. Their
main themes include groundwater-related geohazard, groundwater resource management,
groundwater pollution and human health, and groundwater circulation. These review
papers are listed in Table 1, and their main contributions are summarized.

Table 1. Review article information published in this Special Issue.

Authors

Years, Volumes, Issues,

and Article Numbers Contributions

Article Titles

1 Dong D. and Zhang J.

N

3 Ravindiran G. et al.

4 Marghade D. et al.

Guo . et al.

Discrimination methods of mine inrush
water source
Ant-inspired metaheuristic algorithms for

2023, 15(18), 3237 Contribution 1

Bhavya R. and Elango L. combinatorial optimization problems in 2023, 15(9), 1712 Contribution 2

water resources management
A review of the status, effects, prevention,
and remediation of groundwater
contamination for
sustainable environment
Arsenic contamination in Indian
groundwater: from origin to mitigation 2023, 15(23), 4125 Contribution 4
approaches for a sustainable future
Worldwide distribution, health risk,
treatment technology, and development
tendency of geogenic
high-arsenic groundwater
A global perspective on microplastic
occurrence in sediments and water with a

2023, 15(20), 3662 Contribution 3

2024, 16(3), 478 Contribution 5

6 Prapanchan V.N. et al. special focus on sources, analytical 2023, 15(11), 1987 Contribution 6

7 Babuji P. et al.

8 Sabarathinam C. et al.

Gantayat R.R. and
Elumalai V.

techniques, health risks, and
remediation technologies
Human health risks due to exposure to
water pollution: a review
A review of the publications on carbon
isotopes in groundwater and rainwater
Salinity-induced changes in heavy metal
behavior and mobility in semi-arid coastal 2024, 16(7), 1052 Contribution 9
aquifers: a comprehensive review

2023,15(14), 2532 Contribution 7

2023, 15(19), 3392 Contribution 8

The review article by Dong and Zhang (contribution 1) provides a comprehensive
overview of various standard methods used to identify the source of mine water inrush,
including hydrochemistry examination, water level and temperature analysis, geostatistical
approaches, and machine learning methods, among others. It presents a detailed analysis
of these methods, their strengths and weaknesses, and their applicability to different
mining operations, and it highlights the increasing use of artificial intelligence in source
discrimination models. The article also suggests future research directions, emphasizing
the needs for more accurate models and to explore emerging technologies like IoT and
cloud computing, with the ultimate goal of enhancing mining safety and efficiency.

The study by Bhavya and Elango (contribution 2) critically reviews the applications
of ant colony optimization (ACO), a metaheuristic algorithm inspired by ant behavior, in
the field of hydrology and hydrogeology. The review also discusses the implementation of
hybrid and modified ACO techniques, which have been shown to be more efficient than
traditional ACO algorithms. While acknowledging the potential of ACQO, the study also
identifies current challenges, including unresolved mathematical analysis, the incorporation
of uncertainty, and issues with dimensionality, convergence, and stability. Despite these
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challenges, it argues for further research on ACO due to its potential to formulate near-
optimal solutions and improve cost efficiency.

Ravindiran et al. (contribution 3) examines the global depletion and contamination of
groundwater resources, focusing on the situation in India and China, where groundwater
utilization for agriculture is high. It discusses how various factors like aquifer charac-
teristics, topography, subsurface activities, climate, and geochemical processes influence
groundwater availability, and how anthropogenic activities, including agriculture and
industry, contribute to pollution and depletion. The study highlights the serious health
impacts of unsafe water; discusses the need for more knowledge about contaminant concen-
trations, behaviors, cycling, and degradation pathways; and suggests mitigation methods,
including limiting and optimizing the use of organic and inorganic fertilizers, disposing
pesticide waste, and disposing empty containers.

The review by Marghade et al. (contribution 4) provides a comprehensive examination
of the issue of arsenic (As) contamination in India’s groundwater. It discusses the complex
geochemical processes of arsenic mobilization, transport, and distribution in groundwater
and reviews the health risks associated with drinking arsenic-contaminated water. It also
explores mathematical models, geographical analysis, and data-driven modeling specific
to Indian groundwater and assesses various arsenic removal methodologies and factors
influencing arsenic mobility.

The work by Guo et al. (contribution 5) presents a thorough literature review and
analysis of the research progress on groundwater with high concentrations of geogenic
As. It discusses the distribution, health risks, in situ remediation, regulatory technologies,
and development trends related to high-As groundwater, primarily found in the inland
basins and river deltas of countries in South Asia, East Asia, and South America. The
review highlights the use of hydrogeological data and field measurements for modeling
high-As risk areas, which aids in assessing and measuring potential areas of high-As
groundwater. In situ rapid detection and remediation techniques are emphasized for
promptly and effectively providing safe drinking water to affected areas. Several household-
or community-scale As removal technologies are introduced.

The review by Prapanchan et al. (contribution 6) addresses the environmental threat
posed by microplastics due to increased global plastic production. It explores the distribu-
tion, toxicity, and removal of microplastics, focusing on their presence in sediment, water,
and salt and their impact on human health. It also discusses various removal techniques,
categorizing them into engineered, biopolymer, and bioengineered approaches.

The review by Babuji et al. (contribution 7) compiles data from various studies to
understand the types of contamination and the effects of water contamination on public
health. The study involves understanding the biological, chemical, and physical processes
controlling the movement of contaminants underground. It highlights the health risks
associated with anthropogenic and geogenic pollution, microplastics, pharmaceuticals,
and heavy metals. Remedial measures and mitigation strategies for water conservation,
replenishment, and sustainability are also put forward.

The review by Sabarathinam et al. (contribution 8) focuses on the use of carbon
isotopes in studying the hydrological cycle. It analyzes previous research on groundwater
and precipitation isotopes, highlighting a lack of studies on carbon storage and 5'C in
arid regions. The review calls for more comprehensive investigations and acknowledges
the role of the International Atomic Energy Agency in facilitating such research. However,
it notes that the need for advanced equipment in such studies limits their feasibility to
nations with robust scientific infrastructures.

Lastly, the review by Gantayat and Elumalai (contribution 9) examines the behaviors
of trace metals in semi-arid coastal aquifers from six different countries. It finds that envi-
ronmental factors, including evaporation, seawater intrusion, and pH levels, significantly
influence the toxicity and bioavailability of various trace metals. The study highlights the
importance of understanding these factors in managing and mitigating the risks associated
with trace metal contamination in these vulnerable aquifers.
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4. Final Remarks

The review papers presented in this Special Issue highlight the critical challenges and
advancements in modern hydrogeology. These studies show that the challenges facing our
groundwater resources are multifaceted and require a comprehensive understanding of
various factors, from the geological and chemical compositions of aquifers to the impacts
of climate change and human activities.

Moreover, the presented research demonstrates the power of international collabora-
tion in addressing these global challenges. The diverse geographical representation of the
studied aquifers, spanning six different countries, underscores the universality of these
issues and the necessity for a globally coordinated response.

As we continue to increase our understanding of hydrogeological systems and the chal-
lenges they face, the insights gained from this Special Issue will serve as valuable resources
for researchers, policymakers, and practitioners alike. They remind us of the urgency of
our task and the need for continued research and action in the field of hydrogeology.

In the face of these challenges, the field of hydrogeology is ripe with opportunities
for innovation and discovery. We hope to inspire further research and collaboration to
continue safeguarding our precious groundwater resources for future generations.
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