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ABSTRACT

The Earth has evolved dynamically since its formation about 4.5 billion years ago, driven
by continuous internal and surface processes. Magmatic systems, driven by Earth’s inter-
nal heat engine, have evolved from widespread primordial magmatism during early crustal
formation to complex, localized activities associated with plate tectonics, mantle plumes,
and subduction zones. Volcanoes and hydrothermal systems provide valuable insights into
Earth’s magmatic processes, which often result in crustal deformations due to the injection,
accumulation, and movement of magmatic fluids. Depending on complex physical condi-
tions, these processes can be further influenced by various external and dynamic factors.
Exogenous processes do not affect the general trend of magmatic inflation and the rate
of increase in magma injection or accumulation, but rather modulate the driving factors.
The interplay between endogenous forces (such as magmatic activity) and exogenous fac-
tors (such as tectonic stresses or atmospheric phenomena) complicates the understanding
and prediction of hazards. The hazards associated with magmatic systems have increased
worldwide as communities increasingly settle near these systems to capitalise on their
economic and environmental benefits while also disrupting the natural processes through
artificial impact. Such regions include the Cascades, the Nordic countries, the Southern
Alps, Southeast Asia, and numerous volcanic islands. Under the current scenario of climate
change and changing weather patterns, this further complicates the intricate feedback re-
sponse between endogenous and exogenous forces. This review offers a novel synthesis
of the interplay between endogenous and exogenous processes governing magmatic sys-
tems, highlighting how external forces modulate volcanic and hydrothermal activity across
spatial and temporal scales. We propose a conceptual framework linking external stress
perturbations with internal magma dynamics, emphasizing feedback mechanisms during
different stages of the eruption cycle. By integrating multi-source geophysical, geodetic,
and climatic observations, the study identifies knowledge gaps in understanding how nat-
ural forcing affects magmatic inflation, deformation, and eruption forecasting. Under the
current scenario of global climate change and increasing anthropogenic impacts, such an
integrated perspective is essential for advancing next-generation volcanic monitoring and
hazard mitigation strategies.
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1. Introduction

Volcanic and hydrothermal systems around plate

boundaries and in intra-plate regions are the major mag-

matic systems associated with mantle convection, where
hot magmatic fluids reach the surface through eruptions
and fluid migration. Upon reaching, the cooling of the
magmatic fluids can form precious ore deposits and fer-
tile soils through subsequent eruptions and hydrothermal
circulations. For thousands of years, the economic value

of ore deposits and the high fertility of soils produced

by successive volcanic eruptions around active volcanoes

have consistently drawn human settlements. Additionally,

the rich mineral deposits and diverse bio-community sur-

rounding the hydrothermal systems, along with natural re-

newable energy sources and significant tourism potential,

have consistently attracted human habitation in the vicin-

ity of the active systems. The current scenario of climate

change and induced phenomena from several artificial ac-

tivities are proven to be affecting the magma transport and

eruptive episodes in the magmatic systems. They could

be directly impacted by potential eruptions and unrest

episodes. Currently, more than 800 million people reside

near active volcanoes and hydrothermal systems globally.

They could be directly affected by potential eruptions and

unrest episodes, which can cause surface deformation and

seismic events [1].

Eruptions are caused by a combination of endoge-
nous processes that begin with the generation and sup-

ply of melt from the mantle, followed by magma accumu-

lation in crustal reservoirs and magma transport from stor-

age reservoirs to the surface [1, 2]. Naturally, a volcanic
eruption is a phenomenon that requires large volumes of

magma with low viscosity, the accumulation of sufficient

pressure, a suitable conduit system, and many other sat-

isfying pre-requisites, which in themselves are extremely

limited [3]. Furthermore, in the case of hydrothermal sys-

tems, the fluids follow migration pathways that depend on

the permeability structure of the medium to interact with

the host rocks and generate fissures through fractures

[4, 5]. Although the fluids follow complex pathways and dy-

namics to reach the surface and are hard to detect, the
numbers reach 100 active volcanoes each year and over
10 erupt simultaneously worldwide [6]. Therefore, accurate

forecasting, measurement, and interpretation of volcanic

processes are vital for global safety.

Additionally, magmatic systems are considered com-

plex systems that evolve spatiotemporally, driven by their

internal dynamics. Depending upon the internal dynam-

ics and fluid pathway conditions the eruption patterns and

the lithospheric deformations may vary accordingly. These

systems have long been observed to exhibit (pseudo) cy-

cles across different timescales where regional tecton-

ics and earthquakes play a critical role by altering the

stress state at volcanoes. These cycles are detected on

shorter timescales through seismic activity, degassing pat-

terns, and variations in eruptive frequency and intensity.

On longer timescales, they are evident in changes to erup-

tion rates or eruptive flux.

Furthermore, the presence of shallow hydrothermal

reservoirs renders the systems susceptible to near-surface

natural processes. Therefore, volcanic activities are neatly

explored as a culmination of complex interactions be-

tween internal processes and external influences, occur-

ring across varying spatial and temporal scales [7–10]

(Figure 1). Advances in technology and data processing

methods have significantly improved the ability to identify

these periodic signals within volcanological datasets. This

has revealed the influence of exogenous factors, such as

Earth tides and seasonal hydrological variations, as well

as climate-driven modulations that act through changes

in pore-fluid pressure or the stress field (both dynamic

and static). Furthermore, climate change manifests as

changes in patterns of temperature, rainfall, snow cover,

oceanic currents, etc. also impart sufficient external stress

perturbations to disrupt the internal process and modu-

late the systematic processes. This can influence the dy-

namics of an active magmatic system, and in some cases,

they may serve as the ultimate triggers for volcanic erup-

tions [11, 12]. Understanding the interactions between in-

ternal and external processes at various scales in mag-

matic systems is crucial for revealing the factors that in-

fluence magma ascent, flow, storage, and the conditions

leading to volcanic unrest, failure, and eruption triggers.

By unraveling the temporal evolution of volcanic activity

across both short and long timescales, we can enhance

our ability to interpret volcanic histories, assess hazards,

and ultimately improve forecasting accuracy and reliability.

In this review article, we have explored the hazards

associated with the magmatic system in the context of an

evolving Earth where the dynamics keep getting changed

over time. Section 2 discusses the societal significance

of magmatic systems and summarizes documented haz-
ards, advances in monitoring, and the internal dynamics
of magma chambers, caldera cycles, and eruption mecha-
nisms. Section 3 presents a chronological overview of the

scientific advancements in monitoring magmatic systems
and quantifying external forcing. Section 4 synthesizes key

insights and identifies unresolved challenges, focusing on
how exogenous forces such as rainfall, tidal loading, and
climate variability modulate magmatic processes. Finally,
Section 5 outlines future research perspectives and direc-

tions for improving volcano monitoring and hazard mitiga-

tion in the framework of coupled internal–external Earth

processes.

2. Significance of the Magmatic Systems to the Soci-
ety and Knowledge Advancements

2.1. Documented Hazards Associated with the Magmatic Sys-

tems and Advancements in Monitoring and Mitigation

Volcanic eruptions have caused significant fatalities

throughout history due to hazards such as pyroclastic

flows, lahars, tsunamis, and ashfall, as well as indirect

effects like famine (Figures 2 and 3). The notable well-

documented examples include the 1815 Mount Tambora

eruption in Indonesia that killed about 71,000 people, with
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many dying from famine caused by the “Year Without

a Summer.” Similarly, the 1883 eruption of Krakatoa re-

sulted in over 36,000 deaths, primarily due to tsunamis

that devastated coastal areas. Pyroclastic flows are par-

ticularly deadly, as seen in the 1902 eruption of Mount

Pelée in Martinique, which destroyed Saint-Pierre and

killed nearly 29,000 people. Lahars, or volcanic mudflows,

caused around 23,000 deaths during the 1985 eruption of

Nevado del Ruiz in Colombia when they buried the town of

Armero. Tsunamis linked to eruptions, like those triggered

by the 1792 eruption of Mount Unzen in Japan, have also

been devastating, killing 15,000 people. Ashfall can lead to

long-term impacts, such as during the 1783 Laki eruption
in Iceland, which caused about 10,000 deaths from fluo-
rine poisoning and famine. Even modern eruptions, like
Mount St. Helens in 1980, which killed 57 people, and
the Soufrière Hills eruption in Montserrat, which caused

19 deaths, demonstrate the persistent threat of volcanic

activity. In addition, eruption-related atmospheric hazards

have also been studied, and they can significantly influ-

ence weather and climatic patterns.

The outgassing of hazardous gases (SO2, HCl, and

HF) can affect the livestock and negatively impact the pop-

ulation’s health and well-being, which is a good example

of the effects of prolonged eruptive activity on society. Vol-

canic dust and ash in the upper troposphere pose a sig-

nificant threat to air travel, as they can cause damage

to static tubes and turbine blades, leading to engine fail-

ures that adversely affect air traffic (Figure 3). As a recent
example, the 2022 Hunga Tonga-Hunga Ha‘apai eruption

was a powerful volcanic event in the South Pacific on 15

January 2022 (Figure 3h). Although being a sub-marine

volcano, the direct impact of hazards was limited, but the
event triggered tsunamis that impacted Tonga, Fiji, and
distant nations, with ash fall contaminating water supplies
and damaging crops. The eruption sent a massive plume
over 58 km high, disrupting global weather and releas-
ing record water vapor into the atmosphere. Tonga expe-

rienced major communication outages due to damage to

undersea cables. With energy comparable to hundreds of

atomic bombs, the eruption had far-reaching environmen-

tal and atmospheric effects.

Figure 1. Common natural forces acting on the earth’s surface as well as magmatic systems around the globe on
semi-diurnal/diurnal (Temperature, pressure, Tides), fortnightly and monthly (Tides); seasonal (Rainfall, snow cap) and

multi-annual (Sea level; pole tides; Temperature, pressure) timescales.
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Figure 2. (a) Lahars from the 1984 eruption of Mayon volcano (b) upper Drift River valley following the 1989–90 erup-

tions of Redoubt (c) The 80-meter-high headwall scarp resulted from the landslide that occurred on 5 January 1991,

at Almolonga Volcano within the Zunil Geothermal Field. (d) Representation of different hazards from the image of Mt
Mayon eruption, Philippines (e) Strombolian eruptions at a spatter cone in Pacaya’s MacKenney crater (f) image of a

Volcanic bomb (g) The 18 December eruption of Redoubt, viewed from the Kenai Peninsula across Cook Inlet, shows

an umbrella cloud that seems to emerge from a vent on the northern flank but is actually ash that rose to more than 10

kms produced by a pyroclastic flow (h) Volcanic lightening produced during the Hunga-Tonga Eruption, 2022 (i) A NASA

Space Shuttle image captured on 12 June shows an eruption plume from Sarychev Peak in the Kuril Islands, reaching

altitudes of 16 to 21 km during its eruptions from 11 to 16 June (taken and modified from Global Volcanism Program
https://volcano.si.edu/gallery/ImageCollection.cfm, Last accessed on 15 October 2025).

