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Abstract

Active geothermal systems in the Mediterranean occur in a tectonically diverse belt
shaped by subduction, slab rollback, back-arc extension, active faulting and Quaterna-
ry volcanism. These settings offer an excellent natural laboratory for integrated geo-
physical monitoring because the same systems combine deep heat sources, structur-
ally controlled permeability, clay alteration, complex fluid phase changes and strong
near-surface heterogeneity. This review evaluates the complementary roles of seismic
methods, magnetotelluric and controlled-source audiomagnetotelluric imaging, self-po-
tential, transient electromagnetic methods and ground-penetrating radar for the explo-
ration and monitoring of Mediterranean geothermal fields. A new practical synthesis
case study for Campi Flegrei is included to move beyond a purely narrative review: it
compares method sensitivity, depth of investigation, uncertainty sources and decision
value using original review-level plots and a transparent scoring matrix. Representative
examples from Milos, Nisyros, Santorini, Etna, Ischia and western Anatolia are used to
test transferability across different geothermal play types. The review concludes that
future progress in Mediterranean geothermal characterization will depend less on any
single technique than on uncertainty-aware integration of geophysical, geological, geo-
chemical and geodetic information, supported by explicit reporting of resolution and
alternative interpretations.

Key words: CSAMT, ground-penetrating radar, integrated monitoring, magnetotellurics,
Mediterranean geothermal systems, seismology

Introduction

Geothermal energy is receiving renewed attention in Europe because it can
provide low-carbon baseload electricity, dispatchable heat and long-duration
subsurface energy services. In the Mediterranean domain this opportunity
is especially significant because high heat flow, active volcanism, extension-
al tectonics and pervasive fault-controlled hydrothermal circulation create a
wide spectrum of exploitable geothermal systems, from high-enthalpy volcanic
fields to low- and medium-enthalpy sedimentary and fractured-rock resources.
At the same time, the same geological complexity that makes these systems
attractive also makes them difficult to characterize. Productive reservoirs de-
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pend on the interaction of heat, permeability, fluid chemistry, phase state and
structural inheritance, and these parameters vary over scales ranging from me-
tres around well pads to tens of kilometres across volcanic or graben systems.

Geophysical methods are therefore central to geothermal work because they
provide the only practical means of imaging the three-dimensional architecture
of active systems between sparse wells and beyond the near-surface expo-
sure. However, geothermal monitoring is intrinsically a multi-physics problem.
Seismic methods respond primarily to elastic properties, fracture density, at-
tenuation and fluid phase; electromagnetic methods respond to conductivity
contrasts associated with hydrothermal alteration, salinity and temperature-de-
pendent fluid connectivity; and radar-based methods respond to dielectric con-
trasts at much shallower depths. The most reliable geothermal interpretations
emerge when these data types are integrated rather than used in isolation (Gal-
lardo and Meju 2003; Moorkamp et al. 2011; Mufioz 2014).

The Mediterranean region is particularly well suited for such an integrated
perspective. The Hellenic arc, the Aegean and western Anatolian extensional
provinces, the Tyrrhenian back-arc and the Italian volcanic belt contain some of
the best natural laboratories in Europe for studying the transition from magmat-
ic heat source to hydrothermal upflow, shallow alteration, surface discharge
and time-dependent deformation. Long histories of monitoring at Campi Flegrei
and Etna, pioneering MT work on Milos and Nisyros, and increasingly sophisti-
cated exploration studies in western Anatolia illustrate both the maturity of the
field and the remaining methodological gaps (Dawes and Lagios 1991; Hutton
et al. 1989; Hacioglu et al. 2021; Troiano et al. 2022).

This paper is a narrative, problem-driven review rather than a formal system-
atic review. Its aim is not to catalogue every Mediterranean survey, but to syn-
thesize representative studies and methodological advances that clarify how
seismic, MT/CSAMT and near-surface EM/GPR methods can be combined
in geothermal exploration and monitoring. Particular emphasis is placed on
method complementarity, uncertainty, time-lapse capability and transferability
across the main Mediterranean geothermal provinces.

Geodynamic and petrophysical framework
Regional tectonic domains

The Mediterranean geothermal belt reflects the long-lived convergence be-
tween Africa and Eurasia and the associated evolution of slab rollback, back-
arc extension, continental collision and Quaternary volcanism (Jolivet and Fac-
cenna 2000; McKenzie 1978; Wortel and Spakman 2000). From a geothermal
perspective, four domains are especially important.

