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In this paper, we examine the origins and the history of the hypothesis for an influence of tidal
forces on volcanic activity. We believe that exploring this subject through a historical
perspective may help geoscientists gain new insights in a field of research so closely
connected with the contemporary scientific debate and often erroneously considered as a
totally separated niche topic. The idea of an influence of the Moon and Sun on magmatic
processes dates back to the Hellenistic world. However, it was only since the late 19"
century, with the establishment of volcano observatories at Mt. Etna and Vesuvius allowing a
systematic collection of observations with modern methods, that the “tidal controversy”
opened one of the longest and most important debates in Earth Science. At the beginning of
the 20™ century, the controversy assumed a much more general significance, as the debate
around the tidal influence on volcanism developed around the formulation of the first modern
theories on the origins of volcanism, the structure of the Earth’s interior and the mechanisms
for continental drift. During the same period, the first experimental evidence for the existence
of the Earth tides by Hecker (Beobachtungen an Horizontalpendeln Uber die Deformation
des Erdkoérpers unter dem Einfluss von Sonne und MondVerdffentlichung des Konigl, 1907,
32), and the Chamberlin-Moulton planetesimal hypothesis (proposed in 1905 by geologist
Thomas Chrowder Chamberlin and astronomer Forest Ray Moulton) about the “tidal” origin
of the Solar System, influenced and stimulated new researches on volcano-tides
interactions, such as the first description of the “lava tide” at the Kilauea volcano by
Thomas Augustus Jaggar in 1924. Surprisingly, this phase of gradual acceptance of the
tidal hypothesis was followed by a period of lapse between 1930 to late 1960. A new era of
stimulating and interesting speculations opened at the beginning of the seventies of the 20"
century thanks to the discovery of the moonquakes revealed by the Apollo Lunar Surface
Experiment Package. A few years later, in 1979, the intense volcanism on the Jupiter’'s moon
lo, discovered by the Voyager 1 mission, was explained by the tidal heating produced by the
|o’s orbital eccentricity. In the last part of the paper, we discuss the major advances over the
last decades and the new frontiers of this research topic, which traditionally bears on
interdisciplinary contributions (e.g., from geosciences, physics, astronomy). We conclude
that the present-day debate around the environmental crisis, characterized by a large
collection of interconnected variables, stimulated a new field of research around the complex
mechanisms of mutual interactions among orbital factors, Milankovitch Cycles, climate
changes and volcanism.
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A PNEUMATIC ORIGIN: TIDES,
VOLCANOES AND THE DEEP BREATH OF
THE EARTH

