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Preface

Volcanoes are unique elements of the Earth system. They appear in many geotectonic
situations and operate in various spatial and temporal scales. Small volcanoes are
commonly referred to as monogenetic, emphasizing the nature of a “one-shot”
activity style where a small-volume magma batch feeds an eruption that lasts a very
short time. New eruptions then occur in different locations above a broad melting
anomaly in the Earth’s deep interior. Such volcanism often forms groups of volcanoes
that are clustered or aligned and together form a volcanic field that may last over
millions of years. Another type of volcano that characteristically evolves over a stable
conduit with diverse eruption styles is defined as a polygenetic volcano. In such
volcanoes, the magmatic feeding system is relatively stable in a time scale of tens to
hundreds of thousand years. This type of volcanism can build volcanoes that can
influence the host sedimentary basins, terrestrial or marine, over a long time and
can contribute primary and reworked volcaniclastic material to the evolving basin.
This type of volcano normally adds new landscape elements to the existing systems
but can also act through impactful eruptions as landscape-forming systems that

can significantly change large areas’ geological and geomorphological appearance.

In recent years, volcanology has rediscovered the importance of understanding the
volcanic architecture and succession of eruption styles associated with small or large
volcanoes. Volcano geology has advanced significantly in recent years by putting
volcanism in the Earth’s system perspective and providing key information to unfold
the eruption mechanism locked in the volcanic geological record. Currently, volcano
geology research is claiming its share within volcano science and influencing the
application of advanced technologies to develop more realistic volcano models.

Alongside this new development to understand volcanic phenomena by going back to
the fundamentals of geology, volcanology is incorporating new methods and models
from the fields of geophysics, remote sensing, and numerical modelling. The combi-
nation of various levels of advanced geophysical methods to visualize the subsurface
architecture of a magmatic-volcanic system—applying new geochemical systematics
to trace the physicochemical processes leading to a volcanic eruption, using remote
sensing data to map volcanic bodies and applying numerical modelling from process
simulations to volcanic hazard map generation—can be seen as a major new devel-
opment within volcano science. Volcanology is also experiencing an expansion to
investigate areas normally left out of the mainstream research and incorporate other
geological disciplines to solve volcanic eruption and process reconstruction from the
magma rise to fragmentation, transportation, and deposition. More and more regions
are paying attention to creating a unified stratigraphy framework within which
volcanic rocks are handled similarly to normal sedimentary rocks.

As population growth increases dramatically, more regions where volcanic hazards
are evident are occupied by human society and its infrastructures. This situation
generates an ever-increasing risk to the human society that needs to be mitigated. In
many cases, the benefit of volcanism to human society overrides the potential risk



the inhabitants face. In this situation, the concept of living with volcanic hazards
becomes a critical approach to managing daily life in an active volcanic terrain.
Volcanic hazard mapping and probabilistic hazard estimates and predictions become
a major subject of geohazard management in many Holocene volcanic regions. New
mapping and visualization techniques and specific communication avenues associated
with volcanic hazards have opened new research areas. Recognizing the geoheritage
values of volcanic terrains and incorporating those in geoeducation and geotourism
through an effective geoconservation strategy is also a new conceptual framework for
understanding volcanic systems. In this book, a snapshot of these advancements is
showcased.

Karoly Németh

Saudi Geological Survey,

National Program of Earthquakes and Volcanoes,
Jeddah, Kingdom of Saudi Arabia,

Institute of Earth Physics and Space Science,
Sopron, Hungary
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Volcano Geology Approaches







Chapter1

Volcano Geology: A Fundamental
Tool to Quantify Volcanic Hazards

Joan Marti

Abstract

Volcanic hazard assessment relies on analyzing past eruptions documented in
historical and geological records to identify potential future eruptive scenarios and
assign probabilities to their occurrence. This process involves quantifying geological
data, such as the composition, distribution, and textures of volcanic products, to
understand magma properties, eruption dynamics, and depositional mechanisms.
Such data are crucial for evaluating the potential impact, exposure, and vulner-
ability of areas at risk from future eruptions. Both probabilistic and deterministic
approaches may be used, depending on the purpose of the hazard assessment, but
geological data remain the foundation for models that predict volcanic hazards.
However, volcanic systems are inherently complex, making it difficult to precisely
quantify these data. As a result, only thresholds or ranges are often provided,
contributing to significant uncertainty in the assessment. This uncertainty must be
clearly communicated for accurate interpretation of the results. Additionally, many
active volcanoes lack sufficient data, especially those with long intervals between
eruptions, further complicating hazard assessments. Despite these challenges,
volcanic hazard assessment is critical for reducing risks and preparing for future
volcanic events.

Keywords: volcano geology, hazard assessment, simulation models, statistical models,
monogenetic volcanism, polygenetic volcanism, uncertainty

1. Introduction

Volcanology has made great advances in the last decades, becoming a modern,
interdisciplinary science aiming at quantifying volcanic processes and their associ-
ated hazards and impacts on society and the environment [1, 2]. The explosion
of new knowledge and techniques (e.g., ion microprobe, numerical modeling,
high-performance computing) has reduced the prominence and perceived value
of basic geology, despite it remains as the main source of data for volcanic systems,
processes, and hazard modeling. One of the most important changes has occurred
with the emergence of experimental and mathematical models and through the
application of statistical methods, including spatial statistics with the aid of GIS
applications, which have allowed significant progress in the understanding of
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volcanic phenomena and in the prediction of future eruptions (e.g., [3-5]). Such
models have helped us to visualize and quantify, for example, the changes occurring
at the interior of volcanic systems due to magma movement or the eruption behavior
of some volcanoes, so we can say that the irruption of simple and sophisticated
physical and mathematical modeling has forced a true revolution inside volcanology
during last years.

However, as it occasionally occurs with new exciting and rapid changes, not all
contributions are good enough or fully satisfy the created expectations, such as the
unrealistic ones to be able to predict and tell the location and style of eruptions in
the human lifespan, or human investment scale typical in years to decades. Some
of the current models explaining volcanological processes do not fully consider the
physical constraints that the geological record imposes on some required assump-
tions and simplifications used to develop such models [6]. In fact, many of these
models, in particular, those aimed at forecasting future volcanic events, require
a detailed understanding of past events and of the behavior trends shown by vol-
canoes during their past evolution. Because models can describe only a simplified
version of complex natural processes, geologic and field data are critical for con-
straining model input, necessary for model validation, and will ultimately improve
model accuracy [7, 8].

Of particular, importance is the quantification of volcanic hazards and their
potential impact, to estimate the risk they may represent (e.g., [9, 10]). This analysis
requires the application of statistical models to deduce possible behavior trends in
volcanic activity and of sophisticated simulation models to reproduce the occurrence
of the different hazards in the current conditions to assess exposure and possible
impacts. In both cases, a precise knowledge of the past eruptive history of the vol-
cano is essential to obtain the input parameters necessary in both types of models.
Moreover, when volcanoes have a long eruption recurrence, it is necessary to appeal to
the study of the geological record, which significantly increases the uncertainty in the
knowledge of the volcano’s past and, consequently, the uncertainty of the results that
can be obtained.

Volcanoes are among the most complex geological systems, as they are character-
ized by variable time scales and a high range of impacts and intensity of the related
processes. Timing has a much wider range than normal geological processes, while
their impact can be almost unrecognizable to landscape forming. So, if we go down in
time and enter the realm of volcanic geology, we have to deal with and offer a model
to be able to handle this huge scale variation in time and space. Moreover, volcanic
processes are nonlinear and mostly hidden from the direct observation (e.g., volcano
plumbing system, magma generation), which makes them difficult to model as the
number of unknowns usually results too high [11]. Despite this, theoretical modeling
is essential to constraint geological conceptual models, which sometimes tend to be
too imaginative and not according to the laws of physics. At the same time, theoretical
models need to be constrained with geological data; otherwise, they may be specula-
tive and unrealistic, leading to misunderstanding the behavior of volcanic systems,
particularly when we try to forecast how they will behave in the near future. Although
the use of geophysical approaches and theoretical modeling is complementary and
very convenient, we always must check their validity in the field; otherwise, huge
interpretative mistakes can be made. In order to highlight and strengthen the role of
volcano geology as a critical foundation for modern volcanology and, in particular, for
the quantification of volcanic hazards, this contribution is a reflection on the signifi-
cance of geology to volcanological modeling.
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2. Advantages and restrictions of volcanological modeling

Before presenting the other sections included in this contribution, it is necessary
to introduce certain concepts and constraints about volcanic modeling in general
and volcanic hazard modeling, in particular, in order to avoid confusion on is being
developed below.

Scientific modeling is broadly understood as the creation of physical, conceptual, or
mathematical representations of real-world phenomena that are challenging to observe
directly (e.g., [12-14]). These models play a crucial role in explaining and predicting
the behavior of real objects or systems across various scientific fields, including physics,
chemistry, ecology, and Earth sciences. While modeling is a fundamental aspect of
modern science, it is important to note that scientific models are only approximations
of the objects or systems they represent—not exact replicas. Consequently, scientists
are continually working to improve and refine these models (e.g., [15, 16]).

Scientific models can take various forms, including conceptual, physical, math-
ematical, computational, statistical, theoretical, or analog (e.g., [17-22]). In volcanol-
ogy, as in geology more broadly, classical models were primarily conceptual, aiming
to illustrate the relationships between different components of a volcanic system
through abstract representations that attempted to visualize complex processes.
However, the widespread adoption of mathematical models in recent decades has
allowed these conceptual models to be more rigorously defined using mathematical
equations. These equations can represent the relationships between various variables
and account for their potential changes over time. This advancement has made it
possible to predict the behavior of a volcanic system or its components under differ-
ent conditions. Additionally, statistical models have become essential for analyzing
and interpreting data, often to make predictions or identify trends—crucial elements
in hazard assessment and eruption forecasting. Finally, the increasing sophistication
of computational models has enabled scientists to simulate the behavior of complex
volcanic processes from magma formation to eruption.

However, scientific modeling has inherent limitations due to the fact that models
are not complete representations of reality; they are based on simplified assumptions
to create a more manageable version of complex systems [12, 16]. Essentially, any
model—regardless of its type—comprises three key components: (i) an information
input component, which supplies assumptions and data to the model; (ii) a process-
ing component, which transforms these inputs into estimates; and (iii) a reporting
component, which translates these estimates into useful actionable information [16].

In the context of volcanological models, geological and geophysical data—such
as stratigraphic, lithological, structural, mineralogical, geochemical, and geochro-
nological information—serve as the primary inputs. However, these data are often
accompanied by very commonly significant uncertainty, both epistemic (related to
knowledge limitations and the fact that the good observations available are low in
numbers, so generalization will be impacted strongly by those available and known
examples) and aleatoric (related to inherent randomness). As a result, the models
produced must be interpreted with caution as the imprecision inherent in the data
used to build these models inevitably carries over into the models’ outcomes. This is
particularly important when developing statistical and simulation models aimed at
quantifying volcanic hazards.

The central challenge in quantifying volcanic hazards lies in how to manage
uncertainty (e.g., [10, 11]). This challenge is at the heart of the ongoing debate over
whether deterministic or probabilistic models are more effective (e.g., [7, 23-25]).
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Deterministic models operate under the assumption that all phenomena are
predictable—if all input parameters are known, the output can be precisely deter-
mined. The critical question here is: How many of the required input parameters can
we actually know? On the other hand, probabilistic models incorporate randomness
and uncertainty, meaning that even with full or partial knowledge of the inputs, the
output can still vary due to inherent chance factors. As a result, deterministic models
tend to offer a more definitive answer, while probabilistic models provide a range of
possible outcomes, each with an associated probability. For example, deterministic
lava flow modeling aims to predict the exact path, extent, and behavior of a lava flow
based on a set of known physical laws, such as heat transfer, lava viscosity, topog-
raphy, and flow dynamics. The model assumes that if all relevant variables (e.g., erup-
tion parameters, terrain, and magma properties) are known and accurately measured,
the behavior of the lava flow can be forecasted with precision. Probabilistic lava
flow modeling, on the other hand, recognizes the inherent uncertainties in volcanic
processes (such as varying eruption intensities, unpredictable magma behavior, and
complex terrain interactions) and therefore predicts lava flow behavior in terms of
probabilities. Instead of giving a single flow path, it provides a range of possible flow
scenarios, each with a likelihood or probability of occurrence. Both types of models
have their place in volcanology. However, it seems evident that anticipating volcanic
processes based on past evidence is more effectively addressed through a probabilistic
approach. Conversely, predicting the evolution of an ongoing volcanic event over time
may be better suited to a deterministic framework. This distinction will be explored
in greater detail later in this contribution.

To develop the statistical and physical models necessary for quantifying volcanic
hazards, it is crucial to determine the type of geological information required and the
level of accuracy needed. In the following sections, we will explore these aspects in
detail.

3. Volcanic hazards

When assessing volcanic hazards, it is crucial to recognize that volcanoes are com-
plex, multi-hazard systems. Volcanic eruptions can produce a wide range of direct
hazards, such as lava flows, pyroclastic density currents (PDCs), gas emissions, and
fallout, as well as indirect hazards such as lahars, tsunamis, landslides, earthquakes,
and floods. These hazards often have intricate cause-and-effect relationships and can
trigger cascading (cascading hazard) impacts on exposed elements.

Even during periods of quiescence, volcanoes can pose significant risks. Hazards,
such as slope instability, meteorologically triggered lahars, debris flows, and ava-
lanches, can arise, influenced by factors such as the lithology of volcanic rocks, soil
properties, topography, local tectonics, and background activity. These potential
hazards must be considered in hazard assessments as they can significantly affect
land use and infrastructure planning.

Therefore, to identify the hazards associated with a specific volcano, it is essential
to examine not only its past eruptive history but also its geology and the environmental
conditions surrounding it. The dynamics of an eruption—primarily influenced by the
composition and rheology of magma—will dictate the type and characteristics (such
as extent, volume, and temperature) of the various direct and some indirect hazards
the volcano might generate. Additionally, the geological features of the volcanic edifice
play a crucial role in determining its response to external triggers, like seismic activity
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or meteorological events, which can lead to secondary hazards. The impact of these
secondary hazards can vary significantly depending on the unique circumstances of
each volcano.

A volcanic hazard is defined as the likelihood of a destructive volcanic event
impacting a specific area within a certain timeframe [26-31]. This concept focuses on
the physical phenomena associated with volcanic activity, including their recurrence,
extent, and potential consequences. Evaluating volcanic hazards involves identifying
areas that are susceptible to volcanic events, which is crucial for the development and
implementation of emergency response strategies and land-use planning. In other
words, hazard is the physical event having an impact on a particular area within a
specific timeframe and therefore contains implicit spatial (i.e., the probability that the
effects of the event will extend over a certain distance or surface area) and temporal
(i.e., the probability that it will occur) probabilities.

Hazard assessment is a critical and foundational step in estimating risk and imple-
menting any risk reduction program [31]. It serves as the first step in understanding
how a volcano has behaved in the past, identifying the types of hazards it has pro-
duced, their extent, potential impacts, and the frequency of eruptions. The primary
goal of hazard assessment is to categorize key past eruption scenarios and predict,
which are most likely to occur in the future. Ultimately, the purpose of volcanic
hazard assessment is to anticipate the nature of future eruptions [27, 31, 32].

This information is vital for land-use planning and the development of emergency
services—two essential strategies for reducing risk. Land-use planning helps prevent
development in hazardous areas, while emergency services focus on identifying safe
zones and establishing evacuation routes in case of an eruption [33, 34]. Additionally,
hazard assessment supports vulnerability analysis by providing insights into the type
and intensity of impacts on exposed elements [35, 36].

