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Growing water scarcity, exacerbated by climate change, population growth, and
overexploitation, has driven the search for alternative sources, such as groundwater. This
challenge is even greater in coastal areas, where saline intrusion compromises resource
quality. This study evaluates the scientific literature on the applications of the ground-
based Transient Electromagnetic Method (TEM) for characterising coastal aquifers, with
emphasis on methodological configurations and effectiveness in detecting saline

Key nc)lords p o TEM TDEM intrusion. The methodology comprises: i) defining the analysis framework and obtaining
fime-domain _electr omqgnetzc, ’ ’ data; ii) record cleaning and integrated information analysis; and iii) quantitative and
groundwater, sustainable management,

thematic analysis of scientific production. A bibliometric analysis of 98 publications over
34 years and 41 countries identified global research trends, thematic clusters, and
opportunities for integration with advanced hydrogeological modelling tools. Five key
research areas were identified: 2D/3D saline intrusion modelling, freshwater-saltwater
interface dynamics, combined geophysical methods, aquifer salinisation processes, and
Mediterranean region studies. The findings highlight TEM’s utility in detecting saline
zones up to ~300 m depth and its limitations in resolving thin resistive layers. These
restrictions underline the need to optimise parameters such as the signal-to-noise ratio to
expand its applicability in groundwater characterisation and management.

geophysics, sustainable development goal

1. INTRODUCTION exacerbate saltwater intrusion in coastal aquifers, especially in
low-lying regions and small islands, where ecosystems and

Groundwater is a vital resource for humans and is one of the human livelihoods are already at risk. Critical hotspots such as

sources of freshwater that undergoes natural filtration for
subsequent use, primarily in agriculture, domestic
consumption, and industry [1]. Meeting the basic needs for
drinking water and sanitation remains an international priority
for sustainable development [2]. Owing to the importance and
preservation of this limited underground resource,
hydrogeophysics has become a fundamental approach in the
search for groundwater, detection of saline intrusion, and
identification of aquifer contamination [3, 4].

Recent projections estimate that global groundwater
depletion will contribute up to 0.82 (£0.13) mm/year to sea-
level rise by 2050, mainly due to over-extraction [5]. In
addition, the TPCC [5] highlights that sea-level rise will
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the Sundarbans mangrove forest exemplify the growing
vulnerability of these environments. While specific rates vary
by region and scenario, saltwater intrusion will intensify
globally, threatening freshwater resources in many coastal
areas [6].

Geophysical methods, such as Vertical Electrical Sounding
(VES), Electrical Resistivity Tomography (ERT), and
Transient Electromagnetic (TEM) techniques, enable the
measurement of subsurface resistivity values to gain a more
comprehensive understanding of groundwater distribution in
one or two dimensions. Additionally, studies that combine
geophysical methods are common, allowing the generation of
three-dimensional models and reducing uncertainty [7].
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The electromagnetic method (EM) has several modalities,
including ground-based [8], airborne [9], marine, and borehole
modalities [10]. It can also be classified according to the signal
type: Time-Domain Electromagnetic Method (TDEM) or
Transient Electromagnetic Method (TEM) [11], and
frequency-domain electromagnetic method (FDEM) [12].
Around 1965, FDEM became popular because of its
remarkable sensitivity in detecting low-resistivity mineral
deposits in geological settings with highly resistive source
rocks. However, penetration limitations in low resistivity
covers, such as in Australia, prompted technical improvements
that favoured the adoption of TEM [13]. Since the 1980s,
TEM, also known as TDEM, has been extensively developed
and refined in the fields of hydrogeology and geological
mapping [14, 15].

TEM is notable for its sensitivity to media with high
electrical conductivity, efficiency in data acquisition, and
capacity to explore greater depths, making it a preferred tool
for the characterisation of storage properties in aquifers [16,
17]. The method also offers greater depth penetration in saline
environments, surpassing other geophysical techniques such
as Ground Penetrating Radar (GPR) and ERT. Additionally,
TEM surveys show a precise focus and less effect on lateral
variations compared to SEV, making them ideal for defining
sub-horizontal structures [18].

Unlike terrestrial TEM, airborne TEM offers significant
advantages in areas that are difficult to access using surface
techniques, such as dams with permanent water cover or
mountainous regions with irregular terrain and dense
vegetation [19]. On the other hand, semi-airborne TEM has
greater sensitivity to signal strength, but the data can easily be
affected by noise when the receiving antenna is airborne. This
suggests that its optimal application area differs from that of
terrestrial TEM; however, studies that precisely define the
ideal range of use for semi-airborne TEM, particularly in
coastal environments, have not yet been conducted [20].