First, the Hellenic volcanic arc and the wider Aegean extensional province
host active to recently active volcanic centres such as Santorini, Nisyros, Milos
and Methana, together with fault-controlled hydrothermal systems developed
in the stretched upper plate. These systems combine magmatic heat input
with strong normal-fault permeability and, in places, saline fluids and intense
clay alteration. Second, the Tyrrhenian and Italian volcanic province includes
Campi Flegrei, Ischia, Vulcano, Etna, Vesuvius and the long-exploited Tuscan
geothermal districts. It offers perhaps the clearest European continuum from
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active unrest calderas to industrial geothermal fields. Third, western Anatolia
constitutes a classic extensional geothermal province in which large graben
systems, metamorphic basement highs and active fault zones create favorable
structural pathways for geothermal circulation. Fourth, lower-enthalpy systems
of the Pannonian and adjoining basins illustrate how regional heat flow and
basin architecture can support direct-use geothermal exploitation even outside
the most obvious volcanic settings (Erkan 2015; Hacioglu et al. 2021; Pecce-
rillo 2005).

The practical implication of this geodynamic diversity is that no single Medi-
terranean geothermal model is sufficient. Arc-related volcanic systems typical-
ly exhibit a shallow conductive clay cap, structurally focused upflow, gas-rich
hydrothermal zones and deep magmatic or partially molten sources. Exten-
sional non-volcanic systems may instead be governed by fault-controlled circu-
lation through fractured metamorphic or sedimentary units, with conductivity
contrasts arising more from brines, clays and fault gouge than from a direct
magmatic heat source. For this reason, the transfer of exploration concepts
from Icelandic, Japanese or Basin-and-Range analogues to the Mediterranean
must always be done critically and with explicit consideration for local geology.

Geophysical property contrasts in geothermal systems

The physical signatures targeted by geophysical surveys are produced by the
coupled effects of temperature, mineral alteration, porosity, permeability, sat-
uration and fluid chemistry. In the seismic domain, increasing crack density,
steam saturation and strong thermal gradients commonly reduce elastic veloc-
ities and increase attenuation, whereas the Vp/Vs ratio may either increase or
decrease depending on the balance between crack compliance, fluid phase and
pore pressure. Seismic interpretation is therefore powerful but non-unique: low
velocity may indicate elevated temperature, intense alteration, high porosity,
high fracture density or partial melt, and robust interpretation usually requires
independent geological or geochemical constraints (Bensen et al. 2007; Majer
et al. 2007; Thurber 1983).

Electrical resistivity is often the most diagnostically useful property for
geothermal exploration because it responds strongly to alteration mineralogy
and the connectivity of saline fluids. In high-enthalpy systems, smectite-rich
clay caps typically form conductive zones, while deeper chlorite-epidote or il-
lite-dominated reservoir intervals may become comparatively more resistive if
fluid pathways remain localized. Extremely low resistivity may also mark saline
brines, acid alteration or graphitic horizons, so resistivity alone is again not fully
diagnostic. Nevertheless, the repeated observation of conductive caps above
more resistive productive zones explains why MT has become a standard geo-
thermal tool worldwide (Mufioz 2014; Pellerin et al. 1996; Spichak and Manzella
2009; Ussher et al. 2000).

Near the ground surface, dielectric permittivity and electrical conductivity
control GPR performance. Hydrothermal clays, saline pore waters and wet al-
tered tuffs attenuate radar energy very efficiently, often restricting penetration
to decimetres or a few metres. Yet this limitation should not be misread as
irrelevance. In resistive volcanic lavas, pyroclastic units, dry fracture zones or
infrastructure corridors, GPR can provide centimetre- to decimetre-scale in-
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formation that no deep method can match. For geothermal monitoring, the
near-surface domain is often where leakage, ground cracking, alteration fronts
and infrastructure-related hazards first appear. Radar methods therefore occu-
py a narrow but important niche between outcrop mapping and deeper EM or
seismic imaging (Heggy et al. 2006; Jol 2009; Neal 2004; Paoletti et al. 2024).

Seismic methods for geothermal characterization and
monitoring

What seismic methods contribute

Seismic methods are uniquely valuable because they can image both structure
and dynamics. Local earthquake tomography, passive microseismic monitor-
ing, ambient-noise interferometry, reflection/refraction imaging and increas-
ingly dense nodal or fibre-based observations all contribute to geothermal
characterization, but they do so at different spatial and temporal scales. Local
earthquake tomography is particularly effective in tectonically active Mediterra-
nean settings because natural seismicity provides abundant ray paths through
the crust. Where event coverage is adequate, joint inversion of P-wave and
S-wave travel times can illuminate fault architecture, fluid-saturated volumes
and broader crustal thermal structure. Ambient-noise methods complement
this by providing shear-wave-sensitive information even where earthquake ac-
tivity is sparse, making them especially attractive for monitoring broad velocity
changes through time (Bensen et al. 2007; Shapiro and Campillo 2004).

For geothermal purposes, the most important seismic contribution is rare-
ly a single “image” of the reservoir. Instead, seismic data provides a dynamic
framework: where faults are active, where brittle failure is concentrated, how
attenuation changes with unrest or production, whether subsurface deforma-
tion migrates upward or laterally, and how fracture systems connect deep heat
sources to shallow hydrothermal discharge. These are the processes that ul-
timately control permeability evolution and therefore geothermal productivity
and risk.