Moreover, hazard assessment plays a crucial role in decision-making during
volcanic crises, offering a basis for evaluating potential eruption scenarios and their
associated impacts [37]. It also serves as a guide for educational programs and public
awareness campaigns, helping to inform local populations about the volcanic hazards
they may face [38].

All these previously mentioned aspects necessitate the quantification of volcanic
hazards, either by assigning absolute values to the variables that influence their
dynamics or by estimating the probabilities of their occurrence. In both cases, most
of the required information is obtained from the geological record, which allows for
the examination of deposits from past eruptions. This analysis helps to determine the
main characteristics of these deposits and to establish their relative position within
the volcano’s chronological evolution.

4. Geological characteristics of volcanic products

The characteristics of volcanic deposits, including lithology, geometry, internal
stratigraphy, facies variations, and contacts with the substrate or other deposits, are
determined by their nature and the dynamics of the eruption. Lava flows, products
of effusive volcanism, can form stratigraphic units with varying extents and thick-
nesses depending on the composition of the erupting magma and the magnitude of
the eruption. Beyond petrological and mineralogical characterization, which will be
conducted through the analysis of rock samples, other critical features will be identi-
fied by observing the surface, extent, and cross sections of the flows. The texture,
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Figure 1.
Interpreting a volcanic succession in terms of eruptive processes, from the study of the field characteristics of
volcanic deposits.

mineralogy, and composition of lava flow samples will provide essential constraints
on magma rheology (e.g., [39, 40]), while field observations will offer insights into
key aspects of lava flow emplacement, such as topographic influences, inflation
processes, and total volume (e.g., [41-43]).

For pyroclastic and other volcaniclastic deposits, obtaining realistic input param-
eters for simulating the processes that control their emplacement requires careful
consideration of the nature of the clastic components (Figure 1). This includes exam-
ining grain morphology, origin, grain-size distribution, degree of sorting, and fabric
[44]. Additionally, as with lava flows, it is crucial to define the three-dimensional
geometry of the deposit, which is influenced by the terrain’s topography, the volume
of the deposit, the transport and deposition mechanisms of volcanic materials, and
the presence of non-depositional and post-depositional erosive processes. Identifying
the sedimentological characteristics, such as stream-generated structures, is also
important as it provides essential insights into the emplacement and depositional
mechanisms [44]. Finally, the lateral and longitudinal variations in these character-
istics (facies changes) offer valuable information on the processes that controlled the
emplacement of volcaniclastic deposits (e.g., [45-48]). These variations are crucial
for inferring the flow conditions necessary for simulating such volcanic hazards
(e.g., [49-51]).

5. Volcanic stratigraphy: The time perspective

Volcanic stratigraphy is an essential tool for generating geological maps, recon-
structing volcanic evolution and eruptive dynamics, studying physical volcanology
and tephrostratigraphy, and assessing hazards [52]. It plays a critical role in tracing
the chronological development of stratigraphic sequences that encompass all vol-
canic events and inter-eruptive periods within the geological record of a particular
volcano or volcanic area. The precision and level of detail in volcanic stratigraphy
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vary, depending on the time scale of the study whether it is the complete history of a
volcanic complex, the last few thousand years, the historical record, recent eruptions,
or even the specifics of a single eruptive event. Consequently, different approaches
and methodologies may be required tailored to the specific objectives of the research
[52]. For example, the way we have to address a volcanic stratigraphy study referring
to an ancient volcanic terrain, affected by tectonism and/or strong erosion, is very
different than if we are dealing with a recent volcanic area, where all deposits are
well-preserved and exposed. In the first case, it may be difficult to recognize the full
stratigraphic succession and inside it making distinctions among deposits pertaining
to the same or different eruptions. This will force us to concentrate on major disconti-
nuities that may be associated with major geological changes and those subordinated
ones that may be representative of changes in the volcano dynamics. However, by
studying recent and well-preserved volcanic terrains, the stratigraphic detail may be
much more precise, thus allowing recognition of the deposits from different eruptions
and changes in the eruptive dynamics during the volcano evolution [52].

In volcanic hazard assessment, volcanic stratigraphy is crucial for interpreting vol-
canic successions in terms of eruptive sequences and eruptive scenarios, and conse-
quently, to conduct temporal analysis in long-term hazard assessment (Figure 2) [31].
The primary goal of such studies is to determine the stratigraphic and chronological
order in which the products of an eruption, a series of eruptions, or inter-eruptive
periods (including epiclastic deposits or reworked volcanic materials) are preserved
in the geological record [44, 52]. To achieve this, it is recommended to apply the same

Figure 2.

An example of a volcanic succession (“La Tarta”) from Tenerife shows the emplacement of several mafic (dark)
and felsic (light) airfall pyroclastic deposits at a single location. These deposits were generated by different
eruptions originating from multiple volcanic vents, illustrating the complex layering of materials from varied
sources over time.
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principles used in classical stratigraphy [53]. This involves identifying and grouping
the various units based on a hierarchy that enables the reconstruction of a temporal
sequence of events or units of eruptive activity [52, 54].

As previously mentioned, volcanic deposits can be identified based on their
lithology—such as mineralogy, petrology, color, degree of welding, and grain-size
distribution—as well as their geometry and relative stratigraphic position. In complex
stratigraphic successions, it is possible to distinguish between different deposits from
the same eruption (referred to as a member) and different members that constitute
a formation [52-55]. This distinction is often based on the presence of first-order
discontinuities or time breaks, such as paleosols, erosional surfaces, or interbedded
epiclastic deposits. However, it is important to note that erosional surfaces or inter-
bedded epiclastic deposits do not always signify a significant interruption in eruptive
activity. This distinction becomes particularly crucial when attempting to reconstruct
an eruptive sequence from a poorly exposed succession of deposits, which may be
affected by subsequent erosion or erosion occurring during the eruption itself.

Once volcanic stratigraphy is well-established through fieldwork, geochronologi-
cal methods—such as radiometric isotope dating, paleomagnetism, palynology, and
analysis of flora—can be applied to date the different units and determine the erup-
tive history of a volcanic system. This approach enables the calculation of eruption
frequency, which is particularly important for volcanoes with long eruptive intervals
and no historical records. Understanding eruption frequency is critical for conduct-
ing statistical temporal analyses in volcanic hazard assessments as it helps constrain
predictions about when the next eruption may occur [31]. However, determining the
“absolute” age of deposits is not always feasible, as it depends on factors, such as the
quality and degree of alteration of the samples, their mineralogy, and the limitations
of the dating methods. Therefore, it is crucial to establish at least the relative chronol-
ogy, or volcanic stratigraphy, of the deposits under study.

6. Mapping volcanic areas

Mapping the geology of active volcanic regions is crucial for quantifying volca-
nic hazards and conducting long-term hazard assessments. This process should be
integrated with volcanic stratigraphy and the detailed characterization of individual
volcanic units, including facies analysis. Unlike conventional geological mapping,
volcanological mapping lacks standardized criteria, leading to variability in how
different volcanic zones are represented based on the specific focus (e.g., petrography,
geochemistry, radiometry, volcanology, stratigraphy) of each researcher. However, for
hazard assessment purposes, it is strongly recommended to delineate volcanic activ-
ity units using a combination of stratigraphic and volcanological criteria (Figure 3)
[52, 54]. This approach, which treats all the deposits from an individual eruption
(Member) as the primary unit, has the advantage of directly linking volcanic activity
to its corresponding stratigraphic record. Moreover, volcanic stratigraphic units are
invaluable for understanding the eruptive dynamics of specific eruptions or sequences
of eruptions, thereby aiding in the quantification of volcanic hazards. This type of
mapping can also incorporate inter-eruptive periods and deposits, such as debris flows
and lahars, which appear as unconformities separating successive eruptive sequences
and contribute to estimating eruptive recurrence [55]. The volcanic stratigraphies
of Madeira Island (Portugal), Las Cafiadas Caldera (Tenerife), or Etna (Italy), as
reported in Ref. [52], are good examples of the application of this methodology.
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Figure 3.

Oferview from a south-to-north perspective of the southern sector of Tenerife, showcasing the profiles of the Las
Caiiadas caldera and Teide volcano in the background. In the foreground, recent monogenetic cones can be seen
vesting on or surrounded by the ignimbrites from Las Caiiadas. Volcanological mapping of this region would
primarily involve identifying the stratigraphic contacts between these deposits and analyzing their geometric
velationships. This includes recognizing unconformities and time gaps, such as paleosols and evosion surfaces, which
indicate breaks between eruptions. Once the relative volcanic stratigraphy is well-defined, geochronological dating
can be applied to determine the eruptive frequency. The accuracy of this frequency will depend on how complete
the stratigraphic succession is.

7. Volcanic susceptibility, exposure, and impact: Monogenetic vs. central
systems

In volcanology, as with other natural phenomena, predicting the future behavior
of a volcano relies on scientific knowledge of the relevant processes and data from
past events. However, this field presents challenges that make volcano forecasting
less straightforward for the general public to understand, especially when compared
to weather forecasting. A significant limitation is the scarcity of observational data
and limited experience in predicting volcanic activity. Modern volcanology is a
relatively young science, and unlike meteorology—where consistent methods have
been refined over the past two centuries—volcano prediction is still in its early stages.
Volcanologists are working to understand eruption precursors and anticipate related
hazards [7, 11]. While analyzing past eruptions provides a foundation for hazard
assessment and inferring potential future outcomes, accurately quantifying these
hazards and their impacts remains a difficult task.

Quantifying future volcanic hazards primarily depends on two key factors: the
precise location of the eruption vent and the size and intensity of the eruption. These
factors determine the type and dynamics of both direct and indirect hazards, which
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are also influenced by the characteristics of the surrounding terrain [31]. Predicting
the location of a future vent requires an understanding of the stress distribution
within the volcanic system. This involves compiling a wide range of structural geology
data, such as the positions of past vents, vent alignments, fractures, faults, dykes, and
in situ stress measurements, all categorized by relative age. This data is essential for
inferring the current stress field orientation and its temporal variations [56]. The size
and intensity of the eruption can be inferred from the compositional and rheological
properties of potential eruptive magmas, which necessitates analyzing products from
previous eruptions [40, 57, 58]. However, this geological information, while valuable,
only provides indirect evidence for predicting volcanic behavior and is inherently
subject to significant uncertainty. Additionally, the morphology and topography of
the volcano must be considered as they strongly influence the emplacement of most
eruption products and are critical for accurate hazard assessment [49, 59].

Volcanoes exhibit a diverse range of forms, tectonic settings, compositions, erup-
tion dynamics, and recurrence intervals, making each one unique in its characteris-
tics. There are two primary types of volcanic systems: polygenetic and monogenetic
(Figure 4). Polygenetic volcanic systems are known for constructing large volcanic
edifices, such as shield volcanoes and stratovolcanoes [60, 61], through the accumula-
tion of lava and pyroclastic materials over multiple eruptions. Polygenetic or central
volcanoes have an established vent that is used in dominant cases for new magma to
reach the surface, a process that may span hundreds of thousands to millions of years.
The eruption frequency of polygenetic systems varies widely, from several years (e.g.,
Etna) to thousands of years (e.g., Teide). A defining feature of these systems is the
presence of a subsurface magma chamber, which is periodically filled and emptied
during eruptive episodes. This magma chamber creates a relatively stable stress distri-
bution around it, which typically leads to eruptions originating from a central crater
[62, 63]. However, eruptions can also occur from secondary vents on the volcano’s
flanks. Over time, large central volcanoes may experience significant gravity-induced
instabilities, leading to sector collapses that alter the morphology of the slopes and

___,monogentic

eruption e prteidie

fisur

loading
(topographic)
stress

mama chamber
overpressure stress

shallow .
* magma * regional

chamber stress Magma
resernvoirs

MANTLE

magma
intrusions

from a deeper reservoir

ascent of new magma
or the source region

l Source region
Figure 4.

Main characteristics of monogenetic and polygenetic volcanic systems (see text for more explanation).
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basically resetting the original shallow magma plumbing system, shifting vents
slightly offset from their original position [64].

Monogenetic volcanism represents the other end of the volcanic system spectrum,
typically occurring in volcanic fields that contain anywhere from tens to thousands
of small volcanoes, each formed by a single eruption. These eruptions are usually
mafic in composition and involve relatively small volumes of magma, well below
1km’® DRE, typically in the range of 0.01 to 0.001 km’. They are often low-intensity
explosive eruptions (Strombolian), producing cinder/scoria cones and lava flows,
with occasional phreatomagmatic phases due to the explosive interaction of magma
with water. Basaltic monogenetic volcanic fields are the most common type of
terrestrial volcanism. These fields can remain active for several million years, with
eruption intervals ranging from several decades to several tens of thousands of years
[60, 65-67]. The distribution of volcanic cones in these fields is largely governed by
regional and local tectonic settings, but not by the presence of any shallow magma
chamber [68, 69]. The diverse eruptive styles, edifice morphologies, and deposits
found in monogenetic volcanoes result from a complex interplay of internal factors
(such as magma composition, gas content, rheology, and volume) and external fac-
tors (including regional and local stress fields, stratigraphic and rheological contrasts
in the substrate rock, and hydrogeology) that characterize each volcanic system [67].
While monogenetic volcanoes or eruptions (i.e., eruptions that occur only once from
a specific vent) are most commonly associated with these basaltic fields, they can also
occur as flank eruptions in association with polygenetic volcanoes [70, 71].

Volcanic susceptibility [56], defined as the spatial probability of vent opening, is
a crucial first step in assessing volcanic hazards. Accurately identifying the potential
location of future eruption vents is essential for developing realistic eruption sce-
narios and predicting their consequences. The hazards and impacts of an eruption
can vary significantly depending on where magma breaches the surface within a
given area. These differences arise because the hazards, as well as the topographic
and geomorphological factors that influence them, can change drastically based on
the vent location, affecting exposure and potential impacts. The point where magma
will emerge is largely determined by the distribution of stress within the volcano
or volcanic zone. This stress distribution is influenced by three primary factors:
gravitational stresses (related to lithostatic pressure variations due to topography),
tectonic stresses, and magma overpressure. These factors collectively dictate the
most likely pathways for magma ascent within a volcanic system [62, 63, 69]. Since
direct observation of the interior of active volcanic systems is impossible, we rely on
indirect methods. These include geophysical techniques, which often lack precision,
and the analysis of surface structural elements to infer the subsurface stress field.
Additionally, comparisons with ancient volcanic systems, now exposed at the surface
due to tectonic activity or erosion, provide valuable insights. By synthesizing this
information, we can create maps that depict the spatial probability of future erup-
tions based on objective criteria. This forms the foundation for developing compre-
hensive volcanic hazard maps [56].

Volcano susceptibility maps will vary significantly depending on whether the
system in question is monogenetic or polygenetic. In monogenetic systems, the maps
will typically show a wide distribution of past eruptive vents, often grouped into
clusters based on age and aligned with structural features such as fractures, eruption
fissures, and faults that are contemporaneous with the vents. In contrast, polygenetic
or central volcanoes tend to concentrate most past vents in the summit area, typically
near the main crater. However, susceptibility zones may also extend along the flanks,
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which must be accounted for when creating hazard maps. Once we identify areas with
the highest probabilities of new vent formation, we can run simulation models for
various volcanic hazards. These models will help us assess exposure levels and iden-
tify the elements at risk in each sector that may be impacted by the potential hazards.