In the present review, we will see how the tidal controversy
reflected not only the level of contemporary scientific debate
but it also stimulated interest and new perspectives on a
variety of fields of research including geosciences,
climatology, physics and astronomy. In fact, since the
beginning, arguments either in favor or against an
influence of tidal forces on volcanism were intertwined
with important scientific “revolutions”, which greatly
influenced man’s view about the origin of the Earth and of
the Solar System. In ancient times, during the VI century BC,
Greek philosophers from the Ionian school, beyond the
mythological and religious beliefs of their times, attempted
a more rational interpretation of natural phenomena,
including tides and volcanic eruptions. Under the influence
of Anaxagoras (V century BC), Plato in his dialogue Phaedo
(IV century BC) hypothesized the existence of great fire rivers
and streams of mud under the Earth, flowing together with hot
and cold water (Bluck, 2014). It is likely that the Plato’s idea of
a network of subterranean channels feeding eruptions of mud
and fire raised from the direct observation of an eruption at
Mount Etna during his first travel in Sicily, in 388-387 BC.
Interestingly, he recognized in the fluid nature of “the rivers of
mud that flow before the lava in Sicily, and the lava itself” an
explanation for a common sensitivity to “a kind of oscillation
within the Earth moving all these up and down”. Here, the
word “oscillation” (gr. Aiwpa, aidra; Bluck, 2014) can be
translated into “like a twist”, thus evidencing the periodic
nature of the fluids motion. This is likely the first documented
attempt of relating volcanic phenomena to tidal motions, thus
assuming a common tidal “sensitivity” for both the
hydrosphere and volcanoes. Plato’s idea was further
reconsidered by Aristotle, who proposed that the periodic
oscillation of subterranean fire and water may produce the
compaction and the violent movement of air within
subterranean channels, causing tremors, eruptions and
earthquakes (a translation of Aristotle Meteorologica in
Lee, 1952). The idea for a pneumatic origin of earthquakes
and volcanic eruptions, due to the sea that enters and moves
within hot caves, causing wind storms (Williams, 2006), was
later on revised by Lucretius (I century BC) in his De rerum
natura (Hine, 2002). Lucretius explained the eruptions of
Mount Etna as follows: “First, the mountain’s nature is all
under-hollow, propped about with caverns of basaltic piers. In
all its grottos be there wind and air [...] When this air is
heated through and through, and, raging round, hath made
the earth and all the rocks it touches horribly hot, and hath
struck off from them fierce fire of swiftest flame, it lifts itself
and hurtles thus straight upwards through its throat into high
heaven, and thus bears on afar its burning blasts and
scattereth afar its ashes, and rolls a smoke of pitchy murk
and heaveth the while boulders of wondrous weight- Leaving
no doubt in thee that “tis the air”st tumultuous power. Besides
[...] the sea there at the roots of that same mount breaks its
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old billows and sucks back its surf.” (translation of De rerum
natura, VI 680-702 in Godwin, 1991). Later on, after a
destructive earthquake occurred in the Mt. Vesuvius area
in 62 or 63 CE (Hine, 1984), Seneca in his Natural
Questions (for translation see e.g., Hine, 2010) interpreted
the observation of “sudden tidal waves” inundating
settlements and lands after earthquakes—a tsunamis
event?- as an evidence for the periodic movements of a
subterranean sea; the subterranean, periodic movements of
this sea would cause violent movements of unhealthy air,
plague, inundations, thus reaffirming the pneumatic origin of
seismicity and eruptions. In support of this hypothesis, Seneca
interpreted the dead of “hundreds of sheeps [...] in the
Pompeii area” as an evidence for the fact “that a plague
commonly occurs after major earthquakes, and this is not
surprising. For many causes of death are lurking deep below:
the air itself can be unhealthy for those who breathe it, either
through a defect in the earth, or because the air is stagnating
inertly in perpetual darkness, or because of contamination by
the corrupting effects of subterranean fires”. Certainly, to our
modern scientific eyes, the “pneumatic” hypothesis for the
origin of earthquakes and volcanic eruptions appears
eccentric and deeply inadequate. However, the idea of a
twisting subterranean world, where the movements of fire
and water, and the related expansion of the vapor, may
produce hot and wunhealthy winds, earthquakes and
rumbling volcanic eruptions was one of the most
influencing and long-lasting views at least since the second
half of the 18" century. In fact, the atmospheric and
environmental effects of the Icelandic 1783-1784 Laki
flood lava, which emitted ~122 megatons of SO, into the
atmosphere and maintained a sulfuric aerosol veil that hung
over the Northern Hemisphere for >5 months (Thordarson
and Self, 2003), was attributed to the exhalations following
the destructive Calabrian (South Italy) seismic sequences
occurred in 1783 (Hamilton, 1783). Sir William Hamilton,
in 1783, wrote: “Several fishermen assured me, that during
the earthquake of the 5th of February at night, the sand near
the sea was hot, and that they saw fire issue from the earth in
many parts. The circumstance has been often repeated to me
in the plain; and my idea is, that exhalations which issued
during the violent commotions of the earth were full of
electrical fire, just as the smoke of volcanoes is constantly
observed to be during volcanic eruptions; for I saw no mark,
in any part of my journey, of any volcanic matter having
issued from the fissures of the earth; and I am convinced, that
the whole damage has been done by exhalations and vapours
only.” Yet, in the early 19th century, the Plato’s idea of
subterranean fire rivers and hot currents communicating
with the exterior of the globe was reported by Alexander
von Humboldt (von Humboldt, 1866). However, the
beginning of the 19" century was also marked by
important changes in the interpretations of volcanism and
seismicity. The debate between physicians, early geologists
and natural philosophers about the internal state of the Earth
will be fed by observations made on Vesuvius, as the early
19" century eruption was “not so small as to be contemptible
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not so great as to be unapproachable”, as remarked by
Humphry Davy in the correspondence with Michael
Faraday in 1819 (James, 1991).