Studies have utilised the TEM technique in coastal areas to
identify saturated zones of freshwater or marine intrusion in
aquifers. For instance, research conducted in the Sibuya
Peninsula (Kuwait) [21] determined the presence and extent of
saline intrusion in arid environments. In the Zhoushan Islands
(China) [22], through 558 TDEMs, they were able to infer
low-resistivity zones associated with marine intrusion and
identify faults in the rhyolitic substrate that favour such
infiltration. Other studies stand out for the combination of
optical and geophysical methods for stability applications and
marine intrusion of cliffs in France, where Electrical
Resistivity Imaging (ERI) and TEM identified the presence of
a saturated saline aquifer [23]. Similarly, Carrion-Mero et al.
[24] combined TEM and SEV surveys to obtain and classify
potential groundwater zones for crop irrigation in the semi-
arid zone of the Entre Rios commune, Santa Elena province
(Ecuador). These studies highlight the importance,
application, and effectiveness of the TEM method in coastal
border communities.

Systematic and bibliometric reviews facilitate the
organization, synthesis, and definition of the current state of
the art in a research field, enabling an understanding of its
evolution and the identification of emerging topics [25].
Within the secondary research in TEM, the study by Yang et
al. [26] stands out, focusing on the technical analysis and
application of the TEM method for hydrogeological studies in
mining areas. This study aims to provide a technical reference
for selecting transient electromagnetic coil devices. Chang et
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al. [27] analysed the progress of 3D modelling for the TEM
method, considering integral equations, finite differences,
volumes, and finite elements, in addition to a comparative
analysis that included mesh generation, iterative schemes, and
memory usage. Finally, Schamper et al. [9] addressed the
conceptual approach of the Airborne TEM technique and its
application in detecting low-resistivity targets for searching
coastal groundwater.

The phenomenon of saline intrusion is a factor that keeps
coastal regions on alert and constantly monitored, in addition
to the rise in sea level, climate change, and overexploitation of
groundwater, which have generated impacts on agricultural
productivity, ecosystem degradation, and pose risks to human
health [28].

The total area of groundwater with high salinity at shallow
or intermediate depths is estimated to be approximately 24
million km?, representing approximately 16% of the planet's
total land area [29]. The demographic pressure in these areas
increases the demand on underground sources of freshwater,
as it is expected that, by 2100, depending on different
socioeconomic and demographic scenarios, the population in
coastal areas could increase to 2.9 billion people in areas near
the coast and 1.2 billion in low-elevation regions [30]. Faced
with this panorama, it is essential to consolidate existing
knowledge on the application of ground-based TEM
technology, its effectiveness and limitations in coastal regions
for the search, characterisation and dynamics of aquifers.
Therefore, the research questions are: What opportunities have
emerged for the integration of ground-based TEM with
hydrogeological modelling tools in saline intrusion studies?
How does this technology support integrated water resource
management in coastal regions, and what are its limitations?
This study aimed to evaluate the existing scientific literature
on the applications of the ground-based TEM method for
characterising coastal aquifers, focusing on its methodological
configurations and effectiveness in detecting saline intrusion.
Through bibliometric analysis, it identifies thematic trends,
temporal evolution, and opportunities for integration with
advanced hydrogeological modelling tools.

2. MATERIALS AND METHODS

Phase | D

Scientific database

ing data

Search strategy and Literature selection and
terms data extraction

Phase Il Record cleaning and integrated information analysis

Inclusion and exclusion Record filtering and Sereening and selection
criteria dataset cleaning of relevant documents

ining the analysis f ork and ¢

Inclusion criteria:
- Terrestrial TEM-based
approach
- English language
- Full access to the study
available

Phase Il Quantitative and Thematic Analysis of the Scientific Production

Bibliometric indicators
applied

Scientific evolution and conceptual structure of TDEM research J

Figure 1. Developed methodological scheme



This study focuses on a qualitative and quantitative
evaluation using the bibliometric method, which allows for the
analysis of the development of scientific knowledge [31],
research clusters, as well as emerging and declining topics
related to the application of ground-based TEM in coastal
aquifers [32]. The methodological diagram was organised into
three study phases (Figure 1).