8. Probabilistic vs. deterministic approaches: Objectives and requirements

Both probabilistic and deterministic approaches have been applied in quantifying
geohazards (e.g., [23-25, 72-77]). Deterministic models produce outcomes that are
entirely determined by the specific parameter values and initial conditions, leading
to a single, predictable result. In contrast, probabilistic (or stochastic) models incor-
porate elements of randomness, meaning that the same set of parameter values and
initial conditions can yield a range of different outcomes.

The analysis and quantification of geological data for volcanic hazard assessment
is an inherently complex task. It rarely yields precise numbers; instead, it typically
produces ranges with considerable uncertainty, making it challenging to use as input
parameters for hazard quantification. As a result, hazard quantification must always
account for the uncertainty inherent in the scientific data and their interpretation.
This presents a significant challenge when conveying scientific information to deci-
sion makers and other stakeholders involved in volcanic risk reduction. Consequently,
the debate over the use of probabilistic versus deterministic approaches in volcanic
hazard quantification remains ongoing [7, 23-25, 72-74].

A probabilistic approach, by definition, provides an estimation of uncertainty and
is generally considered more suitable for volcanic hazard assessment [10, 11, 72-74].
This method aligns well with the nature of geological data, which often involves
significant uncertainties both, due to lack of knowledge or incomplete information,
which can be reduced with more data or better models (epistemic uncertainty), and
to the inherent randomness or variability in a system, which cannot be reduced, even
with more data (aleatoric uncertainty). Probabilistic approaches allow for the iden-
tification and modeling of various scenarios while also accounting for their return
periods. However, assessing volcanic hazards probabilistically remains challenging
due to the multitude of factors involved and the dynamic nature of volcanic hazards,
which are increasingly influenced by other factors, such as climate change. Despite
these challenges, probabilistic volcanic hazard assessment is preferred because it
offers a more comprehensive analysis, quantifying both the impact and likelihood of
events while accounting for associated uncertainties [72-74].

On the other hand, the deterministic approach to volcanic hazard assessment has
notable disadvantages. It offers limited consideration of uncertainty, operating on
the assumption that future events can be predicted with certainty—an assumption
that may not hold true when using imprecise geological data. Additionally, it lacks
flexibility as it provides a single-point hazard assessment that may not capture the
full spectrum of possible outcomes. However, the deterministic approach can be more
appropriate for forecasting the progression of an ongoing eruption, where many of
the controlling parameters can be precisely monitored in real time. Moreover, deter-
ministic hazard models are more appropriate to assess the impact of specific events on
exposure [36].

Quantifying volcanic hazards requires accurate geological and historical records
to identify all possible eruptive scenarios associated with a particular volcano or
volcanic region. However, these records may be incomplete, historical accounts might
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lack precision, and geological evidence may not be fully preserved. This means our
understanding of past events, which is crucial for anticipating future hazards, could
be insufficient, potentially overlooking scenarios that have occurred in the past.

A probabilistic approach helps mitigate these limitations by incorporating past
geological and historical events, expert knowledge, and theoretical models to include
scenarios that could physically occur but are not documented in the available records.
This approach can generate a comprehensive catalog of all possible events and assign
a probability of occurrence to each. Even when the scientific data and knowledge
are incomplete, a probabilistic approach acknowledges the inherent uncertainty and
provides valuable insights into the likely occurrence of volcanic hazards.

9. Experts’ opinion: Introducing subjectivity

To conduct quantitative volcanic hazard assessment, many different historical,
geological, and geographical datasets are used as input components. The level of
uncertainty is directly linked to the quality of the input data. In addition, there is
also random uncertainty that cannot be reduced, which is associated with the proper
volcanic processes and our ignorance about them. On many occasions during model
(statistical, physical, mathematical, etc.) development, expert judgment, and prox-
ies are used in the absence of past data, and the results are very sensitive to most of
these assumptions and variations in input data. As such, the outputs of these models
should be considered indicators of the order of magnitude of the results obtained, not
as exact values. Better data quality and advances in science and modeling methodolo-
gies reduce the level of uncertainty, but it is crucial to interpret the results of any risk
assessment against the backdrop of unavoidable uncertainty [78].

When evaluating volcanic susceptibility, expert opinion is crucial for assign-
ing relative significance to the various structural criteria used to identify potential
pathways for magma ascent, as well as for assessing the quality and reliability of the
available data [56]. As mentioned earlier, the geological principle guiding this evalu-
ation is that magma will ascend along the path of least energy consumption, which
is determined by the distribution of the stress field within the volcano [69]. Since
the stress field cannot be directly observed, we rely on surface structural features as
indicators of the stress field at depth and therefore as potential pathways for magma
to reach the surface. However, not all structural elements carry the same significance
or degree of confidence. For instance, the age of these elements may reflect either
a more recent or an older stress field, influencing their relevance in current assess-
ments. To appropriately weigh each structural element when calculating the prob-
ability density function (PDF) necessary for creating a volcanic susceptibility map
[56], expert judgment is required as this process cannot be fully automated. There are
various methods available to incorporate expert opinion into the process of quantify-
ing volcanic hazard (expert elicitation judgment, expected relative frequency, equal
weight, analytic hierarchy process, etc.) [10, 79-81], and the choice of method will
depend on the specific context of each case (i.e., amount of information available,
quality of data, previous knowledge).

Similarly, when conducting temporal analyses and constructing probabilistic
event trees to represent all possible eruptive scenarios for a particular volcano and
assign probabilities of occurrence to them [82-84], expert opinion is essential as this
process cannot be fully automated. The challenge lies in the potential incompleteness
of the historical and geological records, especially for volcanoes with long periods of
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quiescence. These gaps in the record make it necessary to rely on expert knowledge to
properly constrain the analysis and ensure that all plausible scenarios are considered.

The introduction of an expert’s opinion may be regarded as a way to introduce
certain subjectivity in the quantification of volcanic hazards, but it is the only way to
identify the relative significance and reliability of the geological data considered. Each
group of data (structural, stratigraphic, petrological, geochronological, etc.) will
have a different relevance, depending on the aspect considered (eruption dynamics,
volcanic hazards, etc.), and can only be evaluated by experts. Similarly, not all data
will have the same degree of confidence or quality. While some data can be obtained
directly by field measurements (tectonic lineations, vent locations, etc.), others are
obtained by indirect methods, such as theoretical models of stress fields, structural
geophysical data, and monitoring data, which will depend on several aspects related
to data acquisition methods and data processing. Again, it will be the criteria of the
expert(s) who have collected/computed the data, which will have to be taken into
account to validate correctly such data.

10. Final considerations

Hazard assessment is primarily focused on achieving three key objectives: creating
hazard maps, identifying all possible and most likely eruptive scenarios, and develop-
ing simulation models for various hazards. The creation of hazard maps is crucial
for land-use planning, emergency planning, and crisis management. These maps are
typically probabilistic, representing spatial probabilities, and can be designed for a
single hazard, groups of hazards, or all hazards predicted for a specific area [85-87].
They may be qualitative or quantitative and can cover either specific restricted areas
or entire volcanic fields. Constructed using a GIS platform, hazard maps are essential
tools for illustrating and visualizing how a territory can be classified based on the
degree of hazard exposure, making them highly valuable in territorial management.

A topic still debated in volcanological literature is whether hazard maps should be
qualitative or quantitative [88, 89]. Hazard maps essentially represent probabilities,
but the concept of probability is not always well understood. Qualitative hazard
maps, which depict hazard levels as high, medium, low, or very low, may be sufficient
for land-use planning and emergency preparedness [85-87]. However, when relying
on geology as the primary source of information for volcanic hazard assessment, it
is important to acknowledge that precise and detailed quantification is not always
possible. This limitation depends on the quality and depth of knowledge of the
volcanological record, which may sometimes be incomplete or insufficiently informa-
tive, leading to a hazard assessment with significant uncertainty. Using simulation
models with limited or poor-quality input data can result in either overestimating or
underestimating the hazard, providing a flawed basis for risk analysis and decision-
making. Although achieving quantitative hazard maps is theoretically ideal, it is not
always feasible. Therefore, it is crucial to assess the potential limitations in each case
and deliver the best possible outcome based on the available information.

A similar challenge arises when identifying all possible and most probable erup-
tive scenarios for a specific volcano. This task is crucial for eruption forecasting as it
is not only important to determine when and where a new eruption might occur, but
also to understand what type of eruption to expect, its potential size and intensity,
and the range of likely eruptive scenarios. However, the incompleteness of many
geological and, at times, historical records can introduce significant uncertainty
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when identifying possible eruption scenarios and assigning probabilities to them
[7]. In such cases, we might compare the volcano in question with similar, better-
documented volcanoes, but this approach also requires caution due to the inherent
unpredictability of volcanic activity.

The development of simulation models for various hazards is a crucial aspect of
hazard assessment, aimed at calculating exposure, impact, and vulnerability param-
eters. In many cases, the input parameters for these simulations are derived from
geological sources, requiring careful consideration. It is essential to calibrate model
results against real-world cases where the controlling parameters are well understood.
The accuracy of these models is heavily dependent on the quality of the input data.
Using generalized models based on broad assumptions can be inappropriate, par-
ticularly when applied to specific volcanic sites. Therefore, it is imperative that the
assumptions within these models are constrained by volcano geology, necessitating
close collaboration between modelers and volcano geology experts. This partnership
helps to prevent the development of models that may contain conceptual or physical
errors, inconsistencies, or logical gaps. The consequences of using incorrect simula-
tion models in the quantification of volcanic hazards can be disastrous, especially
if these models are intended for forecasting potential volcanic activity. While tech-
nological advancements have significantly enhanced computational capabilities in
hazard assessment, unrealistic models or those built on fabricated input parameters
can be more dangerous than the eruptions themselves. It is always preferable to rely
on geology, even if it carries some uncertainty, rather than inventing data and creat-
ing models that clearly contradict geological evidence [7, 90, 91].

A final aspect that has to be considered when trying to quantify volcanic hazards
is to whom the results of such scientific assessment are going to be addressed. In most
cases, the end users of such complex products will not be other scientists trained in
volcanology, but decision makers or policymakers the background of whom will be
probably not aligned with volcanology. The question here is: Do they understand
geology, volcanology, hazard modeling, probabilities, or uncertainties? It is well-
known that there are difficulties in approaching the science-policy encounter in the
context of risk, especially under high uncertainty and involving multiple disciplines
[92]. Hazard assessments containing an excess of information are hard to understand
and may fail to inform.

To effectively communicate volcanic hazard assessments to policymakers, it
is essential to simplify complex geological information and emphasize practical
implications. Avoiding technical jargon and using clear, straightforward language
helps convey the risks more effectively. Focus on the real-world impact of volcanic
hazards rather than the scientific specifics. When possible, it is recommended to use
relatable analogies or comparisons to make these concepts easier to understand, such
as describing ashfall like a snowstorm, lava flows like slow-moving mud rivers, or
volcanic gases as invisible, toxic fog. It is also important to explain the geological fac-
tors used to assess volcanic hazards in simple terms. For instance, talk about fractured
rocks instead of tectonic controls on vent locations or describe magma as a viscous
liquid affected by gas expansion rather than detailing complex eruption dynamics.
Additionally, leveraging modern technology can greatly enhance the understanding
of volcanic hazards. Virtual reality (VR) and augmented reality (AR) offer immer-
sive, visual experiences that help policymakers grasp the potential threats more
clearly [93, 94]. These tools not only improve preparedness and response capabili-
ties but also serve as valuable resources for education and public outreach, making
complex scientific information more accessible and engaging.
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One of the most challenging aspects of communicating the results of volcanic
hazard assessments is explaining the timescales involved in volcanic processes, par-
ticularly the frequency of eruptions. While it is relatively straightforward to describe
the hazards that occur during an eruption—since these events often last only a matter
of hours, days, or weeks—conveying the duration of post-eruptive processes, such
as lava flow cooling and gas emissions, is more complex. These processes can take
significantly longer, often lasting orders of magnitude longer than the eruption itself.
This extended timeline can be difficult for policymakers and affected communities
to grasp, especially those eager to restore land and property damaged by volcanic
activity.

A recent example of this challenge is the eruption of La Palma, where lava flow
cooling and CO, degassing may continue for decades. However, the greater difficulty
arises when attempting to explain long-term hazard assessments, particularly those
involving forecasts of future eruptions and eruption frequency [7, 11]. When eruption
intervals are relatively short—on the scale of months or years—this is easier to com-
prehend. But when return periods extend into decades, centuries, or even millennia,
risk perception shifts dramatically.

This shift is partly due to the limitations of human memory; people tend to
quickly forget past disasters, especially if recovery was swift and effective [95, 96].
Additionally, politicians often focus on achieving results within a short time frame,
which clashes with the much longer timescales that geological and volcanic processes
typically follow. Consequently, experts and non-experts often have very different
perceptions of time when discussing volcanic hazards.

To make the concept of eruption frequencies more understandable to the
general public, it is helpful to draw comparisons with everyday situations. One
effective analogy is weather forecasting: We know that storms will occur and can
estimate their intensity, but we cannot predict the exact timing. Similarly, vol-
canologists can estimate how often a volcano is likely to erupt and the nature of
the eruption, but they cannot predict precisely when it will happen. Additionally,
comparing future eruptions to past ones from the same volcano can be valuable as
it helps illustrate forecasts by showing the potential effects and outcomes based
on historical events.

In summary, the quantification of volcanic hazards must be grounded in a thor-
ough understanding of past eruptive activity, which is preserved in the geological
record. This data must be carefully collected to ensure completeness and avoid losing
key stratigraphic information. It forms the basis for developing statistical models that
estimate eruption recurrence and help forecast future events. Additionally, geological
data provides the range of values needed to simulate eruptive scenarios and specific
volcanic hazards, which are crucial for conducting hazard assessments. However,
volcanic geology rarely provides precise numbers, meaning that a certain level of
uncertainty will always be present in the results. The critical challenge in quantifying
volcanic hazards lies in calculating this uncertainty and effectively communicating
it to non-experts, such as policymakers and affected communities.
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Chapter 2

Caldera Formation and
Post-Caldera Activity Influencing
Formation or Activities of Faults:

A Case Study of the Hohi
Volcanic Zone, Central Kyushu,

Japan

Shigekazu Kusumoto

Abstract

This study, which is a case study of the Shishimuta caldera located in the Hohi
volcanic zone in central Kyushu, Japan, estimated the surface stress fields caused by
the activity of a magma chamber under the caldera and discussed its effects on fault
formation or activity in this region. Before these discussions, analytical solutions
giving the magma chamber volume change required for initial caldera formation and
information on the depth of the magma chamber were derived. These solutions were
applied to the Shishimuta caldera, and the magma chamber depth consistent with
geological data, and the minimum volume change for caldera formation was obtained.
It was found that the estimated surface stress field caused by caldera formation could
not explain the fault distribution near the caldera. In contrast, it was found that the
potential activities of faults could be explained by stress fields due to the inflation of
the magma chamber. This indicates the possibility that the magma chamber under the
Shishimuta caldera was activated by inflation after caldera formation. This possibility
is supported by the morphological and geological data.

Keywords: collapsed caldera, stress field, magma chamber, fault distribution,
Hohi volcanic zone, Shishimuta caldera, Haneyama fault zone

1. Introduction

The relationships between volcanic activity and seismicity have been confirmed by
many observational results and numerical simulations [1-7]. Earthquake activity cor-
relates with volcanic eruptions in time and space [8-10]. Manga et al. [11] demon-
strated the relationship between magnitude and hypocentral distance of earthquakes
that trigger volcanic eruptions, including mud volcanoes. In addition, regional
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earthquakes may trigger volcanic eruptions [12] and enhance ongoing volcanic
activities [13, 14].