In a few years, the dispute about the influence of tides on the
molten interior of the Earth will be at the centre of the
concomitant debate on the origin of volcanoes. The origin of
this dispute will be the subject of the next paragraph.

TIDES AND VOLCANOES DURING THE 19™
CENTURY: BETWEEN SOLIDISM AND
FLUIDISM

During the 19™ century, the debate around the inner structure of
the Earth was fed by conflicting arguments proposed by
physicians, geologists and astronomers (Brush, 1979). Within
this debate, the mainstream idea for the origin of volcanic ‘fire’
and igneous rocks by combustion of coal or sulphur contrasted
with the early experiments of lava remelting conducted by
Lazzaro Spallanzani around 1780 (Spallanzani, 1795) who also
argued that water vapor is the dominant magmatic gas causing
explosions (Sigurdsson, 1999).

The idea of a burning subterranean environment appeared
now inadequate, as the origin of the internal heat of the Earth
required new hypotheses (Brush, 1979). These include:

¢ a chemical cause, produced by the reaction of oxidation of
metals at depth,

e a solar origin, as the earth’s central fire would represent an
ejectum from the solar furnace,

e an effect of the compression of materials by the huge
pressures at the center of the Earth,

e the transit of the Earth through a hotter region of the space.

Whatever the origin of the Earth’s internal heat, the dispute
during the 19™ century opened two main positions as fluidists,
primarily geologists, argued for a fluid interior of the Earth, whilst
solidists believed that the Earth is completely solid (Brush, 1979).
In this dispute, investigating the influence of tidal forces on
volcanism will be of central importance to provide evidence
against or in favor of the fluidist theory. André-Marie
Ampére, in 1833, evidenced how tidal forces exerted by the
Moon on the Earth’s enormous liquid interior would render
the surface unstable (Brush, 2014):

“Those who assume the liquidity of the interior nucleus of the
Earth seem to have forgotten the action which the moon would
exert on this enormous liquid mass, an action which would result
in tides similar to those of our oceans but much worse, as much by
their extent as by the density of the liquid. It is hard to imagine
how the envelope of the earth could resist the incessant beating by
a kind of hydraulic lever 1,400 leagues in length.”

In 1841, the foundation of the world’s first volcano
observatory at Mt. Vesuvius by King Ferdinand II of
Bourbon allowed the collection of systematic observations
on volcanic eruptions, which opened a new era in the scientific
debate between solidism and fluidism. In 1854, Luigi Palmieri,
a physicist and meteorologist, was appointed as the second
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Director of the Vesuvian Observatory where he developed the
first model of electro-magnetic seismograph. During the 1872
eruption at Mt. Vesuvius, Palmieri observed that “precursory
signals of eruptions” registered by his seismograph before and
during the onset of lava flow episodes, often occurred at
sygyzies (Palmieri, 1873). Interestingly, the report of the
“Eruption of Vesuvius in 1872” by Palmieri is introduced
by an overview on “The present state of knowledge of
terrestrial volcanicity” by the fluidist Robert Mallet. In his
introduction, Mallet proposes the existence, below a fifteen
miles thick solid and cooled crust, of a “universal ocean of
liquid material” feeding volcanoes. Also, Mallet contests the
solidists’ argument (e.g., by William Hopkins, 1837) that the
claimed internal fluidity of the Earth would be inconsistent
with the observed precessional motion and nutation of its axis
of rotation due to the combined gravitational attractions of
the Moon and the Sun (Brush, 1979). Kelvin hypothesized that
Earth started to cool from its original molten state, and based
on the Second Law of Thermodynamics, he calculated the age
of the birth of the Earth at no more than 400 million years
(Burchfield, 2009). Interestingly, Kelvin added a term due to
the effects of tidal friction to its thermodynamic balance of the
Earth’s heat (Burchfield, 2009). On their side, solidists, by
rejecting the “central fire” fluidists” hypothesis, opposed a new
paradigm: Hopkins, hypothesized the existence of “isolated
lakes of liquid rock, existing at comparatively small depths
beneath the Earth’s surface within the solid and relatively cold
crust, each supplying its own volcano” (Palmieri, 1873). By
the end of the 19th century, ancient and emerging theories
about the feeding mechanisms of volcanoes, i.e., whether the
result of communication between the interior and exterior of
the globe or the consequence of the drainage of isolated lakes
of molten material, will be tested on the grounds of systematic