2.1 Phase I: Defining the analysis framework and
obtaining data

For the development of this phase, only the Scopus database
was considered, as it is one of the repositories with the most
significant number of scientific journals compared to other
databases [33]. The strategic search integrated three groups of
words (transient electromagnetic, groundwater, and coastal),
each with its terminological variants, and the application of
Boolean operators (AND, OR) (Table 1). Additionally, owing
to the different application modalities of the TEM technique,
the research focuses on "ground-based" classification, which
provides consistent image results while being much more
economical and accessible in the field compared to airborne
TEM testing [34].

The search was not limited to a specific period; it included
all documentation published in the database up to the data
download date of 10 June 2025, where a total of 123
documents were exported in .CSV format for organization and
analysis in the tools Microsoft Excel, VOSviewer (version
1.6.20) [35], and RStudio (version 4.4.2).

Table 1. Bibliographic search design

Main Topics Keywords
“Transient electromagnetic*”, “TDEM?”,
Transient “TEM”, “Time-Domain

9 <

electromagnetic”, “electromagnetic time-
domain method*”
“aquifer*”, “groundwater”
“coastal”, “littoral”
Combination of Search Topics
((TITLE-ABS-KEY (“transient electromagnetic”) OR TITLE-
ABS-KEY (“TDEM”) OR TITLE-ABS-KEY (“TEM”) OR
TITLE-ABS-KEY (“Time-Domain electromagnetic””) OR
TITLE-ABS-KEY ("electromagnetic time-domain method*")))
AND ((TITLE-ABS-KEY ("aquifer*") OR TITLE-ABS-KEY
("groundwater"))) AND ((TITLE-ABS-KEY ("coastal") OR
TITLE-ABS-KEY ("littoral")))

electromagnetic (1)

Groundwater (2)
Coastal (3)

2.2 Phase II: Record cleaning and integrated information
analysis

Subsequently, the downloaded database was subject to
inclusion criteria such as: i) methodological approach based
on ground-based TEM, ii) language in English, and iii)
availability of full access to the study.

The choice of language is attributed to the fact that, within
the database of 123 documents (Figure 2), 97.56% are in
English, whereas Spanish and Russian account for 1.62% and
0.81%, respectively. The authors conducted the filtering
process in two stages: the first consisted of reviewing the title
and abstract of the record, and the second stage included a
review of the entire content, focusing on studies that detail the
characteristics of the TEM method in the search for
groundwater in coastal regions. This process reduced the
initial information base to 98 documents, which were key in
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the quantitative phase.

To refine the disciplinary orientation of the selected
publications, a manual classification scheme was applied
based on an analysis of the titles and abstracts of the 98
records. Three categories were defined as follows:

. Geophysics: studies focused on the methodological
aspects of the Transient Electromagnetic Method (TEM),
including data processing, inversion algorithms, resolution
analysis, and instrumentation.

. Hydrogeology: Studies oriented toward the
assessment of groundwater resources, aquifer characterisation,
seawater intrusion, and related hydrogeological processes

using TEM.
. Multidisciplinary: studies that combine geophysical
methodological ~ contributions and  hydrogeological

applications in an integrated manner.

s Records removed

= Records identified from: before screening:

s Databases (n = 123) Duplicate records

c removed (n = 2)

2

_— A4

Records screened » Eig:;s"y excluded

gl | =1 (n=20)

c

1]

8 v

(2] Reports assessed for Reports excluded:
eligibility Language: other
(n=101) than English (n = 3)

b Not open access
! (n=3)

o

2 Studies included in

% review

= (n=98)

Figure 2. PRISMA flow diagram applied in the study

2.3 Phase III: Quantitative and thematic analysis of the
scientific production

This phase involved a bibliometric analysis using the
Biblioshiny tool within RStudio software to provide an
overview of the state of knowledge [36]. The variables
considered were the number of publications per year, countries
that contribute most to the subject, a map of the degree of
relevance and development of research, and trends of the
subject. Microsoft Excel (Office 265) was used for scientific
production graphs, and VOSviewer was used for the
occurrence network analysis [37].

A country contribution analysis was conducted using the
full counting method in VOSviewer, establishing a minimum
of one publication per country to understand the collaboration
between countries. A total of 41 countries met the criteria, and
the data were extracted to visualise their distribution on a map
using ArcGIS. The full count was used because it implies that
a co-authored publication is counted with a total weight of one
for each co-author, meaning that its total weight is equal to the
number of authors [38]. The network map and density of
international collaboration were generated using the
Biblioshiny tool, Walktrap was applied as a clustering
algorithm, and its normalisation was through association.