These events highlight the varied dangers of vol-
canic eruptions and the importance of preparedness and

timely evacuation to reduce fatalities. Historically, the to-

tal documented loss of life from volcanic eruptions has

been modest (i.e., ∼300,000 since 1600 AD) compared

to other natural hazards (i.e., around 50 million) [13].

However, the population growth around active volca-

noes and hydrothermal systems has increased interest in

eruption prediction and volcanic hazard mitigation, which

also requires monitoring these magmatic systems and

understanding the associated fluid migration and defor-

mation processes, contributing to unrest activity. To mit-

igate the impact of volcanic events, it must be prior-

itized for improving eruption forecasts through innova-

tive observations, advanced methods, and refined models

of volcanic processes. Observations through geochemi-

cal and geophysical techniques enable the study of vol-

canic processes across scales, from the microscopic (e.g.,

magma crystal content) to the macroscopic (e.g., lava flow

paths).
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Figure 3. (a) Houses getting damaged from the lava flow in Iceland. (b) Lava fountains over the eruption at Mount Etna

(c) Massive boulder carried by pyroclastic flow from Bandai volcano in a lahar during an eruption in 1888 (d) The forested
islands in Shimabara Harbor were formed by a massive debris avalanche in 1792, originating from Mayuyama, the left-

most of the two forested lava domes behind the city. (e) House damaged from the tephra falls in the village of Parı́cutin (f)

House damaged by Lahars from the 1989-90 eruptions of Redoubt (g) Plumes covering the city from pyroclastic flow at El

Naranjo, 7.5 km south of the eruption crater (h) Volcanologist using masks to prevent respiratory damages from volcanic

gases (i) Cars stuck in materials carried by Lahars in Indonesia (j) remains of a human body buried in ash at Pompeii.

(k) Airplane damage due to volcanic ash from Copahue volcano, Chile (l,m) Aircraft engine damage from volcanic ash

and tephra (taken and modified from Global Volcanism Program https://volcano.si.edu/gallery/ImageCollection.cfm, Last
accessed on 15 October 2025).

Volcano monitoring through geophysical methods em-
ploys both ground- and space-based methods. Ground-

based techniques include seismic, geodetic (deformation),

gas, thermal, hydrologic, potential field, and tomography
observations, often supplemented by drones and lightning
detection arrays for inaccessible areas (Figure 4). Space-

based monitoring, using satellites, provides long-term,

global data on heat flux, gas and ash emissions, and de-

formation, spanning years or decades (Figure 4). Despite

advancements in global satellite surveillance, challenges

persist in predicting volcanic eruptions. Notably, a quar-

ter of volcanoes with major explosive eruptions since 1979

had no prior activity in the preceding century. This means

that some of the most destructive eruptions in the coming

decade may occur at volcanoes without instrumental un-

rest records [14]. Historical data, such as detailed obser-
vations from Krakatoa’s 1883 eruption—ranging from tide

gauge readings and barograph records to ship logs—offer

invaluable insights into both local and global impacts. Be-
yond scientific observations, historical records document-
ing personal experiences and crisis management provide
critical context for understanding magmatic processes and
the human dimensions of volcanic disasters [14]. While

satellite monitoring enhances our ability to detect changes

at active volcanoes, these historical accounts remain es-

sential, offering complementary perspectives on volcanic

risks across time. Together, these approaches of monitor-

ing the deformations and magmatic processes enhance

our understanding of volcanic systems and improve haz-

ard mitigation efforts.
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Figure 4. Schematic representation of ground based instruments (GNSS, Tilt meter, Seismometer, Thermal/IR cameras,

LiDAR etc.) and air based instruments (InSAR satellites, Airborne imaging and gas measurement through Drones etc.)

for volcano deformation monitoring techniques (taken from USGS Volcano hazards program https://www.usgs.gov/vhp,

Last accessed on 15 October 2025).

2.2. Volcanic Deformation and Associated Complex Magma

Chamber Dynamics

As magma ascends toward the Earth’s surface, it de-

forms the surrounding crust, causing minor or large de-

formations which can be precisely observed through mod-

ern geophysical techniques. Since the shallow crust is brit-

tle, such deformations often trigger earthquakes, which are

also readily observed [15]. Magma inflation in the form of

crustal deformation and increased seismicity is interpreted
as a potential sign of an unrest before the eruption [15].

Therefore, deformation measurements are a crucial tool

for studying magmatic processes and monitoring active
volcanoes. Alongside seismic monitoring, deformation is a
key method for assessing the likelihood of future eruptions
with the main goal as to determine the geometry of sub-
surface magma bodies, such as whether the deformation

originates from a dike, sill, equidimensional chamber, or a

hybrid source; to quantify key source parameters, includ-

ing depth, dimensions, volume, and internal magma pres-

sure; and to enhance understanding of the physics behind

magma transport and eruption dynamics. Besides, there

are several complex processes that govern the internal dy-

namics of the magmatic system, including the subsurface

flow of magmatic fluid, which often has varying melt pa-

rameters.

The magmatic systems around the globe differ highly

according to the associated tectonic setting, production

and composition of magma, fluid pathways, and various

lithospheric conditions. Magma transport at depth is con-

trolled by freezing distance, chemical alteration, surficial

exposure, and crustal development through repeated in-

jections [1]. Common transport methods include porous

flow in partly molten and deformable source rock, fracture

flow in elastic-brittle rock, and diapiric ascent of granites

through viscous rock, where it is most efficiently trans-

ported through cold lithosphere via cracks or dikes. Fur-

ther, the eruptions can also be influenced by several tec-

tonic triggering processes such as squeezing, bubbling,

clamping/unclamping, sloshing, diffusion, and roof failures

led by the local tectonics and topographic loading on the
caldera system [5]. The process can act alone or in a com-

bined effort to generate an eruption on the surface, which

seems too complex to occur but still reaches an average

number of around 50 globally each year [16]. Therefore,

the crucial monitoring of the surface deformation combined

with the seismicity is needed for the clear understanding of

the magma chamber and related internal dynamics.

Adding to that, rising magma can be halted for several
mechanical reasons. Dikes, for instance, might not reach

the surface if the driving pressure is too low, the magma

density is too great [17], or if stress zones within the vol-
canic structure create resistance below the surface. Usu-

ally, most systems remain in a state of repose and unrest

that could not lead to an eruption generating continuous
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surface deformations and seismicity [18]. Further, cool-

ing can cause “thermal death” in dikes by solidifying the

magma [18], while decompression can lead to “viscous

death” through crystallization that thickens the magma and

impedes flow [19]. Sills, where magma flows horizontally,

can form when it encounters a stiffness or density bar-

rier or when vertical stress is minimal. Sheeted sills are

likely responsible for a large portion of the crust gen-

erated along mid-ocean ridges [20]. Dike-sill complexes

may combine to produce enormous, partly molten entities
that are often linked to the surface via a network of fluid
pathways, which includes fractures and faults that are of-

ten divided into linked crystal-melt mush zones and melt-
dominated areas, known as magma chambers [19]. The

distinction between mush and magma is based on whether

the material is eruptive. The threshold varies based on

crystal size, shape, and strain rate [21]. Rheologically, the

system can be classified as partly molten rock below a

crucial melt percentage and magma over the threshold

[22]. Nevertheless, filling of the magmatic reservoir and

increased buoyancy lead to magma ascend, which de-

pends on the evolution of the fluid through several fac-

tors such as heat loss, volatile enrichment, assimilation,

and properties of surrounding rocks. Understanding of the

shallow and the deeper reservoir through precise inverse

modelling of the geodetic datasets and seismic studies of

the sub-surface system can unveil the prevailing dynam-

ics.

Extensive seismic studies of magmatic systems

worldwide have provided detailed images of their struc-

tures using inversion methods [23]. These studies reveal
that these systems often contain localized magma cham-

bers or accumulated zones above thicker crystal-rich, par-

tially molten rock regions at shallower depths and melt is

generated and stored in the deeper crust over long pe-

riods before being rapidly transferred to shallow depths

when needed [19]. The reservoirs have complex dynam-

ics, involving the permeability, rheology, and fracture path-
way structure along with the unconfining or confining na-
ture of the system [24]. Interactions with meteoric or con-

nate water are also evident in the reservoir during fluid

transfer, which disrupts fluid mechanics during ascent. De-

compression forces from the magma ascent make the dis-

solved volatile species like water and carbon dioxide expel

from the melt, creating bubbles through secondary boiling

that may fuel the eruption through degassing. The bub-

bling is regulated by gas bubble production, magma rhe-

ology, and brittle deformation (fragmentation), which can
also generate seismicity in the forms of tremors, swarms,
and volcano-tectonic events [25]. Also, injection of new

magma and overpressure within magma chambers play

their roles in the rise of magma to the shallow reser-

voir and deeper Long period (LP) seismicity [26]. Con-

clusively, all the processes involving magma properties

and their interactions in the conduit are coupled where

a consistent correlation exists between fluid buildup at

shallower depths (termed inflation) and crustal deforma-

tion as vertical uplift. However, it should be mentioned

that some volcanoes inflate without exploding, especially

at restless silicic calderas, and some eruptions also

take place without detectable deformation from the infla-

tion.

Volcano tectonic (VT) events and swarms are the

usual seismic events during inflation and eruptive periods,

which reach the highest numbers during the pre-eruption

[27] (Figure 5). The volcanic unrest phase requires the in-

flation of the magma chamber due to an increase in over-

pressure, increase in magma injection, increase in volatile

enrichment, or decrease in compressibility of the chamber

[2, 28]. The evolution of the volcanic plumbing system for

the generation of volcanic activities also impacts the mag-

matic system’s capacity to control the magma storage and

interaction with the surrounding rocks [1, 29].