Although considerable research has been conducted on activation and reactivation
of volcanoes by earthquakes, volcanic activity also promotes the reactivation of
existing faults. In the Campi Flegrei caldera, reactivation of the caldera ring-faults,
intra-caldera faults, and eruptive fissures have been observed using Permanent Scat-
terer Synthetic Aperture Radar Interferometry (PSInSAR) [6]. In addition, the
mechanics of fault slip around a pressured magma chamber has been discussed using
numerical simulations [4, 5].

The partial or total collapse of a magma chamber roof results in caldera formation
[15-17], which dramatically changes the stress fields in the inner crust and on the
surface near the magma chamber [5, 18] and forms new fracture areas with intrusions
of dikes and sills [18, 19]. Activation and reactivation of faults have been observed and
discussed in the field [20-23]. Geological structures and geophysical phenomena
related to caldera formation are important for understanding past, present, and future
volcanic activities and tectonics. Therefore, in addition to geological and geophysical
field studies, analogue experiments, numerical simulations, and theoretical studies
have been conducted to elucidate the key parameters and mechanical processes con-
trolling caldera formation.

Careful analogue experiments have revealed that shape and depth of the magma
chamber provide substantial insight into caldera formation [24-30]. In addition, ana-
logue experiments that incorporate a regional stress field have expanded the range of
conditions that can be replicated [31, 32]. Such analogue experiments provide quali-
tative information on the collapse of the magma chamber and subsequent propagation
of the collapse and have significantly advanced the understanding of the processes
underlying caldera formation.

In simulations and theoretical studies, the stress fields caused by pressure changes
within the magma chamber were estimated and evaluated at the surface and in the
medium surrounding the chamber, and the shape (dip) and formation conditions of
the ring-fault bordering the caldera were discussed [33-37]. Ambient stresses near the
magma chamber influencing the formation of ring-faults and dike injections have
been shown to play an important role in caldera formation. Excellent reviews of these
issues and modelling procedures were published by Marti et al. [38] and Geyer and
Marti [39].

The overall process of collapse caldera, including first-order aspects, such as the
final caldera morphology and eruption type, depends on many factors. For example,
pre-existing topography (e.g., volcanic edifices), structures (e.g., faults), and regional
stress field control the subsidence amount, its pattern, and caldera shape [32, 40-42].
However, the key element in caldera formation is the removal of magmatic support
from the crust overlying the chamber [43, 44]. Kusumoto and Gudmundsson [45]
evaluated the surface stress field caused by the contraction of a sphere in an elastic
medium and derived an analytical solution for the volume change necessary for the
initial ring-fault formation as a two-dimensional (2-D) problem. They showed that the
solution was proportional to the cubic depth of the magma chamber.

In this study, I discuss whether the distribution of active faults near the caldera and
their behaviour can be explained by the stress fields created by deflation or inflation of
the magma chamber. As a case study, I selected the Shishimuta caldera [46] located in
the Hohi volcanic zone [47], central Kyushu, and its neighbouring active fault zone,
the Haneyama fault zone. Because the Haneyama fault zone distributes across the
Shishimuta caldera at the W-E direction, we can understand the relationship between
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the activity history of the caldera and the fault zone by evaluating the forming process
of the Haneyama fault zone by stress changes due to the activity of the magma
chamber. In the calculations of the stress fields owing to the activation of the magma
chamber under the Shishimuta caldera, I employed the maximum volume change
permissible within the elasticity range and discussed them under each condition of
deflation and inflation. Consequently, an equation was derived to calculate the magma
chamber volume change required for forming fractures at the surface using the von
Mises criteria, which considers all stress components.

2. Shishimuta caldera and Haneyama fault zone

The Shishimuta caldera and the Haneyama fault zone are located in the Hohi
volcanic zone, and the Shishimuta caldera is a buried caldera formed in the andesitic
upper crust at about 1 Ma. The Haneyama fault zone is an active fault zone consisting
of mainly normal faults younger than 0.9 Ma and distributes across the Shishimuta
caldera at the W-E direction. The Hohi volcanic zone is located in the eastern part of
central Kyushu (Figure 1) and is characterised by a wedge-shaped low-gravity anom-
aly area that narrows eastward (Figure 2). Detailed geological surveys have shown
that this volcanic zone consists of a half-graben with volcanic activity that began at
6 Ma [47] and pull-apart basins that formed after the formation of the half-graben
[50]. It was shown that these structures could be restored by numerical simulations
based on dislocation modelling [51], and that the gravity anomalies of Beppu Bay
(BB), Shonai Basin (SB), and Kuju Basin (KB), as shown in Figure 2, could also be
attributed to these structures [52]. The gravity anomaly related to Shishimuta caldera
(SC) was not restored. These results indicate that the tectonics suggested by Itoh et al.
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Figure 1.

Location map of the study avea. The dashed blue line indicates the outline of the Hohi volcanic zone. Red lines
indicate calderas. Green lines are active faults younger than 0.9 Ma, and purple lines are active faults which are
older than 0.9 [48]. MTL: Median Tectonic Line.
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Figure 2.

Bouguer anomaly map. The Bouguer density was assumed to be 2300 kg/m?>. The map is compiled from
Komagawa’s gravity database [49]. The contour interval is 0.2 mGal. BB: Beppu Bay. SB: Shonai Basin. KB: Kuju
Basin. SC: Shishimuta caldera.

[50] can be proved using geophysical techniques. The transformation from half-
graben formation to the pull-apart basin formation began 1.5 Ma; this tectonic phase
change occurred through a counter-clockwise shift of the subducting Philippine Sea
Plate and activated the Median Tectonic Line (MTL shown in Figure 1) as a right-
lateral fault [50].

The Shishimuta caldera is a buried caldera, and the red circle shown in Figure 1
indicates the caldera wall at a depth of 1 km, estimated from drilling core data and
gravity anomalies [46]. It has a diameter of approximately 8-10 km. This caldera was
identified as a caldera by the lack of Yabakei (1 Ma) and Imaichi (0.9 Ma) pyroclastic
flows in drill core data at the underground of the conspicuous gravity-low area
reaching —30 mGal. However, as shown in Figure 2, this caldera does not have the
concentric circular low-gravity anomaly found in many calderas [53-55]; rather, it has
a triangular low-gravity anomaly. In other areas, the calderas do not have concentric
circular low-gravity anomalies. For example, the Cafias Dules caldera in Costa Rica is
one of them, formed under strong structural control, dominated by two regional faults
[56]. At present, it is unknown whether the formation of the Shishimuta caldera is
controlled by existing faults. This caldera is the origin of the Yabakei and Imaichi
pyroclastic flows distributed widely in central Kyushu [46, 57], with volumes esti-
mated to be 40 km?> [46] and 90 km? [57], respectively, based on detailed surface
geological surveys. Based on drilling core data, gravity anomalies, active fault distri-
bution, micro-earthquake activities, and geological surveys in and near the Shishimuta
caldera, Kamata [46] estimated that this caldera is funnel-shaped. In addition, he
estimated that a residual magma chamber for the Yabakei pyroclastic flow is assumed
at a depth of 6-10 km, based on studies (hydrothermal experiments) at Aira
caldera [58].

As shown in Figure 1, many active faults exist in the Hohi volcanic zone, most of
which are short faults with lateral, normal, or both types of faults. Short normal fault
swarms distributed near the Shishimuta caldera are collectively known as the
Haneyama fault zone or Haneyama fault system. Morphological and geological sur-
veys have confirmed that faults in the Haneyama fault zone were active after 0.9 Ma,
mainly around 0.6 Ma [48]. These faults form small grabens, such as the Yufu-
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Tsurumi graben [59]. These normal faults are considered to be related to volcanic
activities [60]. However, normal faulting and related activities cannot be explained
clearly by the stress fields caused by the activities of Shishimuta caldera or other
volcanoes.

In general, observations and studies of stress or strain in the crust are indispensable
for understanding the occurrence of earthquakes, and observations of crustal move-
ments and seismic activity in the Kyushu district, including this area, have been
conducted [61-63]. From a trigonometric survey, the strain field in Kyushu during the
last hundred years indicates an N-S extension, and its magnitude in central Kyushu is
larger than that in other areas [61]. Matsumoto et al. [64] reported that the stress
conditions determined by focal mechanisms in a seismogenic layer shallower than
30 km have compressive and tensile axes in the WSW-ENE and NNW-SSE direc-
tions. Because the Haneyama fault zone consists of normal faults with strikes trending
W-E (Figure 1), it is predicted that the accumulation of the present observed stress
will generate normal fault-type earthquakes in this fault zone in the near future.

3. Simplified magma chamber model
3.1 Basic model

Here, an equation is derived for calculating the magma chamber volume change
required to form a fracture area at the surface. The equation that provides the magma
chamber volume change required for initial caldera formation has already been
derived [45]. However, the equation represents a two-dimensional (2-D) solution
because a finite sphere model calculating the surface stress field and the Coulomb
failure criterion, considering the maximum and minimum principal stresses at the
surface were employed to derive the equation as a magma chamber model and failure
criterion. In this study, to approach the equation in a more practical situation, I
employed the von Mises criterion to evaluate all principal stress fields and the point-
source model (Figure 3), from which we can calculate three-dimensional (3-D) stress
fields, and I rederived the equation giving the magma chamber volume change
required for initial caldera formation.

Although actual magma chambers have complex configurations [65], in geophysi-
cal studies, an ellipsoidal magma chamber model with a sill-like chamber is widely

Ring fault y

astic medi Yo' .
I‘.ldhll'L medium _ Point Source
Lame's const.: &, p )
¢ Radius, @ (a1 << d)
Volume change, AF
Figure 3.
Model of a small spherical magma chamber (point-source model) with depth to centre d. Here, r and r. are the
horizontal distance from the surface point divectly above the magma chamber to an arbitrary point and the
periphery of the caldera (ving-fault) on the surface, respectively.
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regarded as appropriate, and analytical solutions expressing the stress and
deformation fields caused by pressure changes within the ellipsoid have been
presented by many researchers [66-68]. Ellipsoidal models have also been employed
in numerical simulations [23, 33, 35, 37, 69]. In the present study, however, to find
analytical solutions for the volume changes required for caldera formation, I
employed a point-source model rather than an ellipsoid to facilitate mathematical
treatment.

The horizontal and vertical surface deformation fields in the point-source model
were analytically derived by Melan [70], Mindlin [71], Yamakawa [72], Mogi [73],
Hagiwara [74], and Bonafede [75]. Bonafede [75] covered poro- and thermo-elastic
effects in addition to pure elasticity. The key advantages of the point-source model are
that the equations describing it are structurally simple, and there is no need to specify
the source geometry. However, this approach has some disadvantages [33, 76-78]. For
example, the differences between the solutions provided by point-source and finite
sphere models for vertical deformation are substantial and significantly greater than
the accuracy of modern geodetic surveys. Moreover, the point-source model does not
provide information on the stress state of the magma chamber wall. However, the
differences between the point-source and finite sphere model solutions were minor in
terms of the surface pattern and extent of the rupture area [79].

In the present study, I employed Hagiwara’s formula [74], which yields the same
deformation field at the surface but involves simpler equations than other solutions
[73]. The 3-D deformation components owing to the contraction of a small sphere are
described as

aArAp 1 A+3u 1 62(z+4d)
Uy = 53 53 5 ) (1)
w B 7+u B R
; _aApld—z 24 A-pd+z 62(z +d)’ @)
* 4 | R R it+u R R

where u, and u, are displacements in the » and z directions, respectively. The
parameters a, d, and Ap are the radius, depth, and the internal pressure change of the
small sphere, respectively (Figure 3). In addition, A and p are Lame’s constants, and
the parameters R; and R; are defined as.

Ri=1\/r2+(d—2)" Ry = /P + (d +2)°. 3)

where ° = x° + y is the radial distance from a point on the free surface above the
point-source. In case of z = 0 and 4 = p, Hagiwara’s model is equivalent to the Mogi’s
formulations.

After transforming the cylindrical coordinates to Cartesian xyz coordinates, the 3-
D strain fields were determined as follows:

2 2 2
gxx—w{ﬂ<1—3xz)+“3”13<1—3’2>—6Z(Zjd)<1—5’2>}, (4)
ar R\ R) d+u B\ R RS R3

AV [1 3y2> A+3u 1 ( 3y2> 6z(z+d)( 5}12)]
=—|5(1-% —1-=)-——(1-=])], ¢
R [Ri’( R} T ru R3 R} R; ®
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These equations incorporate the relationship between the internal pressure change
of the sphere and the volume change [80]:

_ pAV

. 10
na3 (10)
The stress fields are expressed by Hooke’s law [81].

Oij = Zﬂgz'j + /18,‘,’51‘]', (11)

where §;; is the Kronecker delta. The surface stress fields were obtained using
Egs. (4)-(9), we setz = 0, as follows:

AV 1
e = —= —— (kyy? — kax? + ksd?), 12
o ﬂRS/H_H(ly 2x+3) (12)
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where
R* =72 +d? (18)
kl = —/12 + 2ﬂ2’ (19)
ko = A% + 30 + 442, (20)
k3 = 222 + 3u + 2u>. (21)
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3.2 Volume change required for forming fracture at the surface

The equation providing the volume change required to form a fracture or plastic
area at the surface provides the upper limit for use within an elastic range. Here, the
von Mises criterion was employed to evaluate the surface stress field caused by the
volume change in the source because this criterion can consider all stress components.

The von Mises criterion is described [81] by

2
(22)

where J, and o are the second invariants of the deviatoric stress tensor and the
yield stress, respectively. J; is defined [81] as

1
Ja=5 (afm +o), + aﬁz) + 1, 1, T (23)

Thus, from Egs. (12)-(17), we obtain

2 2
WAV
S =5y g P P pd), (24)
where
Py =74+ 260 + 284, (25)
P, = 2647 + 1124 + 10447, (26)
p3 =4 — 4+ 4, 27)

The Eq. (24) can be rewritten using the Young’s modulus (E) and Poisson’s ratio (v) as

E?AV?

S = )R

(g0 + qr°d” + q3d*). (28)

In Eq. (28), the relationships A = Ev/[(1 + v)(1-2v)] and p = E/[2(1 + v)] were used,
and ¢4, ¢», and g3 are given as

g, =9 — 150 +7, (29)
g, = 1812 — 48y + 26, (30)
q; = 92 —6v+ 1. (31)

As reported by Kusumoto and Takemura [79] and Kusumoto and Gudmundsson
[45], a relationship between the source depth and surface fracture (ring-fault) radius
can be derived by differentiating the fracture or elastic-plastic criterion and equating
the derivative to zero. By differentiating Eq. (28) and equating the derivative to zero,
dJ,/9r = 0, we obtain the following relationship:

-d. (32)

. —3(312 — 9+ 5) + /(2 — 3v) (1352 — 2730 + 137)
c 92 — 150+ 7
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This is the relationship between the source depth and surface fracture or plastic
zone radius, and the proportionality coefficient, «, is given in terms of Poisson’s ratio
as follows:

o \/—3(31/2 — 9 +5) + /(2 —3v)(1352 — 273 + 137)_ (33)

9?2 —150+7

By incorporating this relationship, we obtain the following equation expressing the
volume change required for the fracture or plastic zone formation in the 3-D case
from Eq. (28):

5
roo(1+v)(®+1) 4

E\/q,0* +4,0° + ¢35

As in the 2-D case [45], the volume change required for the fracture or plastic zone
formation was proportional to the cube of the source depth.