Reflection and refraction seismic methods can also be valuable in geother-
mal projects, especially where shallow reservoir architecture, cap-rock geom-
etry or major fault planes must be resolved at high structural resolution. Their
main limitations in volcanic terrains are logistical complexity, high scattering
and strong lateral heterogeneity, all of which complicate statics, wavelet sta-
bility and interpretation. Even so, reflection data remains underused in Medi-
terranean geothermal work relative to MT, and there is room for more targeted
deployment where topography and land access allow.

Representative Mediterranean examples

Campi Flegrei is the clearest Mediterranean example of why geothermal and
volcanic monitoring cannot be separated conceptually. The caldera has long
been monitored with dense seismological and geodetic networks because
unrest involves coupled pressurization, degassing, fault reactivation and hy-
drothermal circulation. In this setting, seismic data have been used not only
to locate earthquakes but to infer changes in the plumbing system and in the

GeoStudies 3: 27-44 (2026), DOI: 10.3897/geostudies.3.e194004 30



Michael Arvanitis: Integrated geophysical monitoring of geothermal systems in the Mediterranean

brittle-ductile transition controlling the distribution of seismicity and deforma-
tion. The geophysical interpretation is strongest when seismicity is analysed
together with MT, gas geochemistry and deformation, rather than as a stand-
alone dataset (Troiano et al. 2022; Tizzani et al. 2024).

Etna offers another instructive case because its shallow seismicity, active
fault systems and magmatic-hydrothermal coupling make it a useful analogue
for geothermal monitoring in basaltic volcanic terrains. Although the main sci-
entific emphasis at Etna has been volcanic hazard, the lessons are directly rele-
vant to geothermal work: seismic velocity and attenuation anomalies can track
zones of fracture opening, fluid circulation and thermal perturbation, but their
geothermal meaning becomes much clearer when compared against deforma-
tion and electrical structure.

In the Aegean and western Anatolia, seismic methods are often used more
for structural context than for continuous unrest monitoring. This is not a weak-
ness. In extensional geothermal systems, identifying the geometry of active
graben faults, relay ramps and basement highs can be decisive for understand-
ing permeability architecture and well placement. The key point is that seismic
methods excel when the target question is framed properly. They are often less
decisive than MT for mapping clay caps, but more informative for identifying
active structures and temporal deformation.

Time-lapse and induced seismicity

Time-lapse seismic monitoring is becoming increasingly important as Europe-
an geothermal development expands into deeper and more tightly managed
reservoirs. Production and reinjection modify pore pressure, temperature, ef-
fective stress and fluid pathways; all of these can alter travel times, attenuation
and microseismicity patterns. Experience from enhanced geothermal systems
has shown that induced seismicity is not merely a hazard metric but also a
tracer of active permeability creation or reactivation (Majer et al. 2007). For
Mediterranean fields, where tectonic seismicity and volcanic unrest may al-
ready be present, the challenge is to separate operational signals from natural
background variability.

This challenge argues for monitoring designs that combine dense local ar-
rays, background characterization before field development and joint interpre-
tation with other methods. A few strategically placed broadband stations are
rarely enough. Future geothermal monitoring in the Mediterranean will benefit
from denser arrays, better calibration against well operations, and explicit inver-
sion strategies that target time-dependent change rather than static structure
only.

Near-surface electromagnetic methods and ground-penetrating
radar

The specific role of GPR in geothermal studies

Ground-penetrating radar is often omitted from geothermal review papers
because its depth of penetration is far smaller than that of MT or most seis-
mic methods. That omission is a mistake. The strength of GPR is not reser-
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voir-scale imaging but high-resolution characterization of the shallowest part
of the geothermal system, where fractures daylight, hydrothermal alteration
fronts migrate, shallow steam-heated zones develop and civil infrastructure in-
teracts with unstable ground. In these contexts, the decimetre-scale resolution
of GPR is a strategic advantage rather than a limitation (Jol 2009; Neal 2004).

Its applicability depends strongly on electrical conductivity. In water-satu-
rated clay-rich alteration zones, standard GPR can fail almost completely. In
contrast, resistive volcanic units, welded tuffs, dry fractured lavas and coar-
se pyroclastics may allow useful penetration. The volcanic-material study at
Teide remains a helpful reminder that radar response in volcanic terrains is
highly facies-dependent and that survey design must be adapted to lithology,
water content and antenna frequency rather than imported from civil-enginee-
ring practice (Heggy et al. 2006). More recent large-depth radar experiments in
volcanic terrains also suggest that low-frequency, higher-energy systems can
extend radar applicability farther than conventional wisdom sometimes assu-
mes, especially when coupled with auxiliary EM data for calibration (Paoletti et
al. 2024).

For Mediterranean geothermal projects, the most defensible GPR targets
are shallow fracture mapping, caprock discontinuities, hydrothermal alteration
boundaries, buried channels affecting groundwater circulation, and infrastruc-
ture-focused applications such as pipe corridors, shallow subsidence and ther-
mally altered ground around installations. GPR should therefore be viewed as a
tactical method in a broader geothermal workflow.