Typically, during the evolution in the degree of inflation

of the magma chamber, the rate of deformation and seis-
micity occurrence increases, which again interacts with the
magmatic system (Figures 5 and 6). While the seismic

events are substantially micro-seismic and low magnitude

(M < 4), higher magnitude events (M > 5) can be ac-

companied by phreatic eruptions or the release of accumu-

lated sub-surface stress fields due to perturbations from

fluid movements during eruption or failures associated with

eruption [30, 31]. These increased events are also evident
in the form of degassing in the case of volatile-rich magma,

where pressure differences between the magma and low-

pressure (wall rock) environments can induce fast horizon-

tal gas escape if bubbles within the magma are sufficiently

coupled to feed gas to the wall rock [32]. Processes involv-

ing chamber inflation during volcanic unrest events and

fluid migrations in hydrothermal systems generate crustal

deformation (upliftment of the ground surface) and brittle

deformation in associated structures (minor ring-fault sys-
tem and major tectonic fault system) as well as magma-
rock interface depending on rock properties [5, 33] (Fig-

ures 5 and 6). Also, during eruption the chamber deflation

also produces unrest events through negative surface de-

formation and brittle deformations in the subsequent ring-

faults produced due to the collapsing of the chamber roof

(Figure 5) [34]. The collapsing or downsag produces out-
ward dipping ring faults which with further peripheral down-

sags produce inward dipping ring faults. Depending on the

stage of inflation/deflation the nature of the ring faults (Nor-

mal/reverse) changes according to the deformation pattern

[33, 34].

2.3. Eruption Cycles and Caldera Dynamics

Cyclic eruptive cycles in volcanic systems have been

detected on both short and long timescales through seis-

mic activity, degassing, and measurements of eruptive

frequency and intensity. However, cycles on a longer

timescale are detected from changes in the rate of oc-

currence of volcanic eruptions or changes in eruptive flux

[35, 36]. This time scale has been explained by the de-

struction of an impermeable magma plug when overpres-
sure exceeds a threshold and recrystallization of the plug
from combined rheological changes.
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Figure 5. (a) Bathymetry and spatial distribution of micro-seismicity, seismic network and collocated bottom pressure

recorders (AXCC1 and AXEC2 marked by squares) surrounding the Axial Seamount on the Juan de Fuca ridge. The

bathymetry data is archived from General Bathymetric Chart of the oceans (https://www.gmrt.org, Last accessed on 15

October 2025). Seismicity distributions during three phases of eruptions (i.e., pre-eruption, eruption and post-eruption)

are marked by different colors and symbol sizes are scaled by magnitude of earthquakes. The caldera rim (black line),

surface trace of the magma chamber (blue solid line) and depth contours for at depth of 1.5 km (dashed blue line) below

the seafloor are highlighted. Inset shows locations of the Axial Seamount (red square) and tide gauge station (yellow tri-

angle) at the coast of Cascadia Subduction zone (archived at https://www.ncei.noaa.gov/maps/hazards/?layers=0, Last

accessed on 15 October 2025). (b) Vertical cross section (AA’ in Figure 5a) across the caldera region showing depth

profile of earthquake distribution. Roof of the Axial Magma Chamber is marked by solid black line. (c) Schematic repre-

sentation of dynamics of the caldera, dikes and nature of faulting. During pre-eruption stage magma chamber, inflation

dominates producing normal fault earthquakes and reverse fault motion occurs during the eruption stage where magma

chamber deflation dominates (Modified after [27]).

The overall timescales can be divided into Pre (in-

flation), Syn (deflation), and Post (Repose) eruption pe-

riods according to the magmatic system’s magma infla-

tion/deflation stage (Figure 6). Small periods ranging in

days are often hard to discriminate due to the sudden

release of fluids without any unrest signature. Intermedi-

ate periods are characterized by multiple-week cycles of

earthquakes, tilt, and eruptive activity, which can be ex-

plained by dikes opening and reopening due to pressure

variations. Over a longer timescale, dome development

and quiescence alternate with multiple years. Long-term

scale behavior may be described in the magma chamber

and conduit operate as energy reservoirs due to the elas-

tic deformation of the wall rocks, releasing magma episodi-

cally when pressure exceeds a certain threshold. The time

scale for this process follows the elastic relaxation of the

chamber, with longer times resulting from bigger chamber

sizes. When the threshold is exceeded, the magmatic sys-

tem goes into volcanic instability, in which a volcanic struc-

ture has been sufficiently destabilized to raise the possibil-

ity of the structure failing whole or in part. Also, using finite

element modeling, it has been proposed in case of a cycle

of instability: after the instability or eruption, the removal of

material causes the impermeable wall rock of the magma

chamber to behave elastically in the initial period and later

on in the repose period, the relaxation of the chamber wall

creates the pressure difference for the magma flow from

the deep source into the chamber [15].
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Figure 6. Temporal representation of three phases of eruption sequences (i.e., pre-eruption, eruption and post-eruption)

at the Axial Seamount on the Juan de Fuca ridge. The change in sea floor elevation (dashed blue lines) was obtained
from two bottom pressure recorder stations AXCC1 and AXEC2 (marked in Figure 5a) and daily earthquake distribution

during Pre-eruption (Jd: 22–114, 22 January–24 April), Eruption (Jd: 114–140, 24 April–20 May) and Post-eruption (Jd:

140–334, 20 May–30 Nov) phases. Focal mechanism solution types are marked by different symbols (Normal: Grey

diamonds; Reverse: Green circles; Strike slip: Pink crosses). Note that during pre-eruption and eruption phases, nor-

mal and reverse type of earthquakes dominate, however during post-eruption phase mixed types of earthquakes are

recorded (Modified after [27]).

Failures in the surrounding host and cap rocks of the

magma chamber generate caldera or ring faults through

subsidence which are critical in generating an eruption,

acting as the fluid transfer conduit [5, 34]. The subsidence

again compresses the magma chamber, and the fractures

can undergo healing processes, which confine the cham-

ber and allow it to re-inflate due to endogenous processes

in a cyclic manner [23]. During the process the caldera

ring faults may produce complex seismogenic fault mech-

anisms which differ according to the phase/stage of the

eruption cycle (Figure 6). Usually, the normal fault mech-

anisms dominate during the pre-eruptive inflation stage

and reverse faulting during the eruptive roof collapse stage

(Figures 5 and 6). However complex combinations can be

observed with presence or absence of shallow hydrother-

mal systems and evolution of the caldera ring fault during

the different stages in an open or closed system [27, 34]

(Figures 5 and 6).

2.4. Triggering and Modulation of Volcanic Activity

Several studies have shown that volcanoes are com-

plex systems on which the dynamics are often determined

by the interplay between magmatic and the externally act-

ing natural forces [7, 8, 10, 31, 37]. Further, eruptions can

also be influenced by several tectonic and magmatic trig-

gering mechanisms, which may act independently or inter-

actively to initiate surface activity. To provide conceptual

clarity, the processes influencing volcanic unrest can be

broadly understood in terms of background signals, mod-

ulation, and triggering mechanisms. The background sig-

nals represent the long-term or quasi-steady endogenous

processes within a magmatic system, such as magma

accumulation, degassing, and gradual crustal deforma-

tion, which define the baseline state of stress and energy

buildup. Modulation processes, in contrast, refer to exter-

nal or cyclical factors that modify or amplify these back-

ground trends without directly initiating eruptive activity.

These can be broadly categorized as follows:

(a) Endogenous (internal) mechanisms:

• Overpressure and magma injection: Excess

pressure from magma replenishment or volatile

accumulation within the reservoir.

• Bubbling and degassing: Gas nucleation and

bubble expansion that modify magma rheology

and chamber pressure.

• Sloshing or magma oscillation: Resonant os-

cillations within conduits or reservoirs that en-

hance instability.

• Diffusion and volatile enrichment: Changes in

melt composition and volatile content influenc-

ing magma buoyancy and transport.

(b) Exogenous (external or structural) mechanisms:

• Clamping and unclamping by regional stress
fields: Stress changes from tectonic loading or

unloading that affect dike propagation.
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• Roof collapse and chamber-cap failure: Brittle

failure of the chamber roof due to overpressure,

subsidence, or gravitational instability.

• Topographic or caldera loading effects: Stress

contributions from edifice weight, sediment ac-

cumulation, or hydrothermal sealing.

These interacting processes collectively govern the onset
and evolution of volcanic unrest. The combination of inter-
nal magmatic overpressure with external stress modula-
tion can therefore explain the temporal clustering of defor-
mation and seismicity preceding eruptions [1, 5].

The external stress perturbing agents include various

processes such as rainfall-induced seasonal changes of

pore fluid pore pressure [11, 31, 37, 38], seasonal load-

ing/unloading due to the fluctuations in water table and ice

cap [39, 40], seasonal atmospheric pressure and thermal

cycles contributing to the variation of the lithostatic pres-

sure and ground temperature [8, 41], earth rotation as well

as pole tides [12, 42], wind speeds affecting the surface

load [9] and tidal loading [27, 30, 31] as well as sea level
changes [10].

The modulating agents can be divided into short-

term (Lunisolar tidal, seasonal) and long-term (Climatic,

pole tidal) agents which act on the different time-scales

on the active volcanoes. Magmatic systems with eruptive

activity over a longer time scale with dome development

and quiescence alternating with multiple years can have

the long-term climatic or astronomical influence through

the stress perturbations. Seasonal rainfall modulations are

reported from various active volcanoes and even non-

volcanic tremors [38, 39]. Similarly, tidally triggered non-

volcanic tremors are reported worldwide [43]. Theoreti-

cally, short-period stress perturbations as tidal modula-
tions can occur in a system with high loading velocity and

constant periodic tidal loading, which can only be achieved

during a critical state of inflation of the magma chamber

[44, 45]. Also, as interpreted from the resonance destabi-

lization concept, the anomalous fluid-rich crust could put

the fault segments or deformation zones in the condition-

ally stable frictional regime. Fluid transfers in this regime,

as well as crustal deformations and eruption events, in-

cluding seismicity, are susceptible to recurring exogenous

forces, primarily driven by seasonal hydrological and tidal

loading [45].