As shown in Eq. (32), the relationship between the caldera radius and magma
chamber depth is linear, and its proportionality coefficient is a function of Poisson’s
ratio. I derived the distribution of the proportionality coefficient in the theoretical
range (0 <v < 0.5) of Poisson’s ratio, in order to find the theoretical and general
characteristics of the coefficient, although Poisson’s ratio of rocks is 0.2-0.3 generally.

The results are shown in Figure 4. The coefficient o increases with increasing
Poisson’s ratio and decreases steeply when the ratio exceeds v = 0.33. If the source
depth is constant, the fracture or plastic zone radius would be changed by a change in
the coefficient «, and the radius reaches its maximum at v = 0.33.

The solutions shown here were determined by evaluating only the surface stresses
caused by the contraction of the point-source, assuming an elastic-perfectly plastic
material. However, actual magma chambers are not point-sources and have finite
complex configurations [65]. In addition, the surface ring-fault is a result of fracture

AV = (34)
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Figure 4.
Distribution of the proportionality coefficient o derived from the von Mises criterion for the theoretical range of
Poisson’s ratio (0 <v < 0.5).
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propagation from the chamber roof, as shown in many analogue and numerical simu-
lations [24, 26, 27, 30, 36, 82-84]. Hence, as a first-order approximation, the solutions
shown here provide information on the depth of the source and the volume change
required for the fracture or plastic zone from a mechanical perspective.

4. Application to the Shishimuta caldera
4.1 Depth and volume change of the magma chamber

As previously mentioned, the Shishimuta caldera was the origin of the Yabakei
pyroclastic flow at 1 Ma and the Imaichi pyroclastic flow at 0.9 Ma. It has been
considered that the caldera was formed by these two large eruptions. In the modelling,
because the Shishimuta caldera is the buried caldera and two pyroclastic flows had
erupted in a short interval of 100,000 years, I assumed that the Shishimuta caldera
was formed by a series of activities of one magma chamber, and I estimated the depth
and volume change of the magma chamber that participated in a series of eruptions. I
employed Egs. (32) and (34), respectively, to estimate the depth and volume changes.

The Shishimuta caldera formed in the andesitic upper crust. The Poisson’s ratio of
the andesite was estimated to be 0.20 (v = 0.20) as an average from the database of
Lama and Vutukuri [85]. Substituting this value into Eq. (33), we obtained a = 0.508,
and the following was obtained from Eq. (32):

1

4= 0508

1. =197 - 1. (35)

From this equation, we can estimate a magma chamber depth of approximately
8.87 km, d = 8.87 km, because the average radius of the Shishimuta caldera is about
4.5km, 7, = 4.5 km.

The estimated depth was within the magma depth range of 7-12 km suggested by
Kamata [46]. Because the solutions presented in this study are provided by the point-
source model, we should consider that the approximation of the solution is weak. How-
ever, the results obtained are roughly consistent with the magma chamber depth esti-
mated from geological discussions, indicating that the solution is functional for providing
information on the depth of the magma chamber as a first-order approximation.

When a magma chamber exists at a depth of d = 8.87 km, the necessary volume
change for caldera formation can be estimated using Eq. (34). The Young’s modulus of
the andesite was estimated to be 45.3 GPa (E = 45.3 GPa) as an average from the
database of Lama and Vutukuri [85]. Because the yield stress is not given in the
database, I estimated the necessary volume change for the caldera such that the tensile
strength (T) is employed as the yield stress (6¢). When a tensile strength of
To = 8 MPa was employed from the database of Lama and Vutukuri [85] as the yield
stress, the required volume change was estimated to be approximately 0.37 km”.

4.2 Stress fields at the surface

By substituting this volume change AV of 0.37 km? in Egs. (12)-(17), we can
obtain the stress fields at the surface in the initial stage of Shishimuta caldera
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formation or during the deflation stage of the magma chamber. Figure 5 shows the
distributions of the three principal stress components caused by the deflation of the
magma chamber. The principal stresses indicate that the dip angle of each principal
stress axis was less than 40°.

Because subsidence caused by the contraction of the magma chamber occurred
at the surface above the chamber, compressive stress fields appeared for each princi-
pal stress in the subsidence area. Although the maximum principal stress (c,) is
compressive over the entire area, the minimum (o3) and intermediate (o;)
principal stresses changed from the compressive field into the tensile field at an area
slightly distant from the centre of the caldera. The principal axis of o3 is essentially
distributed radially on the horizontal plane from the centre of the Shishimuta
caldera, and the principal axes of o, are essentially perpendicular to the axis of 5.
Although the principal axes of 6, are perpendicular to the axis of 63 near the centre
of the caldera, the axes are essentially vertical and are perpendicular to the axes of
(oF] and 3.

Figure 6 shows the distribution of the fracture or plastic zone evaluated using
the von Mises criterion. The light-blue area shown in Figure 6 indicates the area
of J, > 63 /3, namely the plastic or fracture area, which includes the Shishimuta cal-
dera.

Figure 7 shows the surface distributions of the principal stress fields when
the magma chamber was activated with an inflation of 0.37 km>. The principal
stresses shown also have dip angles which are less than 40° for each principal
stress axis.

Tensile stress fields appeared for each principal stress in the uplift area because
the uplift caused by the inflation of the magma chamber occurred at the surface
just above the chamber. Although the minimum principal stress (c3) was tensile
throughout the area, the maximum (o;) and intermediate (c,) principal stresses
changed from the tensile to the compressive field in an area at a small distance
from surface just above the chamber. The principal axes of 6, were distributed
radially on the horizontal plane and were essentially parallel to the strike direction of
each fault consisting of the Haneyama fault zone. The principal axes of 63 were
essentially perpendicular to the axes of 6; and to the strike direction of the faults.
Although the principal axes of 6, were perpendicular to the axis of 6; near the surface
just above the chamber, they were essentially vertical and perpendicular to the axes of
61 and o3.

Figure 8 shows the distribution of the fracture or plastic zone evaluated using the
von Mises criterion. The light-purple area shown in Figure 8 indicates the area of
J,> 6% /3, that is, the plastic or fracture area.

5. Discussion

The distribution of each principal stress axis shown in Figure 5 promotes ring-fault
formation parallel to the intermediate or maximum principal stress axes. Although it is
difficult to identify an initial ring-fault structure on the present surface because this
area is covered by lava flows and ash, such structures might exist underground.
Kamata [46] pointed out the existence of a caldera wall at a depth of 1 km based on
drilling core data and gravity anomalies.
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Figure 5.

Surface distributions of the principal stress fields (dip angle of each principal stress axis: less than 40°) and their
principal axes caused by the formation of the Shishimuta caldera. Colour contours show the magnitude of each
stress (MPa), and black ticks indicate the principal axis of each stress. Compression is expressed heve positive. The
tick length was dvawn as a constant and did not indicate the magnitude of each principal stress. In each figure, the
white, green, and ved lines indicate the Shishimuta caldera, active faults, and Aso caldera, respectively. (A)
Distributions of the maximum principal stress, 6,, and its axis at the surface. (B) Distributions of the intermediate
principal stress, o,, and its axis at the surface. (C) Distributions of the minimum principal stress, o;, and its axis
at the surface.
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131° 1327

Figure 6.
The distribution of the fracture or plastic zone, assuming a deflation of 0.37 km’. The light-blue area indicates the
fracture or plastic zone.

In the distribution of the principal stress axes shown in Figure 5, each normal fault
constituting the Haneyama fault zone is parallel to the principal axis of o3 and per-
pendicular to o4, representing tensile and compressive stress, respectively. It is diffi-
cult to explain the normal faulting and related activities in these stress fields.
Consequently, it was found that if the magma chamber under the Shishimuta caldera
reactivates by deflation, the stress field due to the reactivation would not promote
easy reactivation of the Haneyama fault zone as a normal fault zone.

The distributions of each principal stress axis shown in Figure 7 make it difficult
to promote ring-fault formation, although a circular fracture or plastic zone is
formed. However, because each normal fault constituting the Haneyama fault zone is
parallel to the principal axis of 6; and perpendicular to o3 (Figure 7), these stress
fields can explain normal faulting and related activities. That is, if the magma chamber
under the Shishimuta caldera reactivates with inflation, the stress field due to
reactivation will easily promote reactivation of the Haneyama fault zone as a normal
fault zone.

Results and discussion suggest that the stress field might have led to the
formation and growth of the Haneyama fault zone due to the inflation of the magma
chamber after the Shishimuta caldera formation. This suggests that the inflation of the
chamber, rather than the contraction or collapse of the magma chamber including
caldera formation, is required to reactivate normal faults in the fault zone. In fact,
morphological and geological surveys have confirmed that faults in the Haneyama
fault zone were active after 0.9 Ma, mainly around 0.6 Ma [48]. The results shown in
Figure 7 and the observations of faults in the Haneyama fault zone support the
hypothesis that the normal faults distributed in the fault zone are related to volcanic
activity, as suggested by Tsukuda [60]. However, because many volcanoes are situ-
ated in this region, a more detailed and practical discussion on factors such as the
concrete volume change in reactivated faults and the location of the source (e.g.
magma chamber) should be conducted by considering the active history of each
volcano.
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Figure 7.

The surface distributions of the principal stress fields (dip angle of each principal stress axis: less than 40°) and
their principal axes caused by the inflation of the magma chamber, which is the origin of the Shishimuta caldera.
Colour contours show the magnitude of each stress (MPa), and black ticks indicate the principal axis of each stress.
Compression is expressed here positive. The tick length was drawn as a constant and did not indicate the magnitude
of each principal stress. In each figure, the white, green, and red lines indicate the Shishimuta caldera, active faults,
and Aso caldera, respectively. (A) Distributions of the maximum principal stress, o, and its axis at the surface.
(B) Distributions of the intermediate principal stress, o,, and its axis at the surface. (C) Distributions of the
minimum principal stress, o5, and its axis at the surface.
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Figure 8.
Distribution of the fracture or plastic zone, assuming inflation of 0.37 km?. The light-purple area indicates a
fracture or plastic zone.

6. Conclusion

In this study, I estimated the surface stress fields caused by the activity of the
magma chamber of the Shishimuta caldera and discussed its effects on fault formation
or activity in this region. Before this discussion, I derived analytical solutions provid-
ing the magma chamber volume change for caldera formation and connecting the
radius of the caldera with the depth of the magma chamber. In this derivation, I
employed a point-source model and the von Mises criterion as the magma chamber
model and the elastic-fracture or elastic-plastic criterion, respectively. We found
that the volume change was proportional to the cube of the magma chamber depth,
and the radius of the caldera was dependent only on the Poisson’s ratio and the depth
of the magma chamber.

For field applications, the Shishimuta caldera was selected, and the depth
of the magma chamber was estimated from the radius of the caldera. As a result, a
magma chamber depth of approximately 9 km was obtained, which is comparable to
the geological data, and the volume change for the initial caldera formation was
estimated to be 0.37 km?. I estimated the surface stress fields caused by deflation and
inflation of 0.37 km® and found that if the magma chamber under the Shishimuta
caldera reactivates by deflation, the Haneyama fault zone will not be formed or
reactivated easily as a normal fault zone, although a ring-fault would be formed.
However, if the magma chamber reactivates during inflation, the Haneyama fault
zone will be activated or formed as a normal fault zone. In this case, a ring-fault will
not be formed.

From these discussions and observations by morphological and geological surveys, I
conclude that inflation of the magma chamber under the Shishimuta caldera promotes
the formation and growth of the Haneyama fault zone after caldera formation.
Currently, this region has a stress field which promotes normal faulting in the fault
zone. In the future, to evaluate the possibility of earthquakes occurring in this fault
zone, more realistic and detailed sources should be considered, and the effects of
activities of other active volcanoes should be discussed with tectonic stress.
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Chapter 3

Morphostructural Partitional Sites
of Shoshonitic Volcanism in the
Cahulote Graben, Michoacan
Guanajuato Volcanic Field, México

Daniel Alberto Gomez-Calderon, Pedro Corona-Chdvez,
Maria del Sol Herndndez-Bernal and
Francisco Abvaham Paz-Moveno

Abstract

The shoshonitic-type rocks are scarce in volcanic arcs (<3 vol.%), typically associ-
ated with mafic volcanism, and both suites are commonly connected to extensional
tectonics and deep lithospheric magmatic source zones. The Michoacdn Guanajuato
Volcanic Field (MGVF), located at the central sector of the Transmexican Volcanic Belt
(TMVB), has over 1400 volcanoes, mainly mafic-andesitic calc-alkaline type. Through a
holistic approach, including morphostructural, volcano morphometry, petrography,
geochemistry and geochronology data, this work presents a detailed study of Cahulote
Graben (CG) in the Jorullo-Tacimbaro volcanic region. We have divided the CG into
three morphostructural domains containing 116 volcanoes of several types.
Morphostructural domains were developed by the interaction of four extensional and
transtensional brittle deformation systems: NE-SW, NW-SE, E-W and NNW-SSE. CG is
an extensional-transtensional NE-SW tectonic system. Three magmatic calc-alkaline,
shoshonitic and intra-plate-like plumbing systems were arranged during the Quaternary
(<2 Ma). Petrographic, major and trace elements support relatively fast ascent and
different stages of magma stagnation from deep reservoirs. Comparison of Zr/Al and Ti/
Al ratios and Nd-Sr isotopic signatures of CG shoshonites with others reported in the
TMVB supports the hypothesis of the contrasting depth of source magmas and strongly
suggests an extensive tectonic regime for these shoshonites. A volcanotectonic model is
proposed to explain the emplacement mechanism of shoshonitic magmatism.

Keywords: shoshonitic volcanism, morphostructural analysis, extensional tectonics,
Michoacidn Guanajuato volcanic field, volcanotectonic

1. Introduction

In the central sector of the Transmexican Volcanic Belt (TMVB) is located the
Michoacdn Guanajuato volcanic field (MGVF; Figure 1), which is characterized by
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abundant small-volume volcanism, shield volcanoes and scarce composite volcanoes
[1-5]. Within the MGVF has reported three locations with intraplate-like and
shoshonitic mafic rocks: (i) Nueva Italia [6]; (ii) Zitdcuaro [7, 8] and (iii) Jorullo-
Tacambaro [9, 10].

Since Hasenaka and Carmichael [1] outline the MGVF in 1985, several authors
have worked in this monogenetic field as a laboratory from different approaches such
as spatial vents distribution [2, 4, 11, 12], volcanic morphology/landform [1, 13, 14],
and geochemical and petrological approach [9, 10, 15-20]. Nevertheless, the relation-
ship between volcano morphology, tectonic structures and petrogenesis studies in the
MGVF are uncommon [21, 22].

The different calc-alkaline, tholeiitic and alkaline magmatic series have been
explained according to petrotectonic magmatic arc settings considering the distance of
the trench to inland, as well as the geometry and kinematics of the underlying plate
[23]. The high potassium or shoshonitic volcanic series have been associated with the
evolution of mature volcanic arcs and generally have been conceptualized to occur in
continental areas far from the trench and/or back-arc, where the Benioff zone tends to
be deeper and is commonly related to processes of continental extension [23-25].
However, it has recently been observed that these rocks can also occur in other areas
along the volcanic arc, where compressional stress regimes can coexist temporal and
spatially with extensional-transtensional tectonics, which results in thermal equilib-
rium in the lithospheric mantle associated with the complex evolution of the subduc-
tion processes [24, 26-29].