To develop the keyword co-occurrence map, the full



counting method was applied, the author's keywords were
selected as the unit of study, and a minimum occurrence
threshold of two was established to include only the most
relevant terms and avoid statistical noise. The map included
30 terms grouped using the VOS clustering algorithm and
normalised using the association strength method.

3. RESULTS AND DISCUSSION

3.1 Temporal evolution and disciplinary distribution of
ground-based TEM studies in coastal aquifers

An analysis was conducted to evaluate the total number of
scientific publications (TP) and the total number of citations
(TC) in a database of 98 documents spanning 1991-2025.
Figure 3(A) shows an increase in publications over the years,
reaching its highest peak with seven publications in 2015,

2021, and 2024. However, it also indicates intermittent
declines and absences of data. Figure 3(B) shows a notable
progressive decrease in the number of citations; the oldest
article [39] had 35 citations, and since then, it has gradually
declined.

Two periods were defined: Period 1 (1991-2008), which
exhibits low scientific production, with most cases not
exceeding one article per year, and five periods with no
articles; however, this is the period with the highest number of
citations per article. It is characterised by evaluating the
applicability of the TEM method for solving wvarious
hydrological problems [39], attempting to resolve the lack of
uniqueness in the interpretation of TEM data using only
measured data [40], calculating the depth of the saline-
freshwater interface [41], and showing little combination of
methods, such as the audiomagnetotelluric technique (AMT)
[42], well data [43], and gravimetry [44].
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Figure 3. (A) Scientific production or total publications (TP), (B) Number of citations or total citations (TC)

The aim of the most cited article, which is also the oldest
[39], was to examine the accuracy of TEM under the specific
hydrogeological conditions of the coastal aquifer and to test
whether the method could replace observation well
monitoring. To do so, they performed 100 TEMs over two
months. Their results showed that the technique is viable for
detecting the freshwater/saline interface and that the
geoelectric and geological boundaries do not coincide because
of groundwater salinity. They also highlighted limitations,
such as the low reliability of deeper values.

Period II (2009-2025) exhibits a slight increase in scientific
production, with the number of articles increasing from four to
seven during this period. This period is characterised by a
greater interest in the detection and impacts of saline intrusion
[21, 45-49], which suggests a trend towards the conservation
of freshwater coastal aquifers. In addition, they employ new
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combinations such as remote sensing [50, 51], geochemical
analysis [52, 53], and integrate 2D and 3D modelling [54-56].

A contrasting behaviour was identified in the evolution of
the scientific production of the TEM method. During period I,
growth was moderate, with a linear fit (R? = 0.3952) slightly
higher than the exponential (R? = 0.3729), indicating a phase
of methodological consolidation. However, in period IT (2009-
2025), both models presented low fits (R? < 0.04), reflecting
dispersed production without a clear growth trend. This
behaviour shows that, despite technological advances and
recent applications, the use of TEM has not experienced a
sustained boom in recent years. The absence of an exponential
curve reinforces the hypothesis that the field has entered a
mature or specialisation phase, far from the classic pattern
described by Price's Law for expanding scientific fields [57,
58].



In terms of disciplinary distribution, over half of the studies
(55.1%) were conducted in multidisciplinary areas, while
27.6% focused on geophysics and 17.4% on hydrogeology
(Figure 4). The prevalence of these interdisciplinary
approaches indicates a shift from purely methodological
developments toward applied studies that address issues such

as seawater intrusion, aquifer characterization, and
groundwater resource management.
e
&
g Hydrogeology _
<
o

eophysc .

0 10 20 30 40 50 60
NUMBER OF DOCUMENTS

Figure 4. Categories of documents in the database
3.2 International scientific production

Figure 5 shows the countries participating in scientific

production, with Egypt (Africa) in first place with 51
contributions, followed by Israel (Asia) with 41, the United
States (Americas) with 35, Germany with 34, and Denmark
(Europe) with 33 contributions. This research encompasses 41
countries; however, most contributions are focused on Egypt
and Israel, which are situated near the Mediterranean Sea [59],
Red Sea [60], and Dead Sea [61]. Their articles focused on
determining saline intrusion zones using TEM due to
excessive pumping in coastal areas, which are considered
vulnerable areas. Similar objectives apply to European
countries bordering the Mediterranean Sea [44] and to
countries near the South China Sea [62].