observations of eruptions. In 1892, Annibale Ricco,
astronomer and first director of the Astronomic
Observatory in Catania (Sicily), noticed a certain

synchronism in the main eruptive crises at Stromboli and
Etna volcanoes and hypothesized a common cause in the
lunisolar action (RiccoO and Arcidiacono, 1904). This
hypothesis for a common feeding system shared by the two
volcanoes was rejected by Giuseppe Mercalli, who also noticed
nearly synchronous eruptive crises at Stromboli and Etna in
1865, 1874, 1879, and 1883, although he attributed this
phenomenon to the action of a common, endogenous cause
(Mercalli, 1892). Later on, in 1907, Mercalli in “The volcanoes
of the Earth” confirmed his skepticism about the existence of
the “central fire”, as the persistence of volcanism in a given
location for “only” thousands of years suggests the progressive
depletion of local feeding systems (Mercalli, 1907). The 20th
century opened new perspectives, as the debate among
geoscientists around the origin of volcanism will be fed by
innovative monitoring techniques of active volcanoes and will
be influenced by new hypothesis on the origins of Earth and
Solar System. In the next paragraph, we will see how the
debate around the influence of tides on volcanism will benefit
from the interdisciplinary contributions of geosciences,
astronomy and experimental physics.
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THE EARLY 20™ CENTURY: THE DEBATE
BETWEEN “FIXISTS” AND “MOBILISTS”
AND THE BIRTH OF NEW THEORIES ON
TIDES AND VOLCANOES

The 20th century opened with the exposition of new theories on
the origin of the Solar System with implications on the hypotheses
about the formation and the inner structure of the Earth. In 1906,
the geologist T. C. Chamberlin and the astronomer F. R. Moulton
published the “planetesimal” or “eruptotidal” hypothesis,
according to which the formation of the planets was explained
by the gravitational effects of a close encounter of the Sun with
another star (Brush, 1978). The new hypothesis by Chamberlin
and Moulton, by replacing the nebular hypothesis for the origin
of Solar System proposed, among others, by Lord Kelvin, had also
a major impact in geosciences. In fact, the birth and growth of
Earth was attributed by Chamberlin and Moulton to a slow
process of accretion, thus explaining the terrestrial internal
heat in terms of a slow “gravitational contraction”. The time-
scale for Earth’s cooling hypothesized by Chamberlin, relatively
longer than that predicted by the competing theories, was
compatible with the presence of a fluid layer below the crust.
Among other inferences on the structure of the Earth,
Chamberlin hypothesized a differential motion of parts of the
crust, leading, for example, to the building of mountain chains
(Brush, 1978). The Chamberlin’s model was rejected by physicists
like Lord Kelvin, who argued that “the average substance of the
Earth is more rigid than steel” and the tidal effects on a fluid layer
would have been much higher than those observed (Thomson,
1863).

From a theoretical point of view, the planetesimal theory by
Chamberlin and Moulton required quantitative data on the
elasticity and plasticity of the Earth to support their hypothesis
with convincing arguments against the nebular hypothesis. In
this perspective, Chamberlin also proposed an experimental
approach to acquire new data about the elasticity of the Earth:
these include the experimental determination of the Earth’s
elastic properties and investigations about the effects of Earth
tides on volcanism and seismicity (Gale, 1914). Interestingly,
in the same period, Oskar Hecker, a German geodesist and
seismologist, presented the first systematic Earth tides
observations by means of a horizontal pendulum, thus
determining the effective shear modulus for the Earth by
direct  instrumental  observations (Hecker, 1907).
Concerning the hypothesized effects of Earth tides on
volcanism, the theory of Chamberlin and Moulton
intertwined with the formation -and influenced the activity
of-the volcanologist Thomas Augustus Jaggar. In 1902, Jaggar
was sent by the US government to study the effects of the worst
volcanic disasters of the 20th century at Soufriére and Mont
Pelée. In his biography, Jaggar annotated “As I look back on
the Martinique experience I know what a crucial point in my
life it was....I realized that the killing of thousands of persons
by subterranean machinery totally unknown to geologists...was
worthy of a life work” (Jaggar, 1956). The Jaggar’s life worthy
work will be the construction of the Hawaiian Volcano
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Observatory (HVO) where, in 1912, he started systematical
measurements of the oscillations of the Kilauea lava lake. The
results of the analysis of the lava lake oscillations were
published in 1924 (Jaggar, 1924). Jaggar opened the
introduction of his manuscript as follows: “Chamberlin has
written “pronounced tidal movements might be expected in
the necks of volcanoes, if they were connected with large
of lava below...”, thus acknowledging the
influence of the contemporaneous scientific debate in
astronomy and astrophysics on his work. Jaggar also
provided a quantitative evidence for the existence of ‘lava
tides’ (i.e., semidiurnal fluctuation of the Kilauea lava lake
level of 2-7 feet) by the direct measurement of the fluctuation
of the lava lake surface trough a telescopic alidade (Jaggar,
1924).