A lot of coeval calc-alkaline and shoshonitic magmatic series in subduction zones
have been studied in several arcs worldwide, including the Eolian arc [30, 31], Central
Andes arc in the Puna region [32, 33], Mariana arc [34], Fiji-Tonga arc [35], Sunda arc
[36, 37] and Trans-Mexican Volcanic Belt [7, 8, 36-42]. Although the petrological and
geochemical variations of the shoshonitic series have been relatively well character-
ized, the structural and the distinctive morphological relationships have been scarcely
studied.
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Quaternary Villa Madero caldera
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Figure 1.

Location of the Cahulote Graben zone within the Michoacdn Guanajuato volcanic field (MGVF) and
Transmexican Volcanic Belt (TMVB) (inset a) also shows the local basement of the Cretaceous Acuyo Formation
and the magmatic products of the Sierva Madre del Sur province (b).
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In this work, we present a detailed study of Cahulote Graben (CG) as a part of the
Jorullo-Tacdmbaro region (Figure 1). We have applied a holistic approach, which
includes morphostructural, volcano morphometry, petrography, geochemistry and
geochronology data. The main objective is to analyze regional tectonic relationships
with volcanotectonic structures and correlate the spatial and temporal distribution of
the different magmatic suites of the CG. A volcanotectonic model is proposed to
explain the emplacement mechanism of shoshonitic magmatism.

2. Tectonic framework

The geodynamic framework of the TMVB and MGVF is located in the southern
portion of the North American (Mexican) continental plate, where the oceanic plates
of Cocos and Rivera are subducting under the continental plate (Figure 2) [43, 44].
The kinematics of the Cocos plate is very complex, as it presents variations in timing,
speed and subduction angle [44]. This plate is bounded by oceanic fractures that were
formed by the prolongation of the transform faults of the Eastern Pacific ridge, which
allow the Cocos plate to be divided into four segments [43-45]. The MGVF is built on
the North Cocos segment between the Rivera-Orozco fractures [45].

Based on the analysis of satellite images and digital elevation models, as well as the
layout of structures from previous works [5, 46-48], the MGVF is located at the
intersection of two regional fault systems (Figure 2): (i) in the southern sector, the

choacan Guanajuato
Volcal Id

20°N

B~ Debris flow avalanche
/% Holocene scoria cone
A Holocene shield

A Compound volcano
Guerrero )
Block B Normal fault
. Fracture
W Town
[CICahulote Graben zone

Figure 2.

Te%t‘;nic setting of the southwestern México and MGVF. Symbols and abbreviations: Red triangles: Relevant
volcanoes from west to east; Te: Tequila; NC: Nevado de Colima; FC: Fuego de Colima; Ta: Tancitaro; Pa:
Paricutin; Pt: Patamban; M: Metate; Ja: Janamo; MJ: Mari Juata; Fr: Frijol; Ti: Tipitarillo; J: Jorullo; NT:
Nevado de Toluca. Dark squaves: City; Gdl: Guadalajara; Co: Coalcoman; Za: Zamora; Pen: Pénjamo; Mor:
Morvelia; Qro: Querétaro; Zit: Zitdcuaro; Aca: Acambay. MGVF: Michoacdn Guanajuato Volcanic Field.

51



A Comprehensive Study of Volcanic Phenomena

NW-SE Bajo Balsas Fault System (BBFS) and (ii) throughout the MGVF, the NE-SW
Mil Cumbres Fault System (MCFS).

The Bajo Balsas Fault System (BBFS) is formed by normal faulting and
volcanotectonic alignments N120-150 direction spreading along ~180 km and cover-
ing ~7000 km? (Figure 2). The BBFS is an asymmetrical graben structure whose
extension varies between 20 km to the NW close to Tepalcatepec and ~14 km to the
SE close to Infiernillo dam. Furthermore, the BBFS exhibits a complex extensional
geometry with a series of antithetical and synthetic structures. The relatively minor
structure runs near the La Huacana-Inguardn area, defining the boundary of the
Jorullo-Tacambaro volcanic region [14].

The NE-SW Mil Cumbres Fault System (MCFS) is constituted by regional struc-
tures exposed along deep valleys that are intercepting the BBFS in the La Huacana-
Inguardn region. These structures extend up to ~58 km from La Huacana to the Villa
Madero and Morelia region (Figure 2) [49], where these structures are cut by the E-
W Morelia-Acambay Fault System [50, 51]. The geometry and structure of the MCFS
are closely resembling with the Tepalcatepec-Tangancicuaro Fault System located at
the southwestern of the MGVF (Figure 2) [5, 22, 52]. The MCFS is related to the
Tancitaro collapse events (~ 600 ka and ~ 240 ka) and debris flow avalanches col-
lapses sliding southward [3]. Additionally, there is a strong correlation between the
MCEFS and multiple volcanic alignments in the MGVF. The geometric and structural
arrangement of the CG developed closely associated with the evolution of the MCFS
system and we argue that it is also linked to the highest density of volcanic vents
within the MGVF and Jorullo-Tacdmbaro region [1, 2, 22, 28].

3. Geological setting

The Cahulote Graben (CG) is located at the front of the Transmexican Volcanic
Belt (TMVB), and it is a part of the Jorullo-Tacimbaro volcanic region, in the south-
eastern portion of the MGVF (Figures 1 and 2). The MGVF is considered one of the
largest monogenetic volcanic fields in the world [53], with roughly 2000 volcanic
vents [1, 2, 54].

Lithological basement of MGVF and CG is compounded by Jurassic-Cretaceous
volcanic-sedimentary sequences [55, 56], which are cut or covered by Eocene plutonic
or volcanic rocks, respectively [4]. Eocene volcanic rocks crop out an area of
~40% km? to the southern of the CG, underlying the isolated younger lavas flows of
the MGVF front. The eastern portion of the CG zone is bounded by debris avalanche
deposits derived from the collapse of the Pliocene Villa Madero caldera [57].

On the Jorullo-Tacdmbaro region, 114 Quaternary (<2 Ma) volcanoes were
mapped, where basaltic and basaltic andesites are predominant, but alkaline rocks had
already been previously reported [9, 10, 14] and shoshonitic rocks were firstly
described [10, 14]. Notably, the area exhibits anomalously high rates of monogenetic
activity, with 16 cones/100 km? [14].

Calc-alkaline and alkaline exhibit an arc-type geochemical that is similar isotopi-
cally, suggesting that they are scarcely influenced by crustal contamination [10].
According to Guilbaud et al. [10], alkaline and transitional magmas seem to be derived
from a lower degree of partial melting. However, what stands out about the Jorullo-
Tacambaro region is the high-rate volcanic activity on the front of the TMVB, the
coexistence between calc-alkaline and alkaline volcanism and undoubtedly the record
of the historical Jorullo volcano (1759-1774) [4, 9, 15-18].
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Structural control and higher rates of lithospheric extension have been invoked
to explain the high density of monogenetic volcanism, such as the coexistence of
calc-alkaline, transitional and alkaline magmatic series [10, 14]. However,
related morphostructural and tectonic structures have not been mapped or
considered in the discussion. In the CG, shoshonitic rocks are relatively abundant
[9, 10, 16, 17], and highlighted the remarkable spatial matching with NE-SW exten-
sional structures, suggesting close temporal correlation, which is the main goal of
this study.

4, Methods

The spatial analysis and morphostructural mapping of the CG zone, along with the
identification and typological classification of its eruptive centers, were conducted
using a combination of digital elevation models. These included LiDAR (Light Detec-
tion and Ranging) with a resolution of 5 m, ALOS PALSAR at 12.5 m, and SPOT 6
satellite images with a resolution of 1.5 m for panchromatic and 6 m for multispectral
data. Additionally, INEGI’s digital topographic and hydrographic cartography, on a
scale of 1:50,000, was utilized in this analysis.

In this work, a morphostructural domain is considered as a relief or morphogenetic
unit that can be delimited and defined by having relatively distinctive geomorpholog-
ical features, within a continuous space, and is related to contemporary geological
processes (isotopic or relative time).

The typological classification of the different eruptive centers is based on the
classification of volcanic morphology used by [58], supplemented by other authors
[59-61]. It is worth noting that volcanic geoforms previously recognized as fissural
effusion or coneless lava [13, 62] have been classified as spatter in terms of Sumner
et al. [60] and Head and Wilson [63].

The mapping of volcanic buildings and tectonic structures was carried out
in order to find the temporal relationships and later stratigraphy was correlated
with a wide geochronological database [10, 14, 43] (see Supplementary
Table 1). At the same time, based on the vast geochemical rock database
(Supplementary Table 2), new representative samples of all volcanic events and pre-
viously identified volcanic typology were collected. Major elements of whole-rock
compositions were acquired by XRF analyses with a Rigaku ZSX Primus II
spectrometer at the Laboratorio Nacional de Geoquimica y Mineralogia, Instituto
de Geologia (LANGEM), UNAM, according to Ref. [64]. Whole-rock trace
elements concentrations were determined by ICP-MS at the Laboratorio de Estudios
Isotdpicos (LEI), Centro de Geociencias, UNAM, following the procedures described
by Ref. [65]

5. Results
5.1 Cahulote Graben and morphostructural domains

The Cahulote Graben is a volcanic area with small-volume volcanoes, mainly
spatters and scarce scoria cones, shields and domes frequently running in volcanic
alignments associated with tectonic structures (Figure 3). The highest altitude is
located in the western sector (c. El Zoyate 2441 masl), while the lowest altitude is
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Figure 3.
Morphostructural domains and volcanic typology of the Cahulote Graben zone. Note location of the A-A’, B-B’,
C-C’ profiles shown in Figure 4. Abbreviations. NJ: Nueva Jerusalen.

localized at the Turicato town with 685 masl (Figure 4). Despite Turicato denoting
the lowest point of the whole graben structure, it is worth noting that the CG exhibits
a consistent topographical slope from north to southward, reaching a minimum ele-
vation of 935 masl at Zarate town on the southern edge of the zone.

We divide the CG zone into three morphostructural domains: (i) north western;
(ii) central and (iii) south eastern (Figure 3). All domains have relatively the same
orientation NE-SW trend, since they correspond to the distribution of the structural
geometry of the regional tectonic graben. Morphostructural domains have been
divided into seven subdomains related to the geometry of the extensional fault blocks
(e.g., footwall, hanging wall and ramp). Main parameters: height, length, area, drain-
age pattern, # vents, volcanic typology, tectonic and volcanic alignment structures are
synthetized in Table 1.
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location is shown in Figure 3.

5.1.1 North western domain (NW-D)

This domain constitutes a regional tectonic block footwall type. Its main feature
regards to a set of ramps with slopes >35° to the southeast, which are dislocating ancient
stepped volcanic buildings. Its drainage pattern varies from radial to sub-dendritic and
supports the emplacement of 60 volcanic buildings of diverse morphology.

5.1.1.1 Urapa/Tsiririjuata footwall (UTf-Sd)

An echelon NE-SW alignment of volcanic blocks is the main feature of this
subdomain. This domain covers an area of 93 km? with heights range of 2441-1880
masl. The drainage is subdendritic to radial in young volcanic products and parallel in
Tsiririjuata footwall. The tectonic blocks dip to the SW and are dislocated by NNW-
SSE structures (Figure 3). In the UT{-Sd, there are 42 volcanic vents: at Tsiririjuata
footwall outcrops older volcanism (1-0.3 Ma), whereas the Urapa footwall toward
west outcrops younger volcanism (< 100 ky).

5.1.1.2 Puentes-Tinaja ramp (PTr-Sd)

This subdomain is composed mainly of lava flows coming from volcanic vents of
the Urapa footwall in the SW sector, while the NE sector has a renewed landscape due
to the emplacement of Holocene volcanoes like La Palma (4830-5170 B.P.), La Tinaja

55



A Comprehensive Study of Volcanic Phenomena

QUOZ UIGDAD) 210]NYDY) Y] WAL SAANIV[ SUIDULOP [DANIINAISOYAAOIAT
T oIqeL

WPV DN QUO(T (0 PYS YS Uanvds :dg uoD vi403s :DS YIPIM X YISUIT = M X T SU0LIpiaaiqqy

9IT T € & 6/ 8 TVIOL
AN/ANN/A T 0 O T 8 T snupuspqns/R[ered AN S0¢ 11 X8¢ 0tC1—0961 ON [[em3007 [esog
q 14 0 T 0 ¢ O SnLpuspqns/[a[[ereq q 14’ X1 98-yl 88N [rem SurSuey endrue, wisises
d/MN € 0 T T 61 0 [eIpeY/[o][eTed as el X/l G89-0611 CEN [res SurSuey po oyesrmg, yanog
onLpuapqns rem
MN/3/AN 8L 0 O 0 T 9 /Te1pel/[a[ereqd AN 9 LXGC £00T—0S/1 S¥N  Suuey so[eurspag-sromye) [enuap
MN/AN 8T T 0 0 o1 (< [aI[ered/Pnpusq MS j%48 LOISTXTE SI¥1-00TC YYN durer efeut]-sojusng
MNN/MN L 0 0 T ¢ ¢ [orered/ferpey MS Le 9%x8 +¥981-09T¢ 0SN [rem3005 eyenfiusy, wIsaM
AN s&€ 0 0 0 ¥t U SnLpuspqng MS 9S ¥ X81 0881-T++C YEN [rem1005 edein YHON
wng ey oq 4s ds DS
saInjonns (@ )] (uny) (Jseur)
LA ad£y oruesjop wraped aSeurerq diq eary MXT spmnyy puaiy, surewrop [exmonnsoydiopy

56



Morphostructural Partitional Sites of Shoshonitic Volcanism in the Cahulote Graben...
DOI: http://dx.doi.org/10.5772 /intechopen.1007825

(5115-5325 B.P.) and Malpais de Cutzardéndiro (2270-2360 B.P.) [14, 66]. This domain
covers an area of 121 km” with heights ranging from 2100 to 1415 masl and has 18
vents. Dendritic drainage was developed on older lavas while subdendritic to radial
drainage did so on overlying younger lavas.

5.1.2 Central domain (CD)

This domain constitutes the main Cahulote-Pedernales hanging-wall NE-SW block
of the CG zone and denotes the depocenter of the tectonic basin with slopes <10°. The
CD covers an area of 62 km” with a height range of 1750-1007 masl and is composed
mainly of lavas coming from the northwestern domain. Parallel drainage predomi-
nates in this domain along central structures, but radial-subdendritic drainage
develops on volcanoes and lavas. Eighteen volcanoes (12 spatter and 6 scoria cones)
were emplaced along NE-SW and E-W tectonic structures.

5.1.3 Southeastern domain (SE-D)

This domain contains the eastern footwall of the CG zone, also holds an old NW-
SE hanging wall and an E-W hanging wall. Its drainage pattern varies from dendritic,
parallel and radial, containing at least 38 volcanic vents.

5.1.3.1 Turicato old hanging wall (TOhw-Sd)

Turicato old hanging wall extended from NE to SE sectors of the CG zone. Its
morphology feature is an elongated NW-SE old hanging-wall associated with the Bajo
Balsas Fault System. The TOhw-Sd covers an area of 62 km? with heights ranging from
1490 in la Ventana shield summit to 685 masl in the Turicato town (B-B’ in Figure 4),
and is composed of 23 volcanic vents. This subdomain is characterized by the presence
of shield volcanoes and domes NW-SE aligned while spatters are aligned in NE and
NNW trends. The drainage is parallel to the regional structures, but centrifugal radial
drainage develops in the shield volcanoes.