Self-potential and transient EM as bridge methods

Between centimetre-scale radar imaging and kilometre-scale MT lies a family
of near-surface EM methods that is often more directly relevant to active hydro-
thermal processes. The self-potential method is particularly valuable because it
is sensitive to groundwater and hydrothermal flow itself rather than simply to a
static petrophysical property. Recent synthesis shows that self-potential anom-
alies can be interpreted in terms of upward hydrothermal flow, vadose-zone
infiltration, fault-controlled discharge and time-varying hydrologic changes,
provided that data acquisition, referencing and conductivity structure are han-
dled carefully (Revil et al. 2023). For active volcanic-hydrothermal systems this
makes SP one of the most physically direct geophysical observables available.

Mediterranean volcanic examples highlight this usefulness. At Stromboli,
combined geophysical measurements helped link self-potential patterns to
groundwater circulation and zones relevant to eruptive behavior, demonstrat-
ing that shallow hydrothermal mapping can inform both resource and hazard
interpretations (Revil et al. 2004). Similar logic applies to Campi Flegrei, Ischia,
Vulcano and Nisyros, where shallow flow organization is important whether
the immediate objective is geothermal assessment, unrest monitoring or infra-
structure safety.

Transient EM occupies a different but complementary niche. It offers better
vertical resolution than MT in the upper few hundred metres and can help con-
strain the top of conductive clay caps, shallow aquifers and structurally con-
trolled alteration zones. Because it samples the shallow resistivity field in a
depth range where GPR is often attenuated and MT may be too diffuse, it is an
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effective bridge method. Greek experience has already shown its potential in
geothermal prospecting, although it remains less widely deployed than it could
be (Karmis et al. 2004).

Practical limitations

The main limitation of near-surface EM and radar methods is not that they are
“shallow”, but that their performance is highly site-specific. Conductive surface
layers, saline groundwater, rugged topography, cultural noise and strong sea-
sonal moisture changes can all degrade data quality or reduce repeatability. In
geothermal settings, these issues are often intensified by hot ground, altered
soils, fumarolic emissions and access constraints. Accordingly, these methods
work best when their targets are defined narrowly and when they are embedded
in a broader conceptual model. Used this way, they can greatly reduce ambigu-
ity in the uppermost tens to hundreds of metres, which is precisely the interval
where drilling locations, civil works and environmental impacts are often de-
cided.

Magnetotellurics and CSAMT
Why MT remains the cornerstone electromagnetic method

Among surface geophysical methods, MT remains the most consistently infor-
mative tool for deep geothermal exploration because it samples the resistivity
structure from the shallow conductive cap through the reservoir and into the
deeper crustal roots of the system. The method is well matched to geothermal
targets because hydrothermal alteration, saline fluids and magmatic-hydrother-
mal bodies all exert first-order control on electrical conductivity. The result is
a physically meaningful stratification in many geothermal systems: conductive
surface alteration, a more resistive productive interval, and deeper conductive
features associated with brines, partial melt or graphitic/altered zones depend-
ing on geological context (Mufioz 2014; Spichak and Manzella 2009; Ussher et
al. 2000).

The value of MT is not simply penetration depth. Its real strength is the ability
to place local wells and shallow surveys into a whole-system context. In volca-
nic terrains this may mean distinguishing a shallow clay cap from deeper con-
ductive zones that are not in themselves productive. In extensional systems
it may mean identifying whether a conductive anomaly reflects a fault-bound-
ed sedimentary basin, a brine-filled fractured zone or a genuine hydrothermal
upflow path. Because these interpretations can be non-unique, geothermal
MT works best when supported by structural geology, temperature data, geo-
chemistry and, where possible, seismic information (Mufioz 2014; Pellerin et
al. 1996).

Mediterranean case studies

The Greek islands provide classic European examples of MT in geothermal ex-
ploration. At Santorini, combined DGPS and MT observations have also shown
how conductivity structure can be discussed together with active deformation,
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underscoring the value of joint geodynamic and geothermal interpretation in
arc settings (Papageorgiou et al. 2010).The Milos surveys of the late 1980s
demonstrated that the geothermal anomaly could be mapped in detail and tied
to borehole control, helping to establish MT as a practical exploration tool in
volcanic island settings (Hutton et al. 1989). On Nisyros, a smaller but con-
ceptually important MT study showed that even relatively sparse data could
capture symmetry and fault-related structure in a high-enthalpy volcanic field,
again reinforcing the diagnostic value of conductivity in hydrothermal explora-
tion (Dawes and Lagios 1991).

More recent Mediterranean work has moved decisively toward 3D inversion
and integrated interpretation. In western Anatolia, Hacioglu et al. (2021) used
3D MT inversion to show how geothermal potential in the Gediz basin is con-
trolled by the interplay of sedimentary cover, metamorphic basement, graben
geometry and deeply penetrating faults. This is a particularly relevant result for
Mediterranean projects because it demonstrates that conductive zones do not
have a universal meaning: some reflect clay alteration, some deep connected
fracture systems, and some broader basin architecture. The interpretive gain
came from embedding MT in a robust tectonic framework.