In the same period, since the early 1920s, the debate within the
Earth Sciences was dominated by the hypotheses on the structure
and motion of the Earth’s outer surface and by the controversy
about the mechanism of continental drift. A comprehensive
treatment of the wide scientific debate around the
development of the mobilist theory (see e.g., Frankel, 2012) is
beyond the aim of the present paper. For our purposes, it is worth
attention that one of the main criticisms by the “fixists” to the
Wegener’s hypothesis on the continental drift was actually
focused on the weakness of the causal mechanism. In fact,
Wegener  postulated  that the horizontal
displacements of continents can be explained by tidal forces
(Frankel, 2012). Surprisingly, one of the strongest objections to
Wegener’s theory was moved by a non-fixist like Chamberlin, as
he stated that tidal forces are too weak to cause continental drift
(Chamberlin, 1928).

Mobilists like Van der Gracht, Daly, Joly, and Holmes
replied to these objections by modifying Wegener’s
mechanism of continental drift or by replacing it. Among
them, Daly (1911) in his “The Nature of Volcanic Action”
wrote: “..if the volcanic mechanism is nicely balanced, a
minute effect, like tidal strain, may pull the trigger and
renew activity, for which the essential conditions have been
long preparing.” Here, for the first time, Daly formulated the
idea of a “trigger” mechanism by tidal forces on the activity of
volcanoes. However, the search for an endogenous
mechanism of continental drift seemed to exile definitively
the role of tides on volcanism to a background theme. The
1930-1970 was a period of remarkable lapse in the scientific
debate around the tidal effects on terrestrial volcanism, with a
very few exceptions as, for example, studies about the effects
of Earth tides on Atlantic volcanoes (Hekla, La Palma, Fogo,
Tristan da Cunha, Askja, Surtsey and San Jorge) by Machado
(1967), where tidal forces are described in terms of “a mere
trigger-force”.

In the next paragraph, we will illustrate how the exploration
of the Moon, with the first landing in 1969, and the Voyager
missions in the outer Solar System opened a new era of
stimulating debate among geoscientists, astronomers and
physicists and how it fed interesting speculations around
the role of gravitational forces on terrestrial and extra-
terrestrial volcanism.

reservoirs

extensive

Frontiers in Earth Science | www.frontiersin.org

December 2021 | Volume 9 | Article 777548


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Sottili et al.