As a specific response, the possibility of periodic or

quasi-periodic behaviors at certain volcanoes [8, 10] in

response to lunisolar tidal forces [46], including the di-

urnal, semi-diurnal, or fortnight tides, results in an in-

crease in the likelihood of eruption onset or associated

deformations, explicitly when the volcanoes are in a crit-

ical state [10]. The susceptibility of a volcano to exter-
nal forcing largely depends on whether it is in a criti-

cal state—a condition where the internal pressure and

stress within the magmatic or hydrothermal system ap-

proach the mechanical failure threshold of the surround-

ing crust. This criticality is governed by several interre-

lated parameters, including magma chamber overpres-

sure, volatile content and gas saturation, magma viscos-

ity, crustal permeability, and ambient tectonic stress. As

inflation progresses, overpressure reduces the effective

normal stress along existing fractures and faults, making

them more prone to slip or dilation. Likewise, volatile en-

richment enhances buoyancy and chamber pressurization,

while transient permeability increases enable fluid migra-

tion that further destabilizes the volcanic edifice. A vol-

cano in such a state becomes highly sensitive to even

small external stress perturbations, typically ranging be-

tween 1–10 kPa, caused by tidal loading, rainfall, or at-

mospheric pressure variations. These perturbations can

transiently modify the local stress field, resulting in en-

hanced seismicity, degassing bursts, or even eruption on-

set. Identifying a system nearing this critical state re-

quires integrated multi-parametric monitoring using seis-

mic, geodetic, and geochemical observations. Character-

istic indicators include accelerated ground inflation, in-

creasing micro-seismic activity, shifts in gas emission ra-

tios, and evolving frequency-dependent deformation pat-

terns. Notably, nonlinear deformation acceleration, sud-

den changes in uplift or tilt rate, and rising long-period

(LP) seismicity often mark the transition toward critical

behavior.
Once a volcano reaches this critical stress equilib-

rium, external forces can modulate its response in a quasi-

periodic or transient manner, producing observable corre-

lations between environmental cycles and internal unrest

signatures such as seismic swarms or deformation bursts.

The combined contributions from exogenous forces cannot

be accurately estimated; however, the individual contribu-

tions from the primary sources of rainfall, Snow loading,

and tidal loading can be accurately estimated through var-

ious modelling and estimation techniques. It has long been
recognized that large volcanic eruptions can influence cli-
mate, a phenomenon known as “volcano-climate impacts,”
which remains a significant area of research [47]. The

reverse question, how climate change impacts volcanic
processes—referred to as “climate-volcano impacts”—is

also not new. The modulation of volcanic activity on sea-
sonal timescales in the modern era suggests that current
processes may provide a real-time analogue for phenom-
ena once believed to occur only over geological time. This
includes events such as the onset of glaciations and the
associated rapid sea-level drops [48], deglaciation and ice

removal in Iceland [49] and eastern California [50], as

well as changes in sea level rates in the Mediterranean

[51]. Decades ago, it was hypothesized that deglaciation
or changes in sea level could influence volcanic activity.

Variations in the distribution of surface load can result from

factors such as ice cap melting, sediment deposition and

erosion, changes in precipitation intensity, surface water

storage, and sea-level fluctuations. These variations alter

the stress state in the Earth’s crust and potentially ex-

tend into the upper mantle, affecting pressure, deviatoric

stresses, and stress orientation. Such changes can, in

turn, influence magma production, transport, and eruption

e.g., [39, 40, 52].
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The seasonal timescales can be observed both on

snow loading as well as meteoric water loading from

rainfall which are evident on the global eruption cata-

logues, especially on the VEI > 1 events [39] (Figures 7

and 8). Snow loading and subsequent seasonal changes

have been linked to volcanic activity in several regions.

At Mount St. Helens in the USA, winter snow accumula-

tion increases surface stress on the volcanic edifice, while

spring snowmelt reduces this load, potentially influencing

magma movement and seismicity [53]. Similarly, at Mount
Ruapehu in New Zealand, snow and ice dynamics affect

hydrothermal systems, with seasonal snowmelt promot-

ing phreatic explosions or impacting eruption timing [54].

In Klyuchevskoy Volcano in Russia, spring snowmelt infil-

trates the volcanic system, raising pore pressure and in-

creasing the likelihood of seismic activity or eruptions [55].

For Katla Volcano in Iceland, seasonal snow and glacier

meltwater can penetrate the crust, modulating hydrother-

mal systems and triggering seismic unrest [56]. At Yellow-

stone Caldera in the USA, snowmelt contributes to sea-

sonal hydrothermal changes by altering subsurface fluid

pressures, which can influence seismic and geothermal

activity [57].

Figure 7. (a) Topographical map of Mount Etna (Italy) with the tectonic features and faults. Red triangle shows the

summit crater of Mount Etna. Seismicity events surrounding the crater are represented by two different coloured circles,

separating events prior to and after the recent 16 February 2021 eruption sequence. Green triangles represent a small

section of the available GNSS stations. Inset shows the location of Mount Etna from Sicily, Italy. SLF: San Leonardello

Fault; ATF: Acitrezza Fault; TMF: Tremestieri Fault. (b) Enlarged satellite view of the Mount Etna volcano showing erup-
tion activity obtained from Copernicus Sentinel-2 data acquired on 18 February 2021 (marked by dashed rectangle in

Figure 7a). (c) Four-month distribution of rainfall (both MERRA, 2000–2021 and TRMM, 2000–2020) and eruption events

at Mount Etna (1600–2021) are represented by Box and Whisker plot. The white line within the box denotes the arith-

metic mean value, and the upper/lower extremes of the box indicate the values of the standard error of the mean, and

the black lines of the box denote the minimum/maximum values of the corresponding rainfall and eruption events. Note

that the higher number of eruptions occurs mainly during the wet season. Inset shows the linear correlation between

the mean eruption and mean rainfall values, which shows a good statistical correlation with a high R
2value. (d) Monthly

distribution of mean rainfall from both MERRA and TRMM sources and eruption events. (e) Cross-correlation between
rainfall (MERRA: blue line and TRMM: cyan line) and eruption events, with strong cross-correlation with a lag of ∼1–1.5

months (Modified after [37]).
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The relationship between sea-level changes and vol-

canic activity has been widely studied, offering diverse in-

sights into this interaction. Rampino et al. [48] first hypoth-

esized that rapid sea-level drops during glaciations could

trigger volcanic eruptions by reducing lithostatic pressure

and inducing decompression melting in magma chambers.

Jull and McKenzie [49] supported this with evidence from

Iceland, showing how ice cap removal during deglaciation

caused crustal rebound and increased eruptions around

10,000 years ago. Glazner et al. [50] linked ice sheet
melting to volcanic activity in eastern California, empha-

sizing regional variations in response to stress reduction.

Similarly, McGuire et al. [51] correlated Holocene sea-level

changes in the Mediterranean with increased volcanic ac-

tivity due to stress redistribution from sediment erosion

and deposition. Mason et al. [39] found a global correlation

between volcanic seasonality and sea-level changes, while

Sigmundsson et al. [40] quantified crustal stress changes

from historical sea-level variations, showing that rising sea

levels could suppress activity. Watt et al. [52] examined

sea-level-induced stress redistribution on magma trans-

port, and Satow et al. [58] used numerical models to show

that tensile stress from sea-level falls drives dyke eruptions

at Santorini (Figure 9).

Figure 8. The schematic diagram represents the role of tidal loading, regional rainfall, and associated hydrological load-

ing with the onset of eruption at Mount Etna (Italy). During the wet season, heavy rainfall and associated hydrological

load significantly weakens the volcano edifice, initiates mechanical tensile failure, and causes an increase in pore pres-

sure along the fissure channels and adjacent walls of the complex magmatic system. This promotes dyke intrusion and

eventually triggers the eruption cycle. The tomographic contours (black dashed lines) are p-wave velocity (Vp). (Modified

after [37].)

Figure 9. (a) Location and topography of the Santorini caldera, Greece. (b) Conceptual figure of decrease in hydrostatic
load during sea level fall along with the decay effects considered through Green’s functions using which accurate stress

drop values are calculated with sea level change in the Aegean Sea.
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In the past few decades, coupled hydro-mechanical

and poro-mechanical process has been linked with di-

verse geological phenomenon including, weakening of

seismogenic faults, aftershocks occurrence [59], seismic

swarm [60], slow-slip events [61], hydro-thermal seismicity

[62], induced seismicity (including both natural or Human-

induced earthquake) [38, 63], seasonal deformation [64],

landslides [65] etc. in various geological settings. In fact,

compselling evidence exists for rainfall-triggered volcanic-

seismicity [66], hydro-magmatic system with infiltrating
rainwater causing gravitational dome collapse [67], ex-

treme rainfall-triggered rift eruption [11], rainfall-induced

hydrological loading and unloading on the volcanic edifice
[31, 37, 68], and generation of lahars and associated flow

mechanism [67].

Recent observations increasingly highlight the role of

rainfall-induced stress variations in modulating ground de-

formation and seismic activity. Meteoric water storage and

load can deform the surface, induce crustal stresses, and

influence seismicity. Rainfall-induced pore-fluid pressure

variations also promote ground deformation [69] and can

trigger earthquake nucleation, often exhibiting seasonal
patterns correlated with precipitation [38]. In volcanic en-

vironments, rainfall modulation assumes particular impor-

tance as it interacts with the internal magmatic processes,

potentially affecting volcano dynamics. For volcanoes ex-

periencing magmatic or hydrothermal unrest, meteoric wa-

ter can act as a trigger for volcanic activity on timescales

ranging from hours to months. For example, at Nevado

del Ruiz (Colombia), interactions between meteoric water

loads and groundwater likely caused deformation events

and triggered phreatic explosions and seismicity between

1985 and 1988 [70]. A study of over 150 years of eruptions

at Piton de la Fournaise (La Réunion) suggested a possi-

ble link with rainfall, supported by models of ground defor-

mation due to water loading/unloading [68]. At Soufrière

Hills volcano (Montserrat, Lesser Antilles), seismic activity

during 2001–2003 was influenced by intense rainfall, at-

tributed to water percolation into cracks and interactions

at shallow and deep levels over hours to days [66] (Fig-

ures 7 and 8). The study concluded that rainfall modulates

pre-existing internal processes rather than initiating new

events. Extreme rainfall is also believed to have triggered

the 2018 rift eruption at Kı̄lauea volcano (Hawaii) by in-

creasing pore pressure at depths of 1–3 km, leading to

mechanical failure of the volcanic edifice [11] (Figures 7

and 8). Notably, this eruption was not caused by magma

intrusion but by dyke propagation induced by meteoric wa-
ter infiltration. Historical data further supports a statistical
correlation between rainfall and volcanic activity at Kı̄lauea

and Mount Etna [11, 37] (Figures 7 and 8). As the meteoric

water from the rainfall percolates to the ground surface to

add up the lithospheric loading as well as generate me-

chanical failures on the caldera structure, the mechanisms

related to the rainfall modulated activity are reported to be

complex in nature (Figure 8).
This synthesis underscores that external forcing op-

erates hierarchically across multiple timescales (Table 1).