At Campi Flegrei, short-period MT has been used to reconstruct the cen-
tral caldera structure and to link the electrical architecture of the hydrother-
mal system to ongoing unrest (Troiano et al. 2022). The significance of this
work extends beyond volcanology. It shows that repeatable, high-quality EM
imaging can constrain the zones where hydrothermal fluids accumulate and
migrate beneath densely instrumented and socially exposed caldera settings.
The more recent multidisciplinary shallow-geothermal study in eastern Campi
Flegrei also highlights the value of combining geophysics, hydrochemistry and
stratigraphy in lower-enthalpy sectors that may be relevant for direct-use or
shallow development (lorio et al. 2024).

CSAMT, 3D inversion and uncertainty

CSAMT occupies the intermediate depth range that is often most critical for
well targeting, cap-rock mapping and shallow reservoir refinement. Its con-
trolled source can offer better signal quality than passive MT in noisy environ-
ments, but its interpretation is more vulnerable to near-field and static-shift is-
sues if acquisition geometry and processing assumptions are not respected
(Sandberg and Hohmann 1982; Zonge and Hughes 1991). In practical terms,
CSAMT is most effective when used as a higher-resolution complement to re-
gional MT rather than as a full substitute.

The transition to 3D inversion has been transformative for both MT and
CSAMT. Complex caldera structures, relay fault systems, tilted graben margins
and volcanic edifices are poorly represented by 1D or even many 2D simplifi-
cations. Tools such as ModEM have made large 3D inversions operationally
feasible, but computational feasibility does not remove interpretive uncertainty
(Egbert and Kelbert 2012; Kelbert et al. 2014). Static shift, dimensionality, regu-
larization choices, sparse site distribution and the absence of hard petrophys-
ical calibration can all lead to apparently plausible but geologically misleading
models. For this reason, uncertainty communication should be treated as part
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of the result rather than an appendix to it. This remains one of the major weak-
nesses of published geothermal EM interpretations.

Practical case-study synthesis: Campi Flegrei caldera

Rationale and available constraints

Campi Flegrei is the most suitable practical case study for this review because
it combines geothermal interest, volcanic unrest, dense urban exposure and
unusually rich multi-method observations (Figure 1). The recent literature pro-
vides short-period MT imaging of the central caldera based on 47 independent
soundings, 4D InSAR-based deformation modelling of the feeding system, and
multidisciplinary shallow geothermal exploration in the Agnano/eastern sector
(Troiano et al. 2022; Tizzani et al. 2024; lorio et al. 2024). The site therefore
allows a critical comparison of what each method actually contributes, rather
than a generic statement that integration is useful.

Campi Flegrei: complementary depth sensitivity and decision value

INSAR A

Passive seismic A

MT

CSAMT A

TDEM ~

SP

GPR

‘ surface deformation

107! 100 10t

Indicative depth interval mainly constrained in geothermal interpretation (km)

Figure 1. Campi Flegrei method-depth matrix. Depth intervals are indicative review-level windows for the parts of the
system mainly constrained in geothermal interpretation, not absolute instrumental limits. The figure emphasizes com-
plementarity: INSAR is a surface deformation constraint, while GPR/SP/TDEM, CSAMT/MT and seismic methods occupy
progressively deeper and more process-specific parts of the decision space.

For geothermal interpretation, the key feature of Campi Flegrei is not a sin-
gle anomaly but the spatial coincidence and partial mismatch between de-
formation, seismicity, hydrothermal discharge and conductive structures. MT
provides the clearest image of the electrical architecture of the hydrothermal
system and highlights conductive volumes associated with altered and flu-
id-rich zones. Seismicity and attenuation are more directly sensitive to brittle
failure, pressurization and fracture activation. INSAR constrains the temporal
deformation field but cannot by itself discriminate between magmatic, hydro-
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thermal or structural sources. Shallow geophysics, including SP, TDEM and tar-
geted GPR, is most relevant where the question concerns shallow circulation,
leakage, altered ground, buried infrastructure or local site suitability for low- to
medium-enthalpy development.

Comparative performance and uncertainty

The practical value of the Campi Flegrei example is that it exposes both the
strength and the non-uniqueness of each observable. A conductive anomaly
may indicate smectite-rich alteration, saline fluids, acid-sulphate alteration
or clay-rich sediments; a low-velocity zone may reflect hot fractured rock,
pore-pressure effects or lithological heterogeneity; and uplift may arise from
pressure changes at different depths and geometries. The most defensible in-
terpretation is therefore the one that survives cross-method testing. In this re-
view, the comparative scores in (Figure 2) are not proposed as universal numer-
ical rankings; they are a transparent way to convert the qualitative literature into
an auditable assessment of diagnostic value for a Campi Flegrei-style caldera.