5.1.3.2 Tanicua hanging wall (Tahw-Sd)

It is located on the SE edge of the study zone and represents a symmetric hanging
wall between SE-D and Eocene volcanic footwall. It has an orientation E-W, covers an
area of 14 km” with a height range of 1242-826 masl and dips to the E, suggested by
the Chiquito-Grande river, which joins the Turicato river to the east. The subdomain
is relatively small and only contains three spatters and one dome. This domain shows
parallel drainage along the Chiquito-Grande river and subdendritic at the intersection
of the E-W and NE-SW faults at the western region of the domain.

5.1.3.3 Sosal footwall (Sofw-Sd)

This is the southern limit of the CG, covering an area of 205 km?. It is composed of
a trachytic-rhyolite Eocene volcanic sequence, which forms the basement blocks
overlapped by 11 volcanic vents (A-A’section in Figure 4; Table 1). Gentle slopes (0-
10°) develop over lavas and pyroclasts. In the piedmont, the slopes are slightly steeper
(15-25°) and very steep up to 60° on scarps. It shows an altitudinal range of 1240-
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1960 masl and exhibits dendritic and parallel drainage which is conditioned by E-W
faults and fractures.

5.2 Volcanic typology and morphometry

A total of 116 volcanic vents were identified on the Cahulote Graben: 79 spatter
(68%), 28 scoria cones (24%), 5 small shield volcanoes (4.3%), 3 domes (2.5%) and 1
maar (0.8%) (Figure 3). A statistical synthesis of the typological variation is
presented in Table 2, while the detailed morphometric parameters are available in
Supplementary Table 1.

The spatter cones are mainly overlying old volcanic structures, and rarely, they are
isolated volcanic buildings (e.g., C. Verde; Figure 5c). The average geometric param-
eters of the spatter cones are height of 124 m, basal diameter of 666 m and volume of
0.14 km®. Throughout CG, lava flows associated with spatters reach lengths of up to
6 km (e.g., Verde, Don Nato and Rancho Viejo). However, the estimated volume
could be larger, as it is common to observe volcanic structures constituted by aggluti-
nated lava-pyroclasts or relatively covered by pyroclastic deposits (e.g., Los Pozos and
La Palma).

The scoria cones are usually isolated (e.g., Caracol; Figure 5a). These commonly
show a semi-circular crater that is well-defined, and only the Caracol volcano shows a
horseshoe shape open to the NW (Figure 5a). The cinder cones have a mean height of
212 m, a basal diameter of 918 m and a volume of 0.11 km?>.

The shield volcanoes evidently represent ancient volcanic structures. They are
partially buried by recent small-volume volcanism and they are considered as conti-
nental small shields [61]. They have a mean height of 608 m, basal diameter of
3437 m, and a volume of 0.43 km?. Although, within the CG zone only can be
observed five small shields (Figure 5c), to the northwest and out of the CG zone,
many other aligned Pleistocene shield volcanoes are observed (e.g., La Barra;

Figure 3), which show very resembling morphometric features correlating with the
shield volcanoes of the CG area.

Only three domes were observed in the CG zone. They are commonly isolated
structures outcropped in the southeastern region between Turicato and Pedernales
towns (Figure 5b). Domes show a mean height of 324 m, a basal diameter of 1003 m,
and a volume of 0.09 km?. In the CG zone only one maar volcano is recognized in the
NE edge with a crater diameter of 680 m and crater height of 48 m.

Volcano type This work H&C,1985 G,2012 DCo(m) HCo (m) Volume (km%)
Spatter 79 11 24 250-1877  44-389 0.002-0.83
Cinder cone 28 37 47 454-1732 95-438 0.002-0.38
Dome 3 2 5 816-1189 209-440 0.03-0.13
Shield 5 1 2 3399-3476  588-628 0.28-0.61
Maar 1 0 1 928 113 —
Total volcanic vent 116 51 79
Total Volume (km®)  16.5 1.9 12.35

Table 2.

Morphometric parameters of the Cahulote Graben volcanoes and the comparison with previous works of
Hasenaka ¢ Carmichael [13] (HeC, 1985) and Guilbaud et al. [14] (G, 2012).
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Morphology Landscape pictures of the Cahulote Graben. a. El Caracol hovseshoe-shaped cinder cone; b. Puerto and
Cdntaro domes; c. Petembo and Ventana shield volcanoes and Verde spatter. In the background is observed the
Villa Madero domes alignment.

5.3 Magmatic series in the Cahulote Graben

Geochemistry and petrographic published data of CG, Jorullo and la Pilita area
were compiled (see Supplementary Table 2). Geochemistry data base was rearranged
with 30 new selected geochemistry samples obtained in this study (Table 3). Detailed
petrographic description is presented in Supplementary Table 3.

Four magmatic series were recognized and mapped: (i) calc-alkaline high-Mg, (ii)
calc-alkaline low-Mg, (iii) intraplate-like and iv) shoshonitic series. The shoshonitic
series nomenclature is assumed in terms of Mueller et al. [29] and Peccerillo et al. [67],
where they are potassic volcanic-arc rocks with high Na,0 + K,O (> 5 wt%), norma-
tive hypersthene + olivine, low iron enrichment, high LILE (e.g., K, Rb, Sr and Ba),
high but variable Al,O3 (9-20 wt%) and generally low TiO, < 1.5 wt%. Intraplate-like
is stated like Gomez-Tuena et al. [68].

Spatial distribution of magmatic series in the CG are shown in the geological map
as well as the location of the geochemical and geochronological analysis samples
(Figure 6). The calc-alkaline high-Mg (42.7 vol.%), low-Mg (30.6 vol.%) and
shoshonitic magmas(25.7 vol.%) are the most abundant magmatic series in the CG zone,
while the intraplate-like (1 vol.%) are relatively scarce. Shoshonites are relatively more
abundant in the Central domain than in the southeastern domain appearance. A single
intraplate-like vent is present on the Puentes-Tinaja ramp of the North western
domain (Figures 6 and 7).

All magmatic series data were plotted on binary diagrams SiO, versus K,0, MgO,
TiO,, P,Os major elements (Figure 8a—-d) and versus Cr and V trace elements
(Figure 8e,f). In order to compare the CG data, the data of the volcanoes of Paricutin
and Jorullo (calc-alkaline medium-K) and La Pilita volcano (shoshonitic) have been
projected [4, 19]. Trace element patterns normalized to N-MORB [69] is presented in
Figure 9.
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Figure 6.
Magmatic series map of the Cahulote Graben and volcanic vent morphology, ages and major tectonic structures
velated.

5.3.1 Calc-alkaline H-Mg and L-Mg series

H-Mg lavas prevail in the Urapa footwall and mainly erupt from spatter cones
(Figure 6). These are characterized by their pahoehoe shelly flow type, which flowed
mainly toward the southeast and up to 6 km in length. The L-Mg lavas are ‘A‘a and
blocky type; they are concentrated in the Urapa/Tsiririjuata footwall, and they were
erupted by scoria cones, domes and a few spatter cones (Figure 6).

The calc-alkaline H-Mg rocks are porphyritic (10-20 vol.% phenocrysts;

Figure 7c), while calc-alkaline L-Mg lavas are commonly aphanitic (<5 vol.% pheno-
crysts). Calc-alkaline H-Mg rocks display an assemblage of Plg + Gl + Ox + Ol + Cpx
with scarce phenocrysts of Opx. In contrast, calc-alkaline L-Mg lavas show an assem-
blage of Opx + Cpx + Plg == Amp.
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Figure 7.

Ph%‘tlomicrogmph of thin sections of the CG. a. Traquitic-vitreous texture with phenocrysts of phlogopite (CG-25,
Petembillo); b. Two families of olivines and pyroxenes (CG-04, Los Lobos); c. Glomeroporphyritic cluster of

Ol + Cpx (CG-06, Don Nato); d. Phlogopite antecryst with reaction vims of amphibole and clinopyroxene (CG-
25); e. Cpx with exsolution lamellae and Cpx reaction vim (CG-36, Pino); f. Poikilitic texture of plagioclase
xenocryst with pyroxenes chadacrysts (CG-30, Chato).

Calc-alkaline rocks exhibit a variable SiO, composition but all rocks fit at medium
potassium series (Figure 8a). The calc-alkaline H-Mg (>6 wt.%) and L-Mg (<6 wt.%)
rocks display SiO, ranges of 48.5-58 wt.% and 56-63.5 wt.% respectively. All calc-
alkaline series show a typical magmatic differentiation trend with a decrease of MgO,
TiO, and V, and increasing of K,0, Na,0, La, Ba as the content of SiO, rises. TiO,
content ranges from 0.6 to 1.4 wt.%. However, the L-Mg lavas from the Turicato
hanging-wall and the H-Mg lavas from shield volcanoes are slightly enriched in TiO,
and immobile elements.
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Figure 8.

Bivariate diagram for the shoshonitic, H-Mg, L-Mg calc-alkaline and intraplate-like magmatic series. All diagrams
use the SiO2 as a diffeventiation index. The K20 diagram (a) shows the Peccerillo and Taylor (1976) fields.

5.3.2 Shoshonitic series

The shoshonitic lavas come from spatter cones and rarely from shield volcanoes,
usually with blocky lavas as the main products. Shoshonites were emplaced along NE-
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Figure 9.
N-MORB-normalized (Sun and McDonough 1989) multi-element diagrams for Cahulote Graben magmatic
series.

SW volcanic alignments in the central hanging wall (Figure 6). These lavas are
commonly aphyric with less than 10 vol.% phenocrysts. Mineral assemblage is

Cpx + Ol + Plg + Phl & Ox & Amp =+ Lct. Only the Petembillo spatter is porphyritic with
20 vol.% phenocrysts and mineral association of Phl + Cpx + Ol + Plg + Amp (Figure 7a,
d). The groundmass is composed of glass (>50 vol.%) + feldspar (35 vol.%) + oxides
(<10 vol.%) £ Ol/Cpx (<5 vol.%) and apatite like mineral accessory. The feldspar and
feldspathoids are present as microphenocrysts or microliths.

Shoshonitic rocks display SiO, ranging from 48.5 to 58 wt.% and high concentra-
tions of K,O varying from 1.1 to 4.8 wt.%, and ergo, they belong to the high-K series
(Figure 8a). Compared with medium potassic lavas, the shoshonitic magmas show
higher values of MgO (6.5-9 w.t%), TiO; (1-1.5 wt.%), P,0s (0.5-1 wt.%), and lower
Al,O5 values with 14-16 wt.%.

Also, shoshonitic lavas are characterized by high LILE as Sr, Rb, Ba, Pb, LREE and
slightly enrichment on immobile elements (Figure 9). Especially, phlogopite bearing
trachyandesite of Petembillo spatter show higher Zr values (>400 ppm) and Hf
(>10 ppm), while each other shoshonitic samples show Zr values <200 ppm and Hf <
5 ppm (Figure 9). However, all shoshonitic and H-Mg calc-alkaline lavas contain high
values of Ni (100-265 ppm) and Cr (200-510 ppm; Table 3).

5.3.3 Intraplate-like series

Only one intraplate-like volcano was noticed in the Puentes-Tinaja ramp, which
corresponds to a spatter cone known as Mesa El Burro (Figure 6). Mainly, Plg + Ol-
like phenocrysts and groundmass mineral assemblage were described by Guilbaud
et al. [10].

Intraplate-like rock displays SiO, ~ 53 wt.% and shows high concentrations of K,0
(1.5 wt.%), the highest TiO, values with ~1.9 wt.% and the lowest MgO values with
3 wt.% (Figure 8). Also shows the lowest Ni (17 ppm), Cr (35 ppm), and Sr (285 ppm)
and enriched in V (259 ppm), Cu (115 ppm), Zr (231 ppm; Table 3). Intraplate-like
lava shows Sr and moderate negative Eu anomaly, associated with the high plagioclase
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phenocryst content. The multi-element diagram shows a flat pattern of REE with high
values of HREE compared with the other samples (Figure 9; Supplementary Table 2).

5.4 Deformation systems in the Cahulote Graben

For this work, we assume a deformation system as a volcanotectonic process that
depends on the coetaneous interaction between magmatic reservoir systems and
regional and local tectonics. The analysis of deformation approaches through the
relationship between (i) morphostructural domains, (ii) tectonic structures and (iii)
volcanic alignments as indicators of tectonic stress orientations [70-73]. Structural
and volcanic alignments mapping of the CG zone are presented in Figure 10.
Although NE-SW system is the main structural and volcanotectonic regime in the CG
area, at least three more systems are observed interrelating in time and space, and we
will define their main features.

First deformation system NW-SE (S1 + n) is the oldest brittle deformational event
and is related to the regional graben of the Bajo Balsas structures [5, 52]. In the CG
zone, we observe structures striking N125-150, <5 km length, and they are cut by
other younger deformational systems or they are relatively covered by younger vol-
canic pyroclasts or lavas. The NW-SE (S1 + n) is related to (i) a narrow Pedernales-
Turicato Graben ~ 5 km length, which presents geothermal activity and (ii) a graben ~
2 km length located NE Cahulote town. The Pleistocene NW-SE shield volcanic align-
ment dated with >0.5 Ma [14] and widespread between CG zone and Ario de Rosales
could be associated with NW-SE (S1 + n) system.

Structures of the second deformation NE-SW system (S2) are ubiquitous in the CG
and are related to the main landscape associated to the NE-SW Mil Cumbres regional
system. Perhaps all of the morphostructural domains of the CG zone are associated
with the kinematic development of this system (Figure 3) and probably have assisted
the emplacement of more than 80% of the CG volcanic vents (Figure 6). The main
structure of the NE-SW system (S2) correlates with the extensional fault length of
66 km drawing from La Huacana to Tacdmbaro towns, which is parallel to NE Mil
Cumbres fault extending up to Morelia city (Figure 2). The NE-SW system (S2) is
closely related to interconnected faults and volcanic alignments, crater and vent
elongation, this system is associated with the emplacement Jorullo-La Pilita volcanoes
and successively crossing the whole CG zone (Figure 10a,b). Along NE-SW system
(S2) were emplaced 25 Holocene volcanic vents. Therefore, NE-SW system (S2) is the
main volcanotectonic system of the CG.

In order to understand the geometry of the CG zone, in Figure 4, we present three
profiles that orthogonally cross the CG zone and the NE-SW system (S2) structures.
The displacement of tectonic blocks is closely related to morphostructural domains.
Based on morphostructural mapping, CG could be interpreted as an asymmetric
extensional-transtensional structure mainly striking with the NE-SW system (S2).
Recurrently, CG-tilted structural blocks are arranged in the form of antithetic or
synthetic fault structures dipping toward southwest. On the other hand, the intersec-
tion between NE-SW system (S2) structures with the old NW-SE (S1 + n) structures
led to small hanging-wall or dilatational zones length-3-5 km (Figure 10a), which
apparently are closely correlated with alignments volcanoes like c. Verde, c. Petembo
and c. El Sosal. In the northeastern of the Cahulote-Pedernales, the hanging-wall
domain was emplaced along this intersection and matched with the main shoshonitic
volcanoes of the CG (Figures 3 and 10b). The NE-SW structures hold the majority of
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a. Deformation systems of the Cahulote Graben; B. Temporal volcanic alignments and rose diagrams of tectonic

and volcanic structures.

the volcanic alignments (60%). These are abundant in the northwestern domain
sector and have an echelon geometry along 40 km, from Jorullo volcano to Tacimbaro

town (Figure 10b).
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The E-W deformation system (S3) is less widespread, with structures ranging from
~2 to 5 km in length on the S-SE region of the CG. This system is closely related to the
Tanicua hanging wall in the southeastern domain and the dislocation of the Central
domain at Cahulote town (Figures 3 and 4). Volcanic alignments associated with the
E-W system (S3) include La Palma, Caramicuas and Nombre de Dios alignments.
Although the E-W system (S3) cut the NE-SW system (S2), their structures are
relatively less abundant than NE-SW system (S2) structures, and there could be
conjugate structures or could indicate a relative changing or progressive rotation of
the main NE-SW tectonic system.