Short-term loads such as tides and atmospheric variations
modulate unrest in critically stressed systems, while sea-
sonal and climatic factors rainfall, snowmelt, and sea-level
fluctuations alter crustal stresses and pore-fluid pressures

on intermediate timescales. Over geological timescales,

glacial cycles and tidal forcing reshape the lithospheric

stress regime, influencing magma production and eruption

frequency. Recognizing these coupled internal–external

feedbacks is crucial for improving predictive models of vol-

canic and hydrothermal hazards under changing climatic

conditions.

2.5. Hydrothermal Systems and Effect of Tidal Loading on Fluid

Flow

Hydrothermal systems, occurring in diverse tectonic

settings, are intrinsically linked to varying seismic charac-

teristics. These systems, marked by interactions between

heat, fluids, and rock, often generate seismicity influenced

by local tectonic conditions, fluid migration, and thermal

processes. Fluid-dominated seismic swarms are a hall-

mark of hydrothermal systems, reflecting the critical role

of fluid pressure changes within faults and fractures. These

swarms are typically characterized by clusters of small- to

moderate-magnitude earthquakes occurring over days to

months, primarily driven by the migration of pressurized

fluids and their interactions with the surrounding rock ma-

trix. In extensional tectonic settings, such as rift zones and

mid-ocean ridges, fluid-driven swarms are common. For

example, in the East African Rift System, swarms have

been attributed to the intrusion of magmatic fluids into

crustal fractures, creating overpressures that reduce fault

strength and trigger seismicity [71]. Similarly, along the

mid-ocean ridges, hydrothermal vent systems often exhibit

swarms as circulating fluids interact with the newly formed

crust. In subduction zones, where fluids are released from

dehydrating slabs, seismic swarms often mark the migra-

tion of these fluids through the overriding plate. At the Cas-

cadia and Nankai subduction zones, studies have shown

that transient fluid pressure pulses within faults can gen-

erate swarms of low-frequency earthquakes and tremors

[61]. These events highlight the role of fluid overpressure

in fault slip dynamics. Transform fault systems also show

swarms linked to episodic fluid flow. For instance, along the

San Andreas Fault, fluid pulses within fault zones can drive

localized swarms, as fluids temporarily reduce the effective

normal stress, promoting shear slip. These events are of-

ten short-lived but provide valuable insights into fault-valve

behavior.

Volcanic hydrothermal systems are particularly prone

to fluid-dominated swarms due to intense interactions be-

tween magmatic and hydrothermal fluids. At Yellowstone,

frequent swarms have been linked to the pressurization

and movement of hydrothermal fluids within the shallow

crust [72]. Similarly, swarms at Mount Ontake, Japan, are
driven by the upward migration of supercritical fluids, often

preceding or accompanying phreatic eruptions [73]. These

serve as dynamic indicators of fluid migration and over-
pressure within hydrothermal systems where they vary
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across tectonic environments but consistently emphasize

the critical role of fluid-induced stress perturbations in driv-

ing seismicity.

Several natural forces are acting in and on Earth that

provide stress perturbations on deformation plane to gen-

erate failure. However, the gravitational attraction from the

moon and sun during rotational cycles in particular or-

bits create deformations leading to periodic fluctuations

on Earth surface. At ocean surface these are defined as

Ocean tides and on the rigid earth surface as body tides.

Deciphering the law of gravitational attraction, mass of

the Moon is much smaller (roughly 27 million times) than

that of the Sun, but the distance of earth to the Sun is
much greater (roughly 400 times) making the lunar tidal
effect much greater than the Solar [74]. Tidal loadings

are a prominent source of periodic stress variation on the

Earth’s surface. Predominantly, there are 37 major tidal

constituents with 32 short-period (J1, K1, K2, L2, LAM2,

M1, M2, M3, M4, M8, MK3, 2MK3, MN4, MS4, MU2,

N2, 2N2, NU2, O1, OO1, P1, Q1, 2Q1, R2, RHO, S1,

S2, S4, S6, 2SM2, T2) and five long-period constituents

(SSA, SA, MM, MF, and MSF) [75]. These lunisolar grav-

itational forces produce periodic tidal loading at various

stress intensities and periods. Earth tidal loading can be

lower as compared to ocean tidal load, but with the pres-

ence of the majority of hydrothermal systems under sub-

marine conditions, the influence of tidal loadings is excep-

tional [4, 30, 76]. The loadings provided by tides cannot be

large enough to initiate seismogenic events, but the con-
stant, periodic nature of the load can trigger or modulate
seismogenic activities such as deformations through fluid
movement in fractures or cracks [46] (Figure 10). Tempo-

ral variations in fluid migration can be expected due to tidal
loadings at the hydrothermal system due to the suscepti-
bility of fluids to even low-magnitude stress that is con-
stant and periodic [76]. The movement response due to

tidal loadings is controlled by the medium’s poroelastic-

ity and the composition of the interstitial fluids, which can

act as fluid pathways. Further, mixing hydrothermal fluids

supports the low-temperature diffused discharge through

leaking or secondary circulation, which is crucial for the

influence of tidal loadings.

Table 1. Summary of exogenous stress-modulating mechanisms that influence magmatic and hydrothermal systems

across multiple temporal scales.

Timescale
Triggering/Modulating

Factor
Primary Mechanism

Representative

Regions/Examples
Key References

Hours–Days

(Short-term)
Lunisolar tidal loading

Periodic stress

perturbations
(10−3–10−2 MPa)

influencing dike and
fault stability

Mount St. Helens,

Campi Flegrei, East

Pacific Rise

McNutt & Beavan [30];

Wilcock et al. [7];

Sahoo et al. [76]

Atmospheric pressure

fluctuations

Surface stress

modulation affecting

shallow hydrothermal
systems

Nisyros Caldera,

Yellowstone
Petrosino et al. [8]

Days–

Months

(Seasonal)

Rainfall and

pore-pressure

variations

Infiltration alters
lithostatic load or

unclamps fractures,

triggering fluid flow or

failure

Kı̄lauea, Mount Etna,

Soufrière Hills

Farquharson &

Amelung [11];

Matthews et al. [66]

Snow and ice loading /

melt

Cyclic

loading–unloading
changes crustal stress

and magma ascent

pathways

Katla, Mount St.

Helens, Ruapehu

Sigmundsson et al.
[40]; Hurst & Smith

[54]

Years–

Millennia

(Long-term)

Sea-level variations

Hydrostatic pressure

change influencing

magma chamber

stability and melt

generation

Santorini, Icelandic

volcanic systems

Watt et al. [52]; Jull &

McKenzie [49]

Deglaciation and

glacial rebound

Crustal unloading and

decompression

melting

Iceland, Alaska
McGuire et al. [51];

Mason et al. [39]

Orbital (Milankovitch)

cycles

Long-term modulation

of crustal stress and

volcanic frequency

Global volcanic belts Sottili et al. [12]
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Figure 10. Schematic conceptual model illustrating the dynamics of submarine magma chamber and the influence of

tidal forcing on it at the Axial seamount submarine volcano in Juan de Fuca ridge, NE Pacific. In case of high tide, there is

an effective decrease in magma chamber inflation, whereas for low tide there is significant increase in magma chamber

inflation. The effective increase in magma chamber inflation during low tide, promotes normal faulting earthquakes due

to increase in the ∆CFS (Coulomb Failure Stress) (Modified after [27]).

For instance, at Campi Flegrei Caldera (Italy), ob-

servations show that semi-diurnal (M2) and diurnal (K1)

tidal components periodically alter pore pressure within

the shallow hydrothermal system. During high-tide phases,

compressional stresses inhibit upward fluid flow, while low-

tide unloading enhances permeability and triggers micro-

seismic swarms linked to gas and vapor movement [8, 31].
Similarly, along the East Pacific Rise, fortnightly (Mf) tidal

cycles modulate hydrothermal venting rates and micro-
seismicity, where low-tide periods correspond to dilata-
tional stress conditions that promote enhanced circula-
tion of hydrothermal fluids through crustal fractures [7, 77].

These examples demonstrate that the amplitude and fre-

quency of specific tidal constituents can directly govern

the timing and intensity of fluid migration in both conti-

nental and submarine hydrothermal environments. Even

though the absolute stress magnitudes are small (typically

∼0.001–0.01 MPa), their continuous and periodic nature

enables them to act as effective modulators of perme-

ability and pressure within critically stressed magmatic–

hydrothermal systems.
The water level data from the tide gauges can also

be used to estimate the ocean tide loading at ocean bot-

toms using similar principles. This leads to a possible cor-

relation analysis of the hydrothermal activity and deforma-

tion through fluid circulation. Hydrothermal earthquakes,

which occur due to hydrofracturing by fluids, mainly occur

in swarms in the lower crust. These are small-magnitude
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events that are substantially modulated by tidal loadings

[4, 27, 76] (Figure 10). Again, the role of depth in tidal

stress effects highlights key variations in stress distribution

and its significance for seismicity. Radial and shear stress

components increase monotonously with depth, reaching

their highest values in the mid-mantle (1000–2000 km), al-

though this range lies far below the maximum earthquake

focus depth of ∼684 km [78]. Up to 1000 km depth, the

distribution of tidal stress components shows minimal de-

pendence on Earth’s internal structure, with differences

between the PREM and homogeneous mantle models re-

maining below 20% [78]. However, the importance of depth

diminishes for tidal triggering, as 95% of seismic energy
release occurs in the shallow crust (0–50 km), where hor-
izontal shear stresses dominate earthquake generation
processes [78]. This indicates that while tidal stresses in-

crease with depth, their role in earthquake triggering is

largely confined to shallower depths.

Further, the varying periods of tidal loading, also

known as the tidal constituents, are the greatest during the

diurnal and semi-diurnal cycles [79]. The periodic stress

perturbations due to tidal cycles reveal that, under certain
conditions, stress amplitude can be significantly lower or
higher during alternate low- and high-amplitude tidal cy-

cles. This can be observed at alternate low- and high-

amplitude semidiurnal cycles, appearing at a diurnal pe-

riod [7]. Also, it has been observed that the amplitude

of the tidal cycles varies at different geographical regions

around the globe, which has been extensively explored us-

ing satellite altimeter data from Topex/Poseidon [80]. De-

pending upon the compressional/extensional tidal force,
the fluid diffusion can explain the permeability structure
and associated mechanism and pathway of fluid circula-
tions in the system (Figure 10).