Review-level comparative effectiveness scores for Campi Flegrei-style systems
MT

»
n

CSAMT

»
[=]

Seismic

W
tn

SP

MW
[S. =)

TDEM

N
(=]

weak [ indirect; 5 = strong fdiagnostic

GPR

=
w

InSAR
1.0 |

Figure 2. Review-level comparative effectiveness scores for a Campi Flegrei-style geo-
thermal-volcanic system. Scores are assigned from 1 to 5 based on the main diagnostic
value of each method for five decision criteria. The purpose is not to replace site-specif-
ic inversion or sensitivity analysis, but to make the critical comparison explicit.

Implications for Mediterranean geothermal exploration

The Campi Flegrei synthesis changes the emphasis of the review in three ways.
First, it shows that integration must be scale-specific: INSAR and seismicity
are indispensable for temporal unrest, MT/CSAMT for reservoir-scale electri-
cal architecture, and SP/TDEM/GPR for shallow hydrothermal and engineer-
ing questions. Second, it demonstrates that the strongest interpretation is not
necessarily the most detailed image, but the one with the fewest unresolved
alternatives after independent constraints are compared. Third, it provides a
transferable template for other Mediterranean systems. At Milos and Nisyros
the same logic would prioritize MT/CSAMT and SP for clay-cap/upflow map-
ping, with GPR used only in resistive shallow volcanic units; in western Anatolia
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it would shift the emphasis toward 3D MT, seismic structure and hydrochemis-
try along active graben faults; at Etna it would weight seismic and deformation
monitoring more heavily because fracture activation and time-dependent vol-
canic forcing dominate the geothermal signal (Table 1).

Table 1. Campi Flegrei synthesis: method contribution, decision value and principal uncertainty.

Method

Short-period MT / MT

Passive seismic / tomography

InSAR / geodesy

SP and TDEM

Targeted GPR

Main diagnostic contribution Decision value Main uncertainty / ambiguity

Conductivity is non-unique:
clays, brines, temperature, acid
alteration and lithology can
produce similar responses.
Static shift, site spacing and
regularization affect geometry.

Best method for locating clay-
cap/reservoir-scale electrical
structure and prioritizing zones
for integrated interpretation.

3D resistivity architecture;
conductive hydrothermal/alter-
ation volumes; deeper roots of
the system.

Requires adequate event/sta-
tion geometry. Velocity anoma-
lies are not uniquely geothermal
and need petrophysical/geo-
chemical calibration.

Earthquake distribution, veloc-
ity/attenuation anomalies and
brittle volume linked to pressur-
ization and active structures.

Best dynamic constraint on
fault/fracture activation and
unrest-related permeability

changes.

Source models can be non-
unique; deformation alone
cannot distinguish magmatic,
hydrothermal or structural
mechanisms.

Essential for 4D monitoring and
for separating persistent struc-
ture from transient pressure
changes.

Time-dependent deformation
and source migration in the
caldera feeding system.

Bridge between surface obser-
vations and deeper MT/seis-
mic interpretations; useful for
environmental and shallow-re-
source decisions.

Sensitive to weather, electrode/
reference choices, cultural
noise and near-surface conduc-
tivity heterogeneity.

Shallow hydrothermal flow
pathways, discharge zones and
upper resistivity layering.

Very shallow fractures, altered
ground, buried utilities and
infrastructure-scale hazards in
resistive sectors.

High-resolution tactical tool
for shallow risk reduction and
engineering planning.

Strong attenuation in wet
clay-rich altered ground; limited
direct reservoir value.

Integration, workflow design and Mediterranean priorities

Method complementarity

Method choice should be driven by the dominant decision uncertainty. Seismic
data constrains active structures, fracture dynamics and temporal elastic chang-
es; MT/CSAMT constrains the resistivity architecture of clay caps, reservoirs and
deeper conductive roots; SP, TDEM and GPR reduce ambiguity in the uppermost
tens to hundreds of metres where leakage, alteration and infrastructure risk are
expressed. (Table 2) and the Campi Flegrei synthesis in Section 6 show that in-
tegration is valuable only when each method is assigned a specific testable role.

A staged monitoring and exploration workflow

For Mediterranean geothermal systems, a practical four-stage workflow can be
proposed.

Stage 1 is regional reconnaissance. Broadband MT, structural geology, re-
mote sensing and baseline seismicity are used to identify the overall geother-
mal architecture, main fault corridors and zones of probable upflow. The objec-
tive is not detailed reservoir mapping, but the reduction of regional ambiguity.
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Stage 2 is target refinement. Here CSAMT, focused seismic imaging, gravity
or shallow EM methods are used to sharpen the geometry of the upper reser-
voir, clay cap boundaries and drilling targets. Borehole control, even if sparse,
becomes disproportionately valuable at this stage because it calibrates both

geophysical interpretation and conceptual reservoir models.

Stage 3 is near-surface and infrastructure characterization. GPR, SP, TDEM
and engineering-scale surveys are deployed to map shallow fractures, leakage
pathways, thermally altered soils, buried utilities and other features relevant to
development and monitoring. In developed fields this stage is essential for risk
management and environmental oversight, not just for exploration.