THE SEVENTIES AND THE SPACE
EXPLORATION: THE DISCOVER OF
MOONQUAKES AND A NEW PARADIGM
FROM JUPITER’S MOON IO

After the 1930-1970 lapse, many papers, between 1970 and 1975,
focused on the effects of tidal stresses on seismicity and eruptive
activity, both at individual volcanoes e.g., at Galapagos (Filson
etal., 1973), Stromboli (Johnston and Mauk, 1972), St. Augustine
(Mauk and Kienle, 1973), Mt. Ngauruhoe (Michael and
Christoffel, 1975) and Kilauea (Shimozuru, 1975) and at a
global scale (Hamilton, 1973; Mauk and Johnston, 1973).
Interestingly, the early studies by Jaggar (1924) on “lava tides”
at Kilauea, apparently forgotten in the previous decades, were
acknowledged in the new scientific literature and reinterpreted in
light of new data, as for example the Kilauea 1968 eruption
(Shimozuru, 1975). This renewed interest on tides and volcanoes
emerged during the Moon race which offered both a broad range
of advanced space and technology developments and a period of
exceptionally stimulating debate around the origin of seismicity
and volcanism on planets without plate tectonics. In particular,
between 1969 and 1972, during the missions Apollo 11, 12, 14, 15,
and 16, a network of seismic stations were installed by astronauts
within the ALSEP (Apollo Lunar Surface Experiment Package)
and recorded lunar seismicity until September 1977. The early
results were published in November 1971 as the seismic network
recorded episodes of frequent, small moonquakes (Latham et al,,
1971). The seismic energy release, with a few exceptions caused by
man-made and meteoroid impacts, appeared modulated by the
lunar tidal cycle, with the main peaks occurring at monthly
intervals near the time of perigee and a secondary peak near
apogee. The exploration of the Moon and the discovery of
moonquakes stimulated new hypothesis on the present
dynamics of the lunar interior and re-opened a fruitful
discussion about the role of tidal stresses on terrestrial
seismicity and volcanism.

Opverall, it appears that this renewed debate about the role of
tides on volcanism is hinged around the idea of a tidal “trigger”
mechanism acting on volcanic systems close to a critical state, as
already formulated by Daly (1911). To note, among the new
hypotheses to explain the trigger mechanism by Earth tides,
Mauk and Kienle (1973) explained the tidal modulation of
seismicity at St. Augustine volcano in terms of interaction
between the orientation of tidal stresses -including the
horizontal components- and the stress field of stress related to
local structural and geological settings. This new approach will be
largely adopted and implemented in the following years, both in
terms of structural and geological field studies and theoretical
modeling on active volcanoes (Patane et al., 1994; Jentzsch et al.,
2001; Sottili et al., 2007).

A second important discover, stimulating and feeding interesting
speculations, occurred in March 1979, when an image captured
during the Voyager 1 flyby revealed an eruption on the surface of
the Jupiter’s moon Io, the most volcanically active body in the Solar
System. A few months later, the Voyager 2 provided a new set of
images revealing the existence of hundreds of active volcanoes on the
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Io’s surface. This unexpected discovery required the formulation of
new hypotheses as, unlike Earth, Io’s source of internal heat cannot
been explained by radioactive isotope decay. A new model evidenced
how the tides induced by Jupiter, enhanced by Io’s orbital eccentricity
and resonance with Europa and Ganymede, may lead to tidal
dissipation and melting of a hypothetical liquid mantle (Peale
et al, 1979): the volcanism on Io was the first documented
example of volcanism exclusively caused by tidal forces.

In the following years, the tidal heating in subsurface oceans of icy
satellites of the outer Solar System (i.e., Enceladus and Europa) has
been proposed as a long-term energy source generating geysers of
water vapor, seismicity (icequakes) and tectonic processes (Crawford
and Stevenson, 1988; Greenberg et al., 1998; Hoppa et al., 1999). Once
again, new models developed in astrophysics during the seventies
influenced and stimulated—up to the present times-the debate around
the relationship between tides, volcanism and seismicity within the
Moon-Earth system. For example, recently, the tidally modulated
icequakes on icy satellites has been modeled by investigating as analog
the effects of tidal stresses on icequakes of the Ross Ice Shelf,
Antarctica (Olsen et al,, 2021). Also, the tidal heating during the
early evolution of the Earth-Moon system has been modeled in light
of evidence from the tidally generated Io’s volcanism; in fact, the tidal
heating, partly enhanced by a period of large lunar eccentricity, has
been proposed as a potential heat source for the early lunar magma
ocean (Touma and Wisdom, 1998).