2.6. Implications from the External Modulations of the Fluid Dy-

namics

The careful review of the literature not only sheds a

light on the understanding of the endogenous dynamics of

the magmatic systems but also on the modulation capabil-

ities of the exogenous stress perturbing agents. It can be

noted that the seasonal loads are the primary perturbation

agents in case of continental land volcanoes, whereas the

ocean tidal loadings are dominant in case of submarine

magmatic systems (Figures 8 and 10). However notable

contributions from both seasonal and tidal loadings can

be observed on several volcanoes primarily on the coastal

and fore-arc back-arc basins with notable presence of wa-

ter bodies (Figure 8). One of the major examples is the

Campi Flegrei caldera, present at the coast of Sicily in Italy

which receives a large amount of rainfall during the wet

seasons and also a notable amount of tidal load from the

Mediterranean Sea as well as the solid earth tides (Fig-

ure 11). This makes the system equally sensitive to both

the external loads due to its special geographical locations.
Various studies on the unrest volcano have revealed that
the volcano tectonic events are largely modulated by the
seasonal pore-pressure change from the rainfall and tidal

loading [8, 31]. On a specific note, the differential observa-
tions were noted during the different rates of inflation of the

magmatic system which is under an evolution of the infla-

tion stage producing an elevated number of seismic events

with time [31] (Figure 11).

To quantitatively describe the evolving deformation

behavior of the magmatic system for our specific case

study at the Campi Felgrei Caldera, Italy, we classify the

observed inflation trends into two/three categories:

• Slower Rate of Inflation (SRI): periods character-

ized by gradual uplift or pressurization within the

magma or hydrothermal reservoir, typically associ-

ated with lower fluid injection rates and limited defor-

mation acceleration.

• Higher or Accelerated Rate of Inflation (HRI/ARI):

intervals marked by rapid increases in deformation

rate, reservoir pressurization, or fluid accumulation,

often preceding enhanced unrest or micro-seismic
activity.

This distinction allows for better assessment of the mag-
matic system’s sensitivity to external perturbations, as ex-
ternal stressors such as rainfall or tidal loading may influ-

ence the system differently under varying inflation regimes.

It was observed that during the slower rate of infla-
tion period (SRI) the pore-pressure change due to sea-

sonal rainfall was able to modulate the deformation but

with further evolution with the rate of inflation and accu-

mulation of further more fluids in the hydrothermal sys-

tem made the system sensitive to tidal loadings during

the Higher/Accelerated rates of inflation periods (HRI/ARI)

(Figure 12). Therefore, it was presumed that by observing
the natural agent of external stress perturbing agent for

the modulated events, the associated stress of stress of

the magmatic system can be estimated [31] (Figure 12).

The shift from rainfall- to tide- dominant modulation

with increasing inflation rate reflects a transition toward

a critically pressurized magmatic–hydrothermal system.

During the Slower Rate of Inflation (SRI) phase, higher

permeability allows rainfall- driven hydrological loading to

influence shallow stress and fluid flow. As inflation ac-

celerates to the Higher or Accelerated Rate of Inflation
(HRI/ARI) phase, rising overpressure seals fractures and
strengthens magma–crust coupling, reducing sensitivity to
rainfall while enhancing response to small, coherent tidal
stresses that penetrate the full crustal column. This can

be observed in the declustered events which were specif-

ically the volcano tectonic events caused due to the frac-

ture failures [31]. The ARI threshold marks this transition

and is defined by a nonlinear acceleration in uplift or defor-
mation rate—typically an order of magnitude above SRI—
accompanied by intensified micro-seismicity and gas-flux

variations, indicating that tidal forcing has become the
dominant modulating process.
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Figure 11. General Morphology, Seismicity and GNSS observations at the Campi Flegrei caldera, Italy. Globe inset
shows the region of Campi Flegrei Caldera. Top panel: White rectangles are the GNSS stations. Black triangles mark

the location of Seismic stations. Seismicity is shown in color size scale as represented along with fault plane solution of

random events. Bottom panel: Seismicity with respect to depth along with fault plane solution of random events is shown

at the respective cross-section (white dashed line in upper panel). Right panel: The vertical displacements observed in

the region at different GNSS stations (Modified after [31]).

3. Monitoring of Magmatic Systems, External Forcing

and Scientific Advancement: A Chronological Ob-

servation

For the contribution towards precise hazard estima-

tion and possible mitigation, volcano monitoring plays a vi-

tal role, which has been rapidly evolving since the satellite

era. After the improvement of geodetic and other geophys-

ical techniques combined with statistical methods and his-

torical datasets, several reports have focused on the work-

ing of volcanic and hydrothermal systems through com-

plex internal processes of magma movement, as well as
the dynamic structure of the system and associated fail-
ure mechanisms in the last two decades (Table 2). With

accurate measurements, the eruption cycles and associ-

ated fault dynamics were also neatly explored in the last

two decades which has vastly improved the understanding

of the eruption mechanisms at different volcanoes such

as basaltic, shield, sub-marine, aerial and stratovolcanoes

around the globe (Table 3). In addition to that, the effect of
natural external forces on the deformation processes was

recognized centuries ago. Still, due to the advancements

in geodetic and seismic monitoring in recent decades, the

possibility of an accurate estimation of the fluid accumula-

tion and mode, as well as the size of the eruption in the

case of volcanoes and the permeability structure along

with the fluid pathways in the case of hydrothermal sys-

tems, has been well explored. The apparent seasonal-

ity in global eruption occurrence is unlikely to be a mere

reporting artifact; rather, it reflects a physically consis-

tent response of near-critical volcanic systems to seasonal

surface-loading cycles. Continued improvement in long-

term, high-resolution monitoring networks will be essential

to better quantify these interactions and distinguish gen-

uine physical modulation from residual observational bias.
The fluid mechanics associated with the deformations

have also been sufficiently explored, including the effect of

exogenous forces (Table 4). However, the complex magma
chamber and caldera dynamics during the evolution of the

magmatic system in different stages of an eruption cycle

and the feedback mechanism between the externally act-

ing natural forces and the internal processes during the

varying complex dynamics during different stages have not

been well explored. Also, the external loadings in a spa-

tial and temporal context following the geographical and
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depth variance of the tidal loading are combined with sev-

eral tidal constituents of varying amplitudes, generating

varying mechanisms of tidal modulations that are not ex-

plored (Table 5). The tabular section has been divided into

four segments; the first segment is focused on the volcanic

deformation observation and modeling techniques for haz-

ard estimation and mitigation (Table 2), followed by a seg-

ment focused on the eruption cycles and associated com-
plex caldera dynamics (Table 3). Further, the segments are

focused on rainfall and seasonal cycles modulating vol-

canic activity (Table 4), and a segment is focused on hy-

drothermal systems associated with tectonic environments

and related seismicity dominated by tidal loadings later on

(Table 5).

Figure 12. Schematic representation of different exogenous processes (Short-period tidal stress and Long-period sea-

sonal load) acting on the Campi Flegrei caldera and associated lithology, different features such as fault planes with a

cross-sectional view. Inset shows the representation of possible mechanism of short- and long-period exogenous pro-

cesses for seismicity modulation during SRI (slower rate of inflation) and HRI (Higher rate of inflation) and ARI (higher

rate of inflation). During HRI and ARI the higher inflation rate due to higher displacements can generate both long-period

and short-period modulation whereas in case of SRI the lower displacements and lower inflation rate can only generate

long-period modulations (Modified after [31]).
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Table 2. Information on monitoring of volcanic deformations and source modelling of the sub-surface conditions com-

piled from several contributions [15, 81–84].

Focus/Region Key Findings Implications

Kı̄lauea and Mauna Loa

(Hawaii)

Ground-based volcano deformation

monitoring; links surface deformation to

subsurface magma dynamics.

Provides insights into surface deformation
dynamics and its relation to volcanic

processes.

Long Valley Caldera
(California)

Used InSAR to model magma movement
and estimate magma chamber geometry

and pressure changes.

Advances understanding of magma

chamber processes and deformation
patterns.

South American

volcanoes

Demonstrated the utility of satellite radar

for detecting undocumented deformation

across South America.

Shows the potential of satellite radar in

identifying deformation in remote regions.

Mount St. Helens

(USA), Yellowstone

(USA)

Comprehensive review of GNSS, InSAR,

and leveling techniques for magma

chamber monitoring.

Highlights the integration of various
geodetic methods for detailed magma

dynamics study.

Bárðarbunga-Holuhraun
(Iceland)

Combined InSAR, GNSS, and seismic
data to track magma dynamics, including

dike propagation and caldera subsidence.

Provides real-time monitoring techniques
for volcanic eruption forecasting.

Various global examples

Reviewed new technologies such as UAVs

and machine learning in volcano

deformation monitoring.

Explores cutting-edge technologies to

improve eruption prediction and

monitoring.

Kı̄lauea (Hawaii), Mount

Etna (Italy)

Developed simple elastic models for

magma chamber deformation, estimating

depth and volume changes.

Early models for estimating magma

chamber properties using surface

deformation.

Widely applied in GNSS

and InSAR studies

Analytical solutions for surface deformation

due to shear and tensile faults, particularly

for dike intrusions.

Critical for modeling deformation in

volcanic systems with active dikes.

General magma

reservoirs

Examined crustal loading on magma

chamber evolution; integrated Mogi and

Okada models with crustal interactions.

Improves understanding of how crustal

loading affects magma chamber dynamics.

Volcanic systems with

shallow magma sills

Modeled shallow magmatic sill inflation

using InSAR and finite element methods.

Advances the modeling of shallow

magmatic systems and their deformation.

Various volcanic and

tectonic regions

Introduced numerical approaches for

modeling complex geodetic signals from
earthquakes and volcanoes.

Provides more accurate models for
deformation in complex tectonic

environments.

General volcanic

settings

Demonstrated the importance of crustal

heterogeneities in improving magma

chamber models using finite element

methods.

Highlights the need to account for crustal

variations in deformation models.

Yellowstone (USA),

Campi Flegrei (Italy)

Developed d-MODEL MATLAB toolbox for
geodetic inversion, integrating multiple

deformation models.

Provides tools for better interpreting

geodetic data in volcanic areas.

Mount Etna (Italy)
Introduced a genetic algorithm for

inversion of elastic deformation models.

Offers a new method for handling complex

volcanic environments and multi-dataset

integration.