On the other hand, in North America, studies focus on
modelling coastal aquifer environments of glaciomarine
deposits [63], characterisation for coastal aquifer prevention
[64], and monitoring of saline intrusion [65].

3.3 International collaboration in the use of ground-based
TEM

The co-authorship network (Figure 6) reveals that

international collaboration is concentrated in a few scientific
centres, particularly in Israel, the United States, France,
Germany, Denmark, and Egypt. In contrast, Ecuador, Spain,
Japan, and Tunisia appear as isolated nodes with limited
collaborative ties.

Simbology

Countries' Scientific
Production

o

[ 1

[Je10

[I120

[J2140

[ >0

e
<,
&

" SOUTHERN

OCEAN

Figure 5. Map of scientific contributions by country

While most international collaborations are concentrated in
the Mediterranean Basin, Europe, and North America, our
network also shows emerging but less connected contributions
from South Asia (India, Sri Lanka), East Asia (China), and
Oceania (Australia and New Zealand). In contrast, Southeast
Asia, despite being widely recognised as a hotspot for saline
intrusion in deltaic and island aquifers such as the Mekong
Delta (Vietnam), Kelantan (Malaysia), and Manila Bay
(Philippines), was poorly represented in the bibliometric
dataset. This gap is critical, as many aquifers in these regions
are highly vulnerable to seawater intrusion [66, 67].
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3.4 Research areas in the use of the ground-based TEM
method in the characterization of coastal aquifers

The co-occurrence analysis of author keywords (Figure 7)
revealed five main thematic clusters related to the application
of the TEM method in coastal environments, as identified by
plotting 30 keywords with a minimum occurrence of two. The
most active research areas revolve around saline intrusion,
hydrogeological assessment, and coastal aquifer monitoring,
with strong methodological links and environmental
applications in the field. The clusters identified in this study



are described in detail in the following sections. detecting and delimiting saline intrusion. This factor increases

Cluster 1: Saline-brackish water infiltration and 2D/3D owing to excessive pumping in coastal regions [68] and affects
modelling the water quality in areas with high water demand for human
Marine intrusion represents one of the largest nodes in the consumption, tourism, and crop irrigation [65, 69, 70].
clusters, indicating a high recurrence of studies focusing on
»
@ @
¥
a
sweden
tunisia bl
japan
b
Figure 6. Network (a) and density map (b) of international collaboration
7 CLUSTER 1
airborng survey CLUSTER 2
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dergier— // \\1 &VOSviewer
P . / s A/
& / salinization
// salt water-freghywater imermc?;lectromagnetic Nthod
‘/ // groundwateg assessment
P
\\\Ilnsnlng 3 ///
Figure 7. Keyword co-occurrence map
In the study of this phenomenon, ground-based and airborne gradient, thereby facilitating seawater penetration [65]. There
TEM techniques were combined [71], generating 1D and 2D is research that allows cross-validation between subsurface
section models of the salt wedge [63, 72]. 3D models of the electrical properties and the physicochemical parameters of
aquifer have been developed through geophysical exploration water [53]. Studies in this cluster have fostered the
campaigns of more than 100 TEM surveys [69]. Additionally, development of models that integrate geophysical and
in this cluster, TEM was used to assess the impact of geochemical data, facilitating a more precise understanding of
prolonged pumping and its capacity to reverse the hydraulic coastal aquifer system dynamics.
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This cluster presents an intense concentration of studies
from Greece, distinguished by the integration of TEM with
numerical flow and density models (such as FEFLOW or 3D
resistivity) to address saline intrusion in coastal aquifers [69,
70]. Canada uses TEM to characterise glacial deposits and
basement topographies [63]. In addition to TEM, France uses
total magnetic intensity, geological, and hydrogeological data
from boreholes to analyse the structure and functioning of
coastal aquifers [73].

Cluster 2: GIS and a combination of methods for
hydrogeological modelling

This group of terms is represented by ‘“geophysical

methods”, “vertical electrical sounding”, “geophysical
exploration”, “electrical resistivity tomography”,
“hydrogeology”, and “GIS”. Research highlights the

combination and correlation of the TEM technique with
geophysical methods, including VES and ERT, to generate
hydrogeological models before drilling [74]. Additionally,
studies use Geographic Information Systems (GIS) tools to
identify and create maps of Groundwater Potential Zones
(GWPZs) using the Analytical Hierarchy Process (AHP)
technique [24, 75]. Complementarily, remote sensing has been
used to quantify coastline change rates, estimating areas
gained or revealing considerable retreat due to erosion [76].
This cluster also suggests that the term “sustainable
development” is closely related to the TEM method due to its
non-invasive characteristics and effectiveness in evaluating
aquifer capacity and determining the success or failure of
future drilling plans [77]. These studies demonstrate the
versatility of TEM, from its integration with GIS and remote
sensing to its contribution in regions without wells, which
enables the identification of strategic extraction points.