The following decade opened with the May 1980 Mt St. Helens
eruption, the first catastrophic eruption investigated by geoscientists
using modern volcanology. The occurrence of the eruption
underscored the importance of monitoring precursory activities as
a tool to decipher unrest phenomena and eruptive crisis. In this
context, the study of geophysical signals jump-started interest in
monitoring active volcanoes to improve early warning systems.
McNutt and Beavan (1984), noticed that “...the pattern of stress
release at Mount St. Helens prior to May 18 was for the most part too
rapid to be significantly affected by the Earth tides.. For the first time,
the time-varying sensitivity of seismic activity to tidal stresses, as
evidenced by volcanic unrest monitoring, was interpreted as indicator
of “changing magma movement in the shallow crust beneath the
volcano.” In the last few decades, many studies focused on the role of
tidal stresses in influencing volcanic activity (e.g., Kasahara et al,
2001; Custodio et al., 2003; Sottili et al., 2007; Cigolini et al., 2009; van
Manen et al, 2010; Sottili and Palladino, 2012; Bredemeyer and
Hansteen, 2014; De Lauro et al,, 2018; Girona et al., 2018; Petrosino
et al,, 2018; Dinger et al., 2019; Pering et al., 2019; Caputo et al., 2020;
Dumont et al., 2020; Dumont et al., 2021). On the other hand, the
optimism about the interpretation of the time-varying sensitivity of
seismic and volcanic activity to tidal stresses as a monitoring tool was
partly mediated by critical and skeptical positions (e.g., Sparks, 1981;
Hurwitz et al, 2014). Concerning the possible mechanisms of
interaction between tidal forces and volcanism, recent works
focused on phases of caldera unrest, when the quasi-diurnal and
semi-diurnal tidal modulation of long-period seismicity and
degassing rates has been explained in terms of fluid charge/
discharge in the fractures of hydrothermal systems and/or by
tidally induced changes in crustal permeability (e.g., at the Campi
Flegrei caldera, Petrosino et al,2018). Other studies focused on
effusive activity, as the modulation of the growth rate of lava
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fields by Earth tides has been associated with the effects of tidal
stresses on the movements of magmatic fluids - gas, melt and lava -
from the upper crust to the Earth’s surface, e.g,, during the 2014
eruption of Holuhraun, central Iceland (Dumont et al., 2020) and
during the 2014-2015 eruption of Fogo volcano, Cape Verde
(Dumont et al., 2021). Also, persistent open-conduit phases of
explosive volcanic activity modulated by the fortnightly tides have
been explained by cycles of compression-decompression of wall
rocks influencing the escape of magmatic volatiles and promoting
fluid-driven cracking of the country rocks, e.g., at Stromboli volcano,
(Sottili and Palladino, 2012) and at Mount Etna (Sottili et al., 2007).

In summary, since the beginning of eighties, a lot of studies
contributed to further investigate the influence of tidal forces on
volcanic activity and, as in the past two centuries, the new models
bear on interdisciplinary contributions from geosciences, physics
and astronomy. A full review of the recent literature on this
rapidly evolving subject is beyond the aim of the present historical
overview. For an exhaustive, critical review of the present state-
of-the art see for example Dumont et al. (2022). In the conclusive
section we will see how the present-day debate around the
environmental crisis, characterized by a large collection of
interconnected variables, stimulated a new field of research
around the complex mechanisms of mutual interactions
among orbital factors, Milankovitch cycles, climate changes
and volcanism.

FUTURE RESEARCH DIRECTION: CLIMATE
CHANGES, ORBITAL FORCING AND
VOLCANISM

Since its beginning, the attention of the scientific community
around the tidal controversy appears remarkably influenced by
the course of other disputes, as for example the early development
of the continental drift theory and the lack of a convincing
hypothesis for its causal mechanisms (Chamberlin, 1928).
Investigating the origin of tides and their effects on the
present state of the Earth influenced the mankind’s general
understanding of his origin and place in the Universe, either
as the result of a series of catastrophic events or, as Kelvin
postulated in light of the 2™ Law of Thermodynamics, as a
consequence of a slow cooling where the action and intensity of
geological forces must decrease with time (Burchfield, 2009). On
the other hand, after long periods of lapse, the renewed interest in
studying the effects of tidal forcing on volcanism was inspired by
new explorations and discoveries from apparently distant fields of
research, as astronomy and astrophysics.