Campi Felgrei (Italy)

Monitored different rates of inflation

periods and tracked the associated fluid,

pressure and depth change in the source

Provided insights into the endogeneous

changes in the different periods of inflation
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Table 3. Some of the most important contributions towards understanding of Eruption cycles and caldera dynamics

associated with the magmatic system [27, 33, 34, 36].

Focus/Region Key Findings Implications

Silicic volcanoes

Eruption cycles involve stages of inflation,

eruption, and repose caused by stick-slip
behavior and Newtonian flow.

Explains eruption dynamics as cyclic

behavior due to interactions between magma

flow and conduit wall.

Shallow magma

conduit

Cyclic eruption patterns arise from pressure

buildup and plug recrystallization, with

non-linear magma flow altering conduit

dimensions.

Highlights mechanisms of pressure changes

and plug dynamics affecting eruption cycles.

Geophysical

monitoring methods

Ground deformation patterns can be

analyzed using combined geodetic

techniques like InSAR and GNSS surveys.

Long-term monitoring provides insights into

inflation rates and magma dynamics during

eruption cycles.

Icelandic volcanoes

Eruption cycles include inflation, intrusion,

and eruption, with geodetic data revealing

magma movement constraints.

Integration of seismic and deformation data

enhances understanding of volcanic activity.

Caldera ring faults

Ring faults evolve through 4 stages during

collapse, influenced by subsidence, stress

conditions, and structural characteristics.

Provides structural insights into caldera

formation and fault dynamics during eruption

stages.

Conduit processes

Time-varying conduit processes and

geometry affect magma ascent, strain, and

decompression rates.

Emphasizes the role of conduit shape and

boundary conditions in influencing eruption

styles and cycles.

Juan de Fuca ridge,

Northeast Pacific

Reactivation of outward-dipping ring faults

during inflation/deflation with distinct seismic
patterns.

Demonstrates fault reactivation and seismic

activity’s link to magma chamber dynamics.

Eruption cycles and

deformation

Timescales of eruption cycles depend on

material properties, conduit features, and

non-linear magma movement.

Identifies factors controlling the duration of
eruption cycles and their variability.

Juan de Fuca ridge,
Northeast Pacific

State of Stress during different stages and

susceptibility to triggering from tidal loads

during critical inflation in Pre-eruption period

Probability of estimating the eruption and

forecast using triggering susceptibility of

events

4. Summary

Volcano monitoring relies on geodetic techniques like

InSAR, GNSS, and leveling to track surface deformation

and infer magma dynamics. Early studies, introduced In-

SAR for precise monitoring, while Dvorak and Dzurisin

[85] highlighted the use of ground-based methods. Ad-

vances by Wicks et al. [86] and Sigmundsson et al. [40]

integrated multi-disciplinary data for real-time insights. Nu-
merical models, starting with Mogi [81] and Okada [82],

provided foundational frameworks for understanding defor-

mation. Enhancements by Battaglia et al. [84] introduced

tools like d-MODEL and GAME for robust geodetic inver-

sions. Eruption cycles involve inflation, eruption, and re-

pose, as explored by Denlinger and Hoblitt [35], and Sa-

hoo et al. [31], with caldera dynamics shaped by ring faults

[34]. Comprehensive geophysical monitoring, reviewed by

Dzurisin and Lisowski [83], improves hazard assessments,
while studies of conduit dynamics [25] elucidate eruption

variability. The deformation monitoring at the magmatic

systems around the globe has rapidly evolved, but the

different stages of accelerating deformation through com-

bined geodetic modelling methods have not been explored

in-detail at particular volcanoes with higher volcanic haz-

ards due to large population inhabitation.
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Table 4. Available information on understanding the Effect of exogenous forces on volcanic activity and associated fluid

flow from dedicated contributions [12, 38–40, 53, 55, 58, 78, 79].

Focus/Region Key Findings Implications

Klyuchevskoy

Volcano

Spring snowmelt infiltration increases pore

pressure, promoting seismicity or eruptions.

Highlights hydrology’s role in volcanic activity.

Seasonal hydrology directly impacts volcanic

activity; monitoring snowmelt can enhance

eruption forecasting.

Mount Rainier

Seasonal snow loading impacts volcanic
systems. Winter snow accumulation

increases stress; spring snowmelt reduces

load, inducing seismicity.

Accounting for seasonal stress variations can

improve hazard management and long-term

eruption prediction models.

Global (300 years

data)

Seasonal volcanic eruption patterns linked to

hydrological cycles and stress changes,

particularly for smaller eruptions (VEI 0–2).

Seasonal patterns in eruptions underline the

need for integrating climatic cycles into

volcanic hazard models, especially for

smaller eruptions.

Mount Ruapehu

Seasonal snowmelt infiltrates hydrothermal

systems, triggering phreatic explosions.

Emphasizes hydrological inputs in volcanic

risk management.

Understanding snowmelt dynamics is critical
for hazard planning in snow-dominated

volcanic regions.

Icelandic volcanic

systems

Deglaciation reduces surface pressure,

enhancing mantle melting and magma

generation, leading to increased volcanic

activity.

Accelerated glacier melting due to climate

change could increase volcanic activity in

glacial regions.

Kermadec Arc

Glacial periods correlate with increased

eruptions due to reduced hydrostatic

pressure destabilizing magma chambers.

Sea level fluctuations must be considered in

assessing volcanic hazards for submarine

and coastal volcanoes.

Yellowstone

Caldera

Snowmelt alters subsurface fluid pressures,

influencing seismicity and geothermal

activity. Highlights the role of snow-driven

hydrological changes in volcanic systems.

Snowmelt-driven hydrological changes

should be integrated into geothermal

monitoring and eruption forecasting

strategies.

Mid-ocean ridge

volcanism

Lower sea levels during glacial periods

increase magma flux and eruption rates.

High sea levels during interglacial periods

suppress magmatic activity.

Long-term sea level changes significantly

influence magma dynamics, necessitating

their inclusion in models of mid-ocean ridge

volcanic activity.

Santorini Caldera

Lower sea levels during glacial periods

reduce hydrostatic pressure, increasing

eruption frequency and magnitude. Higher

sea levels suppress volcanic activity.

Sea level changes, influenced by climate

cycles, play a crucial role in modulating

volcanic hazards for island arc systems.

Katla Volcano

Seasonal snow and glacier meltwater

modulate hydrothermal systems, triggering

seismic unrest. Highlights the role of glacial
dynamics in high-latitude volcanic behavior.

Glacier dynamics need to be closely

monitored to predict seismic and volcanic

activity in high-latitude regions.

Aleutian Arc

Sea level changes and glacial melting reduce

stabilizing pressure on magma chambers,

increasing eruption potential, especially in

subglacial and submarine systems.

Dual impact of sea level and glacial changes

should be factored into volcanic hazard

assessments in subglacial and marine

environments.

Magma cooling

model

Modeled magma cooling and gas pressure

buildup in spherical magma chambers.

Eruptions occur when overpressure

surpasses twice the rock’s tensile strength.

Magma chamber pressure evolution models

aid in understanding long repose periods and

eruption triggers.

Rainfall and

eruptions

Rainfall infiltration initially constrains

eruptions by increasing the burden on

volcanoes but can trigger eruptions when the

system nears critical parameters.

Rainfall patterns must be included in volcanic

monitoring as they can delay or trigger

eruptions under critical conditions.
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Table 4. Cont.

Focus/Region Key Findings Implications

Rainfall and dome

collapse

Persistent heavy rainfall (15 mm/hr for 2–3

hr) can cause dome collapse in critical

states, though most heavy rainfall events do

not result in volcanic activity.

Rainfall-triggered dome collapse should be
considered in hazard assessments,

especially during prolonged rainfall events.

Rainfall-induced

seismicity

Rainfall increases pore fluid pressure,

reducing fault strength and triggering

earthquakes down to 4 km depth.

Rainfall’s effect on seismicity needs to be
factored into earthquake hazard

assessments in volcanic regions.

Pore fluid pressure
High pore pressure reduces effective rock

pressure, facilitating fractures and

embrittlement, even in compacted zones.

High pore pressure in volcanic structures

could serve as an early warning signal for
potential eruptions or intrusions.

Pore fluid
overpressure

Pore fluid pressure is the dominant factor

influencing the overpressure needed to

trigger fractures and volcanic activity.

Variability in pore fluid pressure could

provide insights into eruption thresholds and

magma chamber stability.

Kı̄lauea, Hawaii

Rain-induced pore pressure changes

weakened volcanic structure, leading to

collapse, dyke intrusion, and eruption without

significant summit inflation.

Rain-triggered collapses should be

accounted for in volcanic hazard models,

particularly in regions experiencing

increased rainfall due to climate change.

Tidal periodicity in

earthquakes

Identified fortnightly tidal frequencies in

seismic events using Fourier spectrum

analysis.

Tidal influences on seismic activity can

provide insights into periodic stress

variations affecting volcanic regions.

Tidal triggering of

eruptions

Longer-period tidal cycles with higher stress

amplitudes can trigger volcanic eruptions.

Tidal cycles could help predict volcanic

activity by identifying stress peaks

associated with gravitational forces.

St. Helens

(pre-eruption

swarms)

Identified tidally modulated seismic swarms

with higher b-values, suggesting

fluid-dominated failure mechanisms linked to
ocean tidal loading.

Ocean tidal loading should be considered

when interpreting pre-eruption seismic
swarms, especially in fluid-dominated

systems.

Campi Flegrei

caldera

Solid Earth tidal loading did not trigger

pre-eruption seismic events. Tidal triggering

depends on magma chamber inflation state.

Tidal effects on volcanic activity are
conditional and require critical magma

chamber inflation, emphasizing the need for

integrated geophysical monitoring.

Tidal stress

computation

Developed a program for precise tidal

loading computations (gravity, strain, tilt)

using regional/global models and Green’s

functions.

Advanced tidal loading models provide

accurate tools for assessing tidal impacts on

volcanoes and seismic zones globally.

Ocean tidal loading

(Japan)

Improved ocean tidal load calculations with

fine-scaled grids for accurate estimations,

including multi-annual long-period tides.

High-resolution tidal load models enhance

regional predictions of stress variations on

volcanic and seismic systems.

Tides and
geological systems

Linked tidal forces to volcanic and seismic

activity through orbital cycles (e.g.,
Milankovitch cycles), suggesting tides’ impact

on magma chambers and crustal stress.