Stage 4 is time-lapse monitoring. Repeat seismic, EM, SP and geodetic ob-
servations are designed around expected operational or natural changes. The
emphasis should be on repeatability, uncertainty thresholds and integration
with production or unrest data rather than on ad hoc re-surveys.

This staged structure is deliberately modular. Not every field requires every
method, but most failures in geothermal geophysics arise because surveys are
chosen for convenience or habit rather than because they address the domi-
nant uncertainty at the correct scale.

Table 2. Comparative strengths, limitations and target depth ranges of the main geophysical methods discussed in this review.

Method family

Local earthquake to-
mography / passive
seismic

Ambient-noise /
nodal seismic

Reflection/refraction

seismic

MT

CSAMT

TDEM / TEM

Self-potential

GPR

Typical depth of
investigation

1-30 km

0.5-10 km

0.1-5km

0.1-10+ km

20-1500 m

30-500 m

Surface method
with shallow flow
sensitivity

0-30 m (occasional-
ly more in resistive
volcanic ground)

Primary physical
sensitivity

Vp, Vs, Vp/Vs,
attenuation, event
distribution

Surface-wave veloc-
ity, temporal velocity
change

Acoustic impedance
and geometry of
interfaces

Bulk electrical
resistivity

Shallow-to-interme-
diate resistivity

Transient resistivity
response

Electrokinetic and
thermoelectric
potentials

Dielectric contrasts
and near-surface
conductivity varia-
tions
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Main strengths

Tracks active struc-
tures, fluid pathways
and time-dependent
change

Useful where natural
seismicity is limited;
repeatable for mon-
itoring

High structural
resolution where ac-
quisition is feasible

Best deep electro-
magnetic method;
maps clay cap to
deep roots

Higher resolution
than MT in target
depth range

Good bridge be-
tween shallow and
deep EM methods

Directly sensitive to
groundwater and
hydrothermal flow

Very high resolution;
excellent for frac-
tures and infrastruc-
ture

Main limitations

Requires good
event/station ge-
ometry; non-unique
petrophysical inter-
pretation

Resolution depends
on array geometry
and noise field

Logistically de-
manding in rough
volcanic terrain;
strong scattering

Diffuse resolution;
static shift and in-
version non-unique-
ness

Near-field effects
and cultural noise
must be controlled

Depth penetration
still limited in highly
conductive ground
Sensitive to refer-
encing, weather
and conductivity
heterogeneity

Strong attenuation
in wet clay-rich
altered ground

Typical Mediterra-
nean use

Caldera unrest,
fault-controlled
upflow, induced
seismicity, regional
structural context
Shallow reservoir
imaging, baseline
monitoring, 4D
velocity change

Cap-rock geometry,
major faults, shallow
reservoir architec-
ture

Regional recon-
naissance, deep
reservoir architec-
ture, fault-controlled
conductivity

Target refinement,
cap-rock mapping,
well siting

Top of clay cap,
shallow aquifers,
alteration zones

Hydrothermal
discharge, leakage
pathways, fault-fo-
cused upflow
Shallow fractures,
leakage, altered
ground, buried utili-
ties and hazards
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Mediterranean system classes

The Mediterranean is especially valuable because it contains several contrasting
geothermal system classes within a relatively compact region. Volcanic island
systems such as Milos and Nisyros are ideal for testing the coupling between
MT-defined conductive caps, shallow radar-visible structures and gas-rich hydro-
thermal discharge. Caldera systems such as Campi Flegrei require full integra-
tion of seismicity, EM imaging, hydrochemistry and geodesy because the same
signals matter for both geothermal development and hazard assessment. Exten-
sional continental systems in western Anatolia are critical for understanding how
deep fault permeability, basin architecture and metamorphic basement control
reservoir formation without requiring a large shallow volcanic edifice (Dawes and
Lagios 1991; Hacioglu et al. 2021; Hutton et al. 1989; Troiano et al. 2022).

The implication for future work is straightforward: the Mediterranean should
be treated not just as a collection of local case studies, but as a comparative
natural laboratory in which transferable monitoring strategies can be tested
across different geothermal play types (Table 3).

Table 3. Representative Mediterranean geothermal play types and the geophysical combinations most useful for each.