Overall, it appears that the tidal controversy was continuously
influenced and greatly stimulated by the contemporary scientific
debate. The present-day new frontier of the research around the
tidal controversy does not represent an exception. In fact, the
ongoing environmental crisis, ruled by a complex
interconnection of many variables, emphasizes the importance
of evaluating quantitatively the contribution of either natural or
anthropogenic factors to climate changes. Many studies dealing
with palaecoenvironmental and palaeoclimatic reconstructions
reveal millennial to million-year timescales of variability due

Tides and Volcanoes: A Historical Perspective

to orbital forcing, based on high-resolution chronologies of
sedimentary successions through tephrochronology (Albert
et al., 2018; Giaccio et al., 2019; Leicher et al., 2019; Wulf
et al, 2020). From a regional to a global scale, increasing
evidence for common cycles in the volcanological, biological
and astronomical-orbital events includes a remarkable
synchronism with Milankovitch cycles, which strongly
influenced the Earth’s climatic patterns (Kutterolf et al., 2013;
Kutterolf et al., 2019; Puetz et al., 2014). On a broader perspective,
beyond the high-frequency (from semi-diurnal to fortnightly)
tidal forcing of volcanic and seismic activities, low-frequency
rotational tides (i.e., pole tide and fluctuations in the Length of
Day, LOD) are claimed as major controlling factors for a variety
of tectonic and volcanic processes acting both at a local (Lambert
and Sottili, 2019) and at a global scale (Palladino and Sottili, 2014;
Sottili et al., 2015). Specifically, a recent field of research is
devoted to understanding how long-period rotational tide (i.e,
monthly to multiyear pole tides and LOD changes) acts on
volcanoes, as short-periodic (commonly semi-diurnal to
fortnightly tides) forcing influences shallow volatile-saturated
magma reservoir or hydrothermal environments (Sottili et al.,
2007; Sottili and Palladino, 2012; Petrosino et al., 2018) whilst
low-frequency, rotational tidal oscillations are compatible with
the resonance time of the lithosphere (Zaccagnino et al., 2020)
and with differential stress changes on wall rocks of magma
chambers located within the shallow 20 km of the Earth’s crust
(Sottili et al., 2015; Lambert and Sottili, 2019). Moreover, over the
last years, the detection of Milankovitch periodicities in volcanic
explosive activity through the Pleistocene-Holocene (Kutterolf
etal., 2013, 2019; Praetorius et al., 2016) led to the formulation of
a variety of hypotheses on the possible cause-and-effect
relationships among orbital forcing, climate changes and
volcanism. For instance, the glacio-eustatism hypothesis links
the observed Milankovitch periodicities in volcanic activity to
crustal stress changes associated with ice age mass redistribution
and sea level changes (Rampino and Self, 1993; Ryan et al., 2004;
Watt et al., 2013; Praetorius et al., 2016; Rawson et al., 2016). This
hypothesis seems to be corroborated by evidence for a subaerial
volcanism increase during the last deglaciation phase (Huybers
and Langmuir, 2009; Jull and Mc Kenzie, 1996) and during the
Messinian salinity crisis in the Mediterranean area (Sternai et al.,
2017) whilst the impact of Milankovitch cycle-caused sea level
fluctuations on the volcanic construction process at mid-ocean
ridges remains an area of active research (e.g., Olive et al., 2015;
Goff, 2020).

An alternative hypothesis focuses on the role of crustal stress
changes due to orbital oscillations of the inclination of the Earth
causing a periodic increase in explosive volcanic activity (Jegen-
Kulcsar et al., 2010; Bezverkhnii, 2017) and a perturbation in
greenhouse gas emissions from the mantle (Bezverkhnii, 2014;
Gilabert et al., 2021). On its turn, the orbital forcing of volcanism
and volcanic gas output would play a significant role in
determining the 41,000 years variations of the ocean water
temperature (Bezverkhnii, 2019). This hypothesis also tries
reconciling several difficulties related to the Milankovitch
theory in  explaining the 100kyr cycles, since
glacial-interglacial oscillations during the pre-mid-Pleistocene
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transition are significantly asymmetric, thus contradicting a
straightforward  linear ~ Milankovitch  explanation (e.g.,
Ashkenazy and Tziperman, 2004).

In conclusion, the article collection in the present volume
highlights the enduring interest in external processes interacting
at various timescales with volcanic systems. Although progresses
in specific instrumental developments and physical modeling
have improved our capability to detect tidal signals in volcanic
records, the new frontier of the tidal controversy appears -as
already occurred in the past- greatly influenced by the
contemporary scientific debate across a wide spectrum of
research fields including geosciences, climatology, physics and
astronomy Auer et al,, 2015, Lirer et al., 2009.
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