Long-term orbital cycles may explain periodic

geological changes, highlighting the interplay
between celestial mechanics and Earth’s

volcanic and tectonic processes.

Mount Etna, Italy
Effect of rainfall and pore-pressure change in

destabilization of pre-existing fracture

pathways for fluid transfer

Rainfall and associated pore pressure
change can destabilize fluid pathways and

promote eruptions
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Table 5. Information on the understanding of fluid transfer and associated deformations in the continental as well as

submarine hydrothermal systems [4, 7, 43, 61, 71, 76, 77, 87].

Focus/Region Key Findings Implications

Seismic swarms in

the East African

Rift system

Magmatic fluid intrusions generate

overpressure, reducing fault strength and

triggering seismicity.

Demonstrates the role of fluid dynamics in

seismic swarms within extensional tectonic

settings such as rift zones.

Seismic swarms in

the Cascadia

Subduction Zone

Low-frequency earthquakes and tremors
linked to transient fluid pressure pulses from

slab dehydration.

Highlights fluid overpressure as a primary

driver of seismicity in hydrothermal systems
within subduction environments.

Fluid migration and

seismic swarms in

the Nankai

Subduction Zone

Transient fluid pulses within faults are closely

associated with low-frequency tremors,

providing insights into fluid-induced

seismicity in hydrothermal systems.

Advances understanding of seismicity driven

by fluid migration in subduction zones.

Fault-valve model

and fluid-driven
seismicity

Episodic fluid pulses reduce effective stress,

enabling shear slip and localized seismic

swarms.

Foundational model for transient fluid-driven

seismicity in transform fault systems like the

San Andreas Fault.

Seismic swarms in

Yellowstone’s

volcanic

hydrothermal

system

Seismic swarms are driven by pressurization

and migration of hydrothermal fluids in

shallow crustal layers rather than direct

magmatic intrusion.

Highlights the role of fluid pressurization in

driving seismicity in volcanic hydrothermal

systems.

Pre-eruption

swarms at Mount
Ontake, Japan

Upward migration of supercritical fluids

through fractures triggers seismic swarms
before phreatic eruptions.

Demonstrates the role of fluid dynamics in

triggering seismicity before explosive
hydrothermal events.

Static stress

transfer in
earthquake

triggering

Minimal stress changes can accumulate to
trigger fault slip, challenging the idea of a

critical stress level.

Emphasizes the sensitivity of fault systems to

subtle stress changes and cumulative

triggering dynamics.

Hydrothermal

earthquakes in

oceanic crust

Tidal forces influence micro-seismicity in

regions of high tectonic stress, though tidal

stress alone doesn’t generate earthquakes.

Suggests complex interplay of oceanic and

Earth tides with fluid movement near

submarine hydrothermal systems.

Tidal stress effects

on seismicity

Tidal triggering is influenced by stress state,

failure depth, and tidal loading amplitude

(∼0.003 MPa), with shallow faults favoring

extensional stress conditions.

Provides a detailed picture of tidal stress

modulation in seismic events, with spatial

variations based on fault geometry and
depth.

Ocean tidal load

effects on

hydrothermal

systems

Micro-seismicity triggered by low tides, with
tidal effects driven by normal stress changes

imparted by ocean tides.

Demonstrates tidal modulation of seismicity
in oceanic hydrothermal systems and

mid-ocean ridges.

Tidal triggering at

East Pacific Rise

Tidal triggering depends on fault geometry

and magma chamber dynamics, with high

tides compressing chambers and triggering

seismicity.

Provides insights into the interplay between

tidal forces and magma chamber behavior in

mid-ocean ridge systems.

Tidal sensitivity at

Juan de Fuca

Ridge

Tidal loading correlates with magma

chamber inflation/deflation, imparting

Coulomb stress on caldera ring faults.

Highlights complex tidal effects on submarine

volcanic systems, including opposing stress

impacts during different eruption periods.

Tidal stresses and

deep-focus

earthquakes

Tidal stresses peak at ∼900–1500 km depth

but are smaller at depths where most seismic

energy is released. Radial stresses parallel

to Earth’s surface are the most likely

contributors to seismicity.

Explores tidal stress contributions to seismic

activity, emphasizing variations with depth

and geography.

Crust mantle

transition zone at
Transform fault

High amplitude tidal loading during diurnal

and fortnightly periods can be more effective
at deeper depths for tidal triggering process

Shows that there are some spatio temporal

conditions on which the triggering process is
dependant
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Several studies have investigated how climatic and

tidal factors influence volcanic activity. Seasonal cycles like

snowmelt and rainfall can significantly influence volcanic

eruptions by altering pore pressure, surface stress, and hy-

drothermal systems. For example, Fedotov et al. [55] doc-

umented the impact of spring snowmelt on Klyuchevskoy

Volcano, while Moran et al. [53] reported the effects of

snow loading and melt on Mount St. Helens. Sea level

changes associated with glacial cycles can impact magma

generation, chamber stability, and eruption frequency. Sig-

mundsson et al. [40] examined the impact of deglaciation

and sea level changes on Icelandic volcanic systems, and

Watt et al. [52] analyzed the influence of sea level fluctua-
tions on the Kermadec Arc. Tidal forces can trigger seismic

activity and potentially eruptions, especially in systems al-

ready near critical stress levels. McNutt and Beavan [30]

worked on the swarm of seismic events in the pre-eruption

period of the volcanic eruption at St. Helens and reported

that the group of events had different characteristics. Ag-

new [79] greatly impacted the correlation of tidal stress

with different events by providing a program for the compu-

tation of tidal loading. Although the mechanisms involved

in the sensitivity of the volcanic system to external nat-

ural forces during the different eruption cycles have al-

ready been explored, the complex interplay between the

caldera dynamics during the cycles and associated defor-

mation mechanisms triggered by the external forces has

been poorly understood. During the pre-eruption stage,

the magmatic system is most sensitive to periodic stress

perturbations; however, the feedback response between

external forces and internal dynamics during the evolution

of the magmatic system’s degree of inflation remains un-

explored.

The contrasting behavior between volcanoes that

erupt without measurable inflation and those that inflate

without erupting is strongly influenced by the depth of the

active reservoir and the relative dominance of magmatic

versus hydrothermal processes. In deep-seated magmatic

systems, pressure changes can be efficiently accommo-

dated by ductile crustal deformation, resulting in minimal

surface signals even when eruptions occur. Conversely,

shallow, hydrothermally dominated systems can exhibit

pronounced inflation due to vapor accumulation or pres-

surization of sealed aquifers without magma ascent to

the surface. The degree of mechanical coupling between

the reservoir and the surface, host-rock rheology, and the

presence of interconnected fluid pathways largely deter-

mine whether deformation precedes eruption or remains
aseismic and non-eruptive. Hence, the presence or ab-
sence of measurable inflation is not a universal predictor
of eruption, but rather reflects system-specific depth, per-
meability, and coupling characteristics.

Research on fluid transfer and deformations in hy-

drothermal systems reveals the critical role of fluid dynam-
ics in seismic activity across various tectonic settings. Keir
et al. [71] and Husen et al. [72] linked seismic swarms in rift
zones and volcanic systems to magmatic and hydrother-

mal fluid pressurization. Obara & Kato [61] demonstrated

the role of transient fluid pulses in subduction zones, while
fault-valve model highlighted episodic fluid-induced slip in
transform faults. Tidal influences on hydrothermal systems
were explored by Wilcock et al. [7] and Scholz et al. [88],

demonstrating the impact of tidal loading on microseis-

micity in submarine environments, with variations depen-

dent on fault geometry and depth. Advances in geodetic

techniques have improved the monitoring of deformation

associated with fluid migration. These studies highlight the

complex interplay between fluids, tectonics, and external

forces, such as tides, in driving hydrothermal seismic phe-

nomena. Furthermore, the threshold of loading stress has

reportedly been avoided for tidal modulation of seismicity

at hydrothermal systems [87]; however, the role of spatial
and temporal conditions in the interaction between fluid

circulation and tidal loading remains unexplored. Further,

the 2022 Hunga Tonga–Hunga Ha‘apai eruption demon-
strates the bidirectional coupling between magmatic and
atmospheric systems, where external pressure variations
and eruption-driven atmospheric waves can transiently
modulate stress and energy release across the solid Earth
system.

Adding to that, historical eruption databases are

recorded, but the effects of climate change through the
quantitative effect of rainwater infiltration, which can be ac-
curately estimated, have not been explored in the context
of increased rainfall due to climate change. Due to change
in temperature and snow caps the associated load can in-

crease/decrease on the magmatic system which further

can modulate the system. Increased inhabitations around

the active volcanoes have not only increased the associ-

ated hazards to the growing population but also the urban-

izations around the systems also disrupts the natural cli-

matic components and changes various patterns that can
impact the magmatic systems. With this evolution keep-
ing in mind, further studies towards the combined effects
should be carried out for a better estimation of the associ-
ated hazards and possible mitigations.

Therefore, the feedback response between the differ-

ent prominent external stress perturbing forces like rain-
fall and tidal loading on the highly sensitive and fluid-
dominated critical state volcanic and hydrothermal sys-
tems must be explored to understand the sensitivity at
different stages to different forces and associated mech-
anisms in the spatio-temporal context in the complex mag-

matic dynamics.

5. Future Perspectives

From the above summary and in-depth literature re-

view the following future perspectives can be projected:

• Precise investigation of deformation patterns and as-

sociated mechanisms during unrest periods using
combined geodetic and geophysical methods to un-
derstand magma chamber dynamics better, enabling

more accurate hazard assessments and improved
mitigation strategies.
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• Analyzing the influence of external forces on caldera

systems, with a specific focus on rainfall-induced

pore pressure changes and tidal loading, to assess

their impact on the current state of stress of the mag-

matic systems in the direction of eruption forecast

and hazard estimation.

• Exploration of the complex dynamics of caldera sys-

tems during various stages of the eruption cycle,

along with their sensitivity to external forces, will help

to develop a clearer understanding of the state of

stress during different phases of magmatic systems.

• Investigation of the effects of seasonal cycles on his-

torical volcanic eruption records is needed to eval-

uate how the climatic forces may influence caldera

structures, offering insights into the potential role of

global climate change and especially the intensified

rainfall on future volcanic activity.

• Deep exploration of the hydrothermal systems with

advanced seafloor geodesy and geophysical meth-

ods is required to understand fluid transfer mecha-

nisms across different tectonic settings, focusing on

seismic swarm patterns and spatio-temporal param-

eters in tidal triggering processes.
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