In this cluster, most affiliations were from Egypt, reflecting
their leadership in the application of VES and TEM, in
combination with remote sensing (Landsat), RS, and GIS, to
assess groundwater availability in arid areas [51, 53, 76].
Ecuador stands out in the application of VES and TEM to map
potential areas for sustainable groundwater exploitation [24].
Greece plays a significant role in the combined use of ERT
and TEM for assessing coastal aquifers [74].

Cluster 3: Impact of salinization on coastal aquifers

This cluster presents a greater occurrence in the term
“coastal aquifer”, associated with terms such as “salinisation”,
“electromagnetic methods”, and “groundwater assessment”.
This group of words indicates articles that relate TEM with the
protection of coastal aquifers against salinisation, where the
technique is used to detect and size the saline plume [78].
Additionally, TEM has been utilised to assess the infiltration
of brine from oil fields into aquifers, aided by chemical tracers
[79]. Likewise, they focus on evaluating the quality and
quantity of groundwater before initiating a development plan
for the water supply of coastal regions [80].

This cluster is dominated by Egypt, where the integration of
VES and TEM in the study of marine intrusion and
groundwater quality in coastal areas predominates [80, 81],
and Germany, which investigates the presence and spatial
extent of saline water intrusion using TEM [21]. Relevant
contributions also appear from Japan and Tunisia, with joint
work applying TEM and geochemical tracers [79].

Cluster 4: Dynamics between the freshwater/saltwater
interface

Cluster IV presents two closely related terms: "saltwater-
freshwater interface" and "flushing." Flushing refers to the
displacement of saltwater residues from the Dead Sea caused
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by the rise and fall of sea levels. Its replacement occurs
through the infiltration of freshwater from rivers and meteoric
waters, thereby increasing the groundwater recharge. The
TEM method was employed because of its ability to detect the
low resistivity contrast between freshwater and saltwater,
thereby determining the location of the interface and its
irregularities, which are attributed to fluctuations in the Dead
Sea and the existence of subaquifers [43, 82, 83]. TEM
geophysical exploration campaigns enable the development of
three-dimensional flow geomodels to simulate saline intrusion
and determine its association with anthropogenic processes,
such as overpumping, thereby becoming a tool for informed
decision-making in policy management and climate change
[84].

Cluster 4 is represented by Israel, where TEM-based studies
combined with hydrogeological modelling (FEFLOW)
predominate, focusing primarily on coastal aquifer dynamics
in the Dead Sea area [43, 68]. India contributes by combining
geophysical methods, including TEM, VES, ERT, and well
logging, to delineate fresh and saline groundwater [85].
Finally, Saudi Arabia seeks to delineate marine intrusion in
arid areas using TEM [45].

In this sense, the importance of TEM as a monitoring tool is
linked to international initiatives such as the Groundwater
Summit 2024, which promotes sustainable management. An
example is the Arkansas Department of Agriculture (U.S.)
[86], which recommends moving toward sustainable pumping
by designating critical groundwater zones. This measure
encourages conservation by offering tax incentives, expanding
educational outreach, and facilitating access to federal
programs and funding. The incorporation of these approaches
demonstrates how the results of hydrogeophysical studies can
extend beyond academic research and inform public policy
decisions aimed at achieving water sustainability.

Cluster 5: Integration of TEM with other methods in
early Mediterranean studies

According to the occurrence map, this cluster links the TEM
method with other lesser-known techniques, such as Magnetic
Resonance Sounding (MRS) and Direct Current-Time Domain
Induced Polarisation (DC-TDIP). Some investigations have
utilised TEM for sinkhole detection because of its sensitivity
in identifying conductive zones associated with the rapid
dissolution of salt and the creation of underground caverns
[87].