Province / play type

Active caldera systems

Volcanic island high-en-
thalpy systems

Basaltic stratovolcano /
flank systems

Continental extensional
systems

Low- to medium-en-
thalpy urban/peri-urban
systems

Representative sites

Campi Flegrei, Santorini

Milos, Nisyros, Vulcano, | fault-controlled upflow,

Characteristic geophysi- | Most diagnostic meth-
cal signature ods

Main monitoring priority

Strong coupling of

deformation, seismicity, | Passive seismic, MT,
gas flux and conductive | InSAR, SP
hydrothermal bodies

4D unrest tracking and
separation of hydrother-
mal vs magmatic signals
Conductive clay cap, Reservoir geometry, shal-
low leakage, structurally
controlled permeability

MT/CSAMT, TDEM, SP,
Ischia heterogeneous shallow | targeted GPR

volcanic cover
Complex fracture

Etna

Gediz and Buyuk Men-
deres grabens, western
Anatolia

Eastern Campi Flegrei
and comparable di-
rect-use targets

networks, shallow
seismicity, hydrothermal
alteration along active
structures
Fault-bounded basins,
conductive sediments,
deep permeable fracture
zones

Shallow structural
control, mixed fresh and
mineralized groundwater,
engineering constraints

Emerging directions

Seismic monitoring,
InSAR, SP, local EM/GPR

3D MT, seismic imaging,
gravity, hydrochemistry

Shallow seismic, gravity,
TDEM, SP, selective GPR

Time-dependent fracture
activation and hydrother-
mal circulation

Target refinement along
active fault corridors and
basin margins

Site screening, environ-
mental control and infra-
structure compatibility

Several technological trends are likely to change Mediterranean geothermal
monitoring over the next decade. Distributed fibre-optic sensing is one of the
most important because it can transform wells and existing fibre infrastructure
into dense arrays for acoustic, thermal and strain monitoring. For geothermal
fields this promises better microseismic detection, higher spatial sampling and
closer integration between subsurface operations and geophysical observa-
tion. The main opportunity is not simply denser data, but continuous data at
scales that bridge borehole monitoring and surface arrays (Hartog 2017).
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A second trend is tighter coupling between subsurface geophysics and sur-
face deformation. InSAR has already become indispensable in Campi Flegrei
and other volcanic settings, and recent 4D geodetic imaging demonstrates how
deformation time series can be linked more directly to the evolving feeding
system beneath the caldera (Tizzani et al. 2024). In operational geothermal
settings this logic can be extended to injection-induced uplift, subsidence and
cap-rock integrity.

A third trend is the use of lighter and more flexible platforms for shallow
geophysics. Low-frequency large-depth radar, drone-enabled acquisition and
dense rapid-deployment arrays all expand what can be measured in steep or
hazardous volcanic terrain, although rugged field conditions and sensor minia-
turization remain practical constraints (Paoletti et al. 2024).

Finally, data integration itself is changing. Machine-learning tools are in-
creasingly being used for event detection, anomaly ranking and acceleration
of inversion workflows, but their value in geothermal work depends on geologi-
cally informed training and uncertainty control. For Mediterranean applications,
the best short-term use of machine learning is likely to be assisted interpreta-
tion and pattern extraction from multi-method time-series rather than black-box
replacement of physics-based inversion.

Research gaps and recommendations

Maijor gaps in this research are that genuinely integrated 4D monitoring remains
rare. Many Mediterranean studies are still method-specific snapshots, even in
systems known to evolve through time. Repeated surveys are expensive, but
without time-lapse design it is difficult to distinguish persistent architecture
from transient fluid or stress changes.

Second, uncertainty is underreported. Published geothermal interpretations
often present a preferred geophysical model without clearly separating what
is directly constrained by data from what is inferred through conceptual rea-
soning. This is particularly problematic for MT inversion in structurally com-
plex volcanic terrains and for seismic interpretation in strongly heterogeneous
near-surface environments. Future studies should report sensitivity, resolution
and plausible alternative interpretations more explicitly.

Third, the shallowest part of geothermal systems remains comparatively un-
der-characterized. Yet this is where leakage, environmental impact, infrastruc-
ture instability and early hydrothermal changes are most likely to be expressed.
Near-surface EM, SP and GPR should therefore be integrated more routinely
into geothermal monitoring programmes, especially in densely populated or
environmentally sensitive Mediterranean settings.

Operationally, the field would benefit from open benchmark datasets that
combine MT, seismic, geochemical, geological and deformation observations
from the same sites; standardized repeat-survey protocols for active fields;
and more published studies that compare successful and unsuccessful drilling
outcomes against pre-drill geophysical interpretations. Such comparisons are
essential if Mediterranean geothermal geophysics is to move from persuasive
imaging to measurable risk reduction.
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Conclusions

Mediterranean geothermal systems demand integrated geophysical thinking be-
causetheresource is generated and controlled by coupled tectonic, magmatic, hy-
drothermal and near-surface processes. Seismic methods are indispensable for
imaging active structure, fracture dynamics and time-dependent elastic change.
MT and CSAMT remain the primary methods for mapping the deep resistivity
architecture of geothermal systems, especially conductive caps and fault-con-
trolled pathways that organize fluid flow. Near-surface EM, SP and GPR methods,
although often treated as secondary, are essential for resolving the shallow do-
main where discharge, alteration, leakage and infrastructure interaction occur.
The Campi Flegrei case-study synthesis demonstrates that these roles are not in-
terchangeable: each method reduces a different class of uncertainty and should
be justified against a specific exploration or monitoring decision.
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