Israel leads this cluster, followed by France, Germany, and
Jordan. Israel combines TEM with a wide variety of
geophysical methods (seismic, SNMR, MRS, microgravity,
and MASW) to study salt intrusion and sinkhole development
in the Dead Sea region [88, 89]. Jordan and France participated
in joint research with Israel, reflecting a more pronounced
international collaboration in this cluster [87, 90]. Germany,
on the other hand, incorporates Differential Electric Dipole
(DED), GPR, and Long-Offset Transient Electromagnetics
(LOTEM), generally linked to coastal and marine
environments [91, 92].

3.5 Temporal evolution of research areas

Figure 8 shows the temporal evolution of the five research
clusters obtained in Figure 7. Around 2010, the terms in
clusters 4 and 5 indicated a trend toward the use of TEM
techniques near the Dead Sea to delineate interface zones.
Between 2015 and 2020, the emphasis was placed on detecting
marine intrusion affecting coastal aquifer systems, with 2D



models being the most common method for obtaining a more
accurate visual representation of the salt wedge. Currently, this
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3.6 Thematic dynamics of TEM research in coastal
environments

The thematic cluster diagram is presented in Figure 9, which
is classified into four quadrants: Motor Themes (Quadrant I),
Niche Themes (Quadrant II), Emerging or Declining Themes
(Quadrant I1IT), and Basic Themes (Quadrant IV). This diagram
reveals the centrality and density of various themes (author
keywords), offering key information on the successes and
challenges of the research [93]. In the motor themes, we have
“airborne survey” and “pump”, which indicate high relevance
and density; however, the size of the circle reflects their low
capacity to represent interrelationships within the network
[94]. This is because the “airborne survey” subtheme is not the
primary modality of the study; however, there are

Relevance degree
(Centrality)

Quadrant IV
of the TEM method for searching for groundwater in arid coastal
areas

investigations that combine airborne and ground-based TEM
methods for the characterisation of coastal aquifers [95],
which suggests an evolution of the technique to facilitate the
increase in the spatial coverage of the investigated area and
data acquisition. The appearance of the term “pump” reflects
a key line towards overexploitation, which is one of the factors
that promote saline intrusion [96].

“Dead Sea”, “porosity”, “sinkhole”, “flushing”, and
“groundwater salinity” are grouped in the Niche Themes
quadrant (II). They are specific topics with high specialisation
but moderate connection to the subject of study. The strategic
value of the issues “flushing” and “groundwater salinity” is
associated with the research of Yechieli et al. [43], who
studied the fluctuations in the level of the Dead Sea and
determined by applying TEM and geochemical analysis that
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the freshwater-saltwater interface has not been thoroughly
washed away. Using the TEM method, they detected saline
remains near the sea at a depth of -400 m, which can be
attributed to the high lake level in the late 1970s. In parallel,
studies have been conducted to quantitatively evaluate the
interstitial spaces of brine contained in pores in regions near
the Dead Sea [88]. Furthermore, marine intrusion and its
association with sinkholes represent a serious threat to human
life and development in coastal zones [61].

The third quadrant includes the topics “geophysical
exploration,” “vertical electrical sounding,” “hydrogeology,”
“GIS,” and “groundwater potential.” To determine whether the
topics are emerging or declining, the timeline keyword map
developed in VOSviewer (Figure 8) was considered. These are
emerging terms in ground-based TEM research spanning
2020-2025. Parameters such as precipitation, slope, and
drainage density were integrated using GIS to create a map of
potential groundwater zones, in combination with resistivity
values obtained with VES and/or TEM, to estimate zones that
favour infiltration [75].

Quadrant IV includes the terms "TEM," "seawater
intrusion," "coastal aquifer," "groundwater," and "geophysical
methods." This cluster represents the core of the research,
demonstrating high relevance, and the node size is associated
with a strong connection to other topics. However, a low
density (i.e., a decreasing number of articles) is observed, so
there remains an opportunity to explore, develop, and delve
deeper into the topics. The presence of the terms TEM and
geophysical methods in a single node implies that TEM
surveys are insufficient to obtain a robust aquifer extension.

3.7 Main challenges and gaps in ground-based TEM
geophysical investigation of coastal aquifers

The ground-based TEM method has several benefits for
mapping saline zones and evaluating freshwater-saltwater
interfaces to depths of ~300 m, thereby overcoming the
limitations of other electrical methods, such as VES, in highly
conductive materials [81]. TEM test setups are characterised
by their simplicity of implementation in the field, requiring
only a single transmitter loop and one or two receiver coils.
Installation does not require galvanic contact, unlike other
methods (e.g., SEV or ERT), which often fail in dry or high-
resistivity subsurface. However, this study identified essential
limitations that have been reported in the scientific literature.

a. The degradation of recording quality due to urban
electromagnetic noise, originating from power lines or
pipelines [47], can be addressed by correlated noise stacking,
which improves the signal-to-noise ratio [97]. However, future
studies are needed to address the energy consumption issues
associated with the stacking process [97].

b. The low sensitivity to thin resistive layers, such as
laterites, makes it challenging to detect formations that are
critical for recharge or aquifer sealing [98-100].

c. Distortion is caused by multiple complex hydrogeological
conditions (saline mixing, seasonal recharge, fault impact, and
coastal climate), which require sophisticated modelling and
multiscale inverts [101].

d. The limited lateral scaling in airborne TEM surveys
reduces their spatial resolution (200 m between points),
making them useful over large areas but with high uncertainty
in local details [71, 101].

Despite these limitations, the TEM method has been applied
in alluvial aquifer settings [71, 85], volcanic [56, 72, 98], and
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in the identification of saline intrusion pathways associated
with faults (Table 2) [69, 101, 102], when complemented with
additional geophysics (ERT, IP, structural geology).

Table 2. Application of TEM in different geological

environments
G(‘f,‘(’)ll‘l’tge';fl TEM Application DOI
Identification of the
presence of hydraulic
Sedimentar/Al ~ communication between 10.1190/GEO201
luvial a free saline aquifer and a 2-0004.1
confined freshwater
aquifer.
Definition of the shape
Carbonates/Ka and thickness of the 10.1007/BF03175
st water lens beneath the 403
carbonate plateau.
Compatible prospecting
Crystalline/me in a young volcanic
1’t}ellmorphic en\yironrient and 10.1007/978-3-
. 642-31395-0 24
basement improved groundwater =
management approach.
Volcanic Detection of 10.1111/.1745-
(basalts, tuffs,  paleochannels under lava  6584.1997.tb0012
lavas) flows. 3.x
Detection of connection
Offshore between marine system 10.3389/fmars.20
Marine and terrestrial aquifer 20.531293

system.

There are still gaps related to multiscale data integration
(joint inversion of TEM-ERT-IP) [72, 103], temporal
validation for monitoring dynamic changes in coastal interface
zones [104], and coupled numerical modelling that includes
heterogeneities, subsidence, and climate change [68].

A trend was also observed in the use of TEM information in
the assessment, strategic planning, and protection of aquifers
in coastal cities that are vulnerable to saline intrusion [105].
They can even help plan future drilling operations, providing
a non-destructive and low-cost alternative for coastal aquifer
management [64].

The use of this technique is currently booming in the
understanding, protection, and enhancement of coastal
groundwater resources [ 100], as well as in the implementation
of management strategies such as pollution regulations, the
detection and utilisation of freshwater recharge zones, and the
promotion of sustainable agriculture [106].

4. CONCLUSIONS

This study evaluated 98 documents from the Scopus
database on groundwater exploration in coastal areas using the
ground-based Time-Domain Electromagnetic (TDEM)
method. Scientific production over 34 years has shown a
scattered increase with no discernible trend, indicating that the
TEM method is in a mature or specialised phase. Furthermore,
the scientific contribution map revealed that the
Mediterranean, Dead, and Red Seas influence countries such
as Egypt and Israel because of their proximity to these seas,
making them vulnerable to saltwater intrusion. This issue has
driven multiple investigations in this region.

The ground-based TEM method reaches depths of up to 300
m. Additionally, five research areas were identified, focusing
on saline-brackish water infiltration and 2D and 3D modelling,



a combination of methods for hydrogeological modelling, the
impact of salinisation on coastal aquifers, the dynamics of the
freshwater/saltwater interface, and integration of TEM with
other methods in early Mediterranean studies. However,
limitations persist in the detection of thin resistive layers and
urban noise management, underscoring the importance of
integrating TEM with complementary methods (VES, ERT,
MRS, and DC-TDIP) and well data.

However, significant research gaps persist. Some studies
suggest intervals of several years for stable systems and a need
for seasonal monitoring in dynamic aquifers. Furthermore,
very few studies explicitly consider climate change scenarios,
such as sea level rise or hydrological variability, despite their
importance for the long-term resilience of aquifers.
Standardizing monitoring frequencies and integrating climate
pressures are key to advancing TEM into a tool for sustainable
groundwater management under future change.
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