The NNW-SSE system (S4) structures are relatively uncommon, with mainly
length < 2 km. They only were observed in the eastern sector of the CG zone. No
vertical displacement was observed. However, the NNW-SSE system (S4) plays a
central role in the emplacement of the domes alignment of Villa Madero caldera in the
northeastern bounding with the Cahulote zone (Figure 10b).

6. Discussion
6.1 Volcanic typology, morphometry, volume and eruption rate

Table 2 shows the count and classification of the volcanic typology of the CG zone,
where they are compared with those identified in the emblematic work made by
Hasenaka and Carmichael [1, 13] and Guilbaud et al. [14]. In our study, more volcanic
buildings (~40%) have been identified than those identified by these authors. This
difference is due in part to the fact that these authors do not report the count of
spatter volcanic vents that we have found, 79 versus 12.

Previous authors have used different classifications for spatters such as fissured
lavas or lavas without cones (or vents). Indeed, in some cases (e.g., [1]), spatters were
not considered in the identification of volcanic vents. In this work, we classify as
spatters volcanic vents or cones with basal diameters (Dco) < 200 meters and height
(Hco) < 100 m [58]. In the Cahulote Graben, these measurements reach up to 1880 m
in diameter and 390 m in height (Table 2). The average data for small-volume
volcanoes is particularly relevant for this classification.

The total eruptive volume calculated for the Cahulote Graben, 16 km?, is relatively
similar to 12.35 km? estimated by Guilbaud et al. [14] but seven times more than
1.8 km? estimation of Hasenaka and Carmichael [13]. The difference can be explained
because the authors only took into account the volcanic vent volume and not the
extent of the lava flows. However, it is worth noting that any volume estimation is
relatively underestimated due to the continuous erosion of the landscape or buried by
younger volcanoes and because the pyroclastic products volume is not calculated,
which could represent up to 60% of the total volume eruption [74].

When compared with other world databases, the volume calculated for the CG is
similar to that of the other subduction monogenetic volcanic fields, such as the Ana-
tolian Central (24 km?) [75]; Antofagasta de la Sierra (21 km?) [76] and is higher than
other Mexican volcanic fields, such as Colima (1.4 km?) [77], Los Tuxtlas (2.1 km?)
[78] and, this is smaller than the Tancitaro - Nueva Italia field with 326 km? [6] or
Chichinautzin field with 470 km? [79].

In relation to volcanic density and rate eruption, according to [18, 28], the Jorullo-
Tacdmbaro region in the MGVF shows the highest density with 16/100 km?” volcanoes
and the CG with the Holocene eruption rate (1 vent / 400 yr), so it would be the most
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volcanic active area of the MGVF [1, 2, 14]. In Table 4, we present new density and
eruption rate data for the CG. In addition to #volcanic vents, area and volume, it is
included other parameters like volcano typology, magmatic series, deformational
phase and age. The total eruption rate calculated is 6.49 km?/Ma. However, eruption
volume data show that in the Cahulote Graben, the eruption rate was intermittent and
variable.

The volcanic typology in relation to age reveals notable trends in eruptive volume.
The largest volumes were emplaced in the CG during three distinct periods: (i) 2-1 Ma,
with 1.29 km? produced by shield volcanism; (ii) 0.4-0.3 Ma, yielding 4.9 km?> from
spatter eruptions; and (iii) < 0.011 Ma (Holocene), generating 3.43 km? from scoria and
spatter cones. In summary, two significant peaks of volcanic activity were recorded,
with spatter-type structures dominating magma emplacement during these periods.

6.2 Petrological and geochemical variations of the Cahulote Graben

From a petrogenetic perspective, it is useful to classify as spatter cones because this
small-volume morphology can indicate mafic, alkaline or shoshonitic compositions
[80]. Our petrographic and geochemical data of the shoshonitic magmatic series reflects
a rapid ascent of melt batches and scarce interaction with the crust according to previ-
ous authors [10, 18, 80, 81], who also indicate that shoshonitic products are associated
with the low degree of partial melting of the magma parent source. We argue that
aphyric textures, composition and rheological features of the shoshonitic rocks promote
the fast rise of magmas, which are assisted by lithospheric stress, inducing crystalliza-
tion at upper crustal depths as the mafic and lamprophyre dikes [82].

The relatively fast and two-stage ascent of magmas from deep reservoirs can be
interpreted based on the mineral assemblage and textures observed in the shoshonites
of the CG. The remark of two generations of olivines, pyroxenes with lamellae exso-
lution and common skeletal and zoned textures with reaction rims of Fe-Ti oxides
suggest rapid cooling (Figure 7). Likewise, the plagioclases show unstable textures
such as skeletal, sieve and zoned.

Furthermore, some textures suggest equilibria variations and probably material
exchange (mixing) between more than one magma system during its ascent is plausi-
ble. All samples show glomeroporphyritic mafic clusters (Figure 7c). These clusters
constitute <10% of the mineral assemblage and are composed of Ol + Cpx + Plg or
Cpx + Ol + Phl and sometimes these clusters are monomineral composed exclusively
of clinopyroxene or olivine. Canales spatter shows a diabase xenolith with Plg + Opx
association aside from olivine, clinopyroxene, plagioclase and phlogopite antecrysts
(Figure 7d-e).

To examine geochemical variations within the CG and simplify comparison with
other regional magmatic series, in Figure 11, we present the CG data plotted alongside
regional magmatic calc-alkaline, shoshonitic and intraplate-like series from Zitdcuaro,
Mascota, Tepic-Zacoalco rift and Valle de Santiago volcanic regions. Paricutin, Jorullo
and La Pilita volcanoes geochemical data are also included (Supplementary Table 2).

Major and trace elements ratios support the stated petrographic above observa-
tions. The Ti/K versus silica plot (Figure 11a) highlights the high potassium character
of the shoshonites from CG, Mascota and Zitacuaro volcanic fields. Although CG
shoshonites are lower in silica compared to Zitdcuaro, they are higher in silica than
Mascota data. The nearly constant Ti/K ratio suggests an origin from a consistent and
well-defined deep magma source. The H-Mg lavas of CG exhibit a broad Ti/K ratio,
and although its potassium content is relatively comparable with other regional
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Figure 11.

Variations diagrams of major and trace elements. (a) TiO2/K20 versus SiO2 and (b) La/Yb versus Yb highlight
an adakite-like trend for shoshonitic rocks. The strongest garnet signatures are observed in the Sosal and La Pilita
volcanoes. (¢) Rb/Ta ratios corvelate positively with Nb/Ta, (d) Gd/Yb and (e) La/Ta ratios in potassic volcanic
rocks, whereas High Mg and Low Mg usually follow the opposite trend with some exceptions [11]. f. Petrotectonic
diagram from Muller [2].
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87Sr/%¢Sr isotope ratio versus eNd values for the lavas of the Cahulote Graben (compiled data of [10]). Also are
plotted data from other volcanic regions or individual volcanoes such as Jorullo [18], Paricutin [19], Pilita [9],
Zitdcuaro [7, 83], Tepic-Zacoalco [68] and Valle de Santiago [68]. NMEP. North Mexican Extensional Province
mantle type proposed by Luhr et al. [84].

magmas, the significant variation in Ti content suggests differences in parental partial
fusion source. In contrast, the L-Mg lavas display silica richer contents with close Ti/K
ratios, suggesting a relatively shallower magma source deep.

According to La/Yb and Gd/Yb ratios, which show higher enrichment in HREE from
CG shoshonites (Figure 11b-d), it could suggest garnet fractionation from a lower
crustal melting source and/or similar to adakites-like magmas. It is worth noting that
although CG shoshonites contain phlogopite, their effect is not noticeable in Nb/Ta and
Gd/Yb ratios (Figure 11c-d). In addition, considering that all magmatic series of the CG
do not show Eu anomaly, it seems that the volume of plagioclase fractionation did not
play an important role. In contrast, H-Mg series agree with an amphibole effect
suggested by Gb/YD plot (Figure 11d) and L-Mg series show lower Yb content, plotting
indistinctly between the effect of amphibole and the effect of garnet.

Finally, the Zr/Al versus Ti/Al diagram show a positive correlation between both
ratios in the whole CG volcanic series. The shoshonitic series exhibits high Ti and Zr
contents while the low-Mg series shows lower contents. This difference is in agree-
ment with the high ionic charge, immobile nature and high incompatibility of both
elements, Zr and Ti. These positive correlations support the contrasting depth of the
source magmas estimated.

6.3 Nd - Sr isotopic signatures of the Cahulote Graben

The isotopic data compiled from Guilbaud et al. [10] were grouped and rearranged
with the magmatic series of the CG and plotted (Supplementary Table 2). Figure 12
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Figure 13.

Geological sketch that shows the spatio-temporal volcanic evolution of the CG. Volcano typology and magmatic
series ave illustrated by different symbols and colors, respectively. The rose diagrams of volcano elongation and
volcanotectonic alignments for each volcanotectonic phase are also shown.

shows the ¥Sr/%®Sr versus eNd isotopic ratios of the CG along the data of the geo-
chemical database from the Transmexican Volcanic Belt (Supplementary Table 2).
Three trends are predictable in the distribution and comparison of the data.
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a. Most of the values of *Sr/**Sr from the H-Mg and L-Mg series lie between

0.7038 and 0.7041, while their corresponding eNd lie between +2.7 and + 4.9.
This trend is comparatively similar to the calc-alkaline samples from Jorullo,
Tancitaro and Paricutin volcanoes; particularly, Jorullo shows isotopic
signatures like the H-Mg and L-Mg series of the CG zone.

b. Two samples from the H-Mg and L-Mg magmatic series of the CG: Cantaro

dome and Verde spatter show higher eNd and lower Sr radiogenic contents: eNd
(+5.1 — +6.1) and ¥Sr/%%Sr (0.7031-0.7034). This signature fit well with
Tancitaro and intraplate-like from Valle de Santiago, Tepic-Zacoalco rift

and Zitdcuaro peridotite xenoliths and is resembling to the trend of the

North Mexican Extensional Province (NMEP) mantle type proposed by

Luhr et al. [84].

c. The shoshonitic lavas from CG show higher radiogenic Sr contents, from

0.704039 to 0.704234, and eNd from +2.1 to +5.8. The Chocolate volcano
exhibits the highest radiogenic Sr ratio, 0.704404, and a + 5.5 eNd value. The
radiogenic Sr and Nd trends in of the shoshonitic series of the GC have a good fit
with the shoshonitic rocks reported in the Zitdcuaro, Chichinautzin and La Pilita
volcanic regions [21, 22]. The radiogenic Sr and Nd values of the shoshonites
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deviate from the values of the mantle array, suggesting a distinctive
contribution of a mantle source. This observation is consistent with the Zr/Ti
discriminant ratio (Figure 11f) and fits well with Tepic-Zacoalco rift, strongly
suggesting an extensive tectonic regime for the shoshonites of the CG.

6.4 Deformation and morphostructural partitioning sites as indicators of
magmatic series

The CG is a volcanic area where ascent magmatism has been assisted to reach the
surface by an asymmetric extensional-transtensional structures mainly developed
during NE-SW system (S2). We divide the CG zone in three morphostructural
domains, which all domains have relatively the same orientation NE-SW trend and
they correspond to the distribution of the structural geometry footwall or hanging-
wall tectonic graben.

Morphostructural domains are described and successively correlated with
overlapped volcanic typology, tectonic structures and volcanic alignments as indica-
tors of tectonic stress orientations [70, 71, 73]. In addition, geochronological and
compositional data of magmatic series of volcanic rocks provide comprehensive
information for interpreting the relationships between morphostructural sites and
magmatic series, especially shoshonitic magmatism.

Figure 13 and Table 4 concentrate on all the information obtained in the holistic
approach carried out in CG. Calc-alkaline volcanism is focused at the footwall and
ramp sites of the Northwest domain sites, where NW-SE S1 of the Bajo Balsas system
is better exposed and shield-type volcanism developed during ~2-1 Ma. Shoshonitic
volcanism is mainly distributed in the NE-SW hanging-wall site of the Central domain

Cahulote Graben Morphostructural volcanic sites

a) Tectonic framework

C) Stress regime
-~ _ESS.”WW -
g UM:)M fa""’ Stste,

R

NE-SW Mil Cumbres
Fault System . _

Figure 14.

Cahulote Graben morphostructural partitioning sites. (a) Tectonic framework model of the Cocos plate subduction
zone in the central portion of the TMVB. (b) Volcanotectonic block model of the CG and morphostructural sites of
the volcanic vents; (c) Riedel system sketch for the extensional-transtensional regime and partitioning emplacement
volcanic structures.
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and to a lesser extent in the hanging-wall of the southeastern domain and mainly
associated with spatter typology (Figure 3 and Figure 14). However, shoshonitic
magmatism were emplaced at least during four magmatic or volcanic pulses: (i) Lower
Pleistocene ~ 2-1 Ma; (ii) Medium Pleistocene ~ 0.61-0.3 Ma; (iii) Upper Pleistocene
~ 0.1-0.06 Ma; and (iv) Holocene <11 ka (Figure 13 and Table 4). Between 0.4—

0.3 Ma the magma flux increased significantly, emplacing at least 20 spatters (i.e., 1
vent each 5 ka) making 4.9 km? of lavas which were emplaced with the highest
eruptive rate with 0.49 km?/ka. All volcanoes of this phase are placed on the NE-SW
hanging-wall sites and they are relatively aligned along tectonic structures, suggesting
that the NE-SW clustering on the volcanic alignments has a close correlation between
zones of high magma flux (magmatic footprint [74]) and active extensional system
during different volcanotectonic stage [12].

The average elongation of vents (Figure 1; Supplementary Table 1) is consistent
with the deformation systems of the CG. However, the spatter cones show three
distinct elongation directions, suggesting an interaction between the last three sys-
tems, S2-S4, where the intersections of these structures significantly assist the condi-
tions for the spatter emplacement. These intersections can be interpreted using a
geometric Riedel analysis (Figure 14), allowing the identification site by site of pos-
sible geometric relationships and good conditions to feeder dikes’ magma emplace-
ment. A good example regards a pull-apart zone closely the Cahulote town (Figures 3
and 6), where a stress dilatational regime prevails, leading to the emplacement of at
least ten volcanoes, of which 7/10 are shoshonitic volcanic structures (Figure 6).

Additionally, the intersection of these structures can be related to the reactivation
of relatively older deformational systems, either from the NW-SE (S1) or NE-SW (S2)
structures. A good example of this intersection is located at the Turicato hanging wall
(Figures 3 and 6). A small clustering of shoshonitic volcanism is observed at the
intersection between the reactivation of NW (S1) structures, which are tilted and cut
by the NE system (S2). This zone matches the emplacement of the Petembillo
shoshonitic volcano (0.32 ka; [14]).

In summary, in the CG there are morphostructural partitional sites that
conditionate the emplacement of different magmatic series and volcano types (Figure
14b). The shoshonitic, H-Mg calc-alkaline and intraplate-like are emplaced along the
hanging-wall structures and at the intersection of three regional structures (NE-SW,
NW-SE and E-W).

6.5 Tectonic implications of shoshonites at Cahulote Graben

From a geodynamic perspective, the shoshonitic rocks have been associated with
extensional in orogenic regions at the end of subduction phases or where there is a
change between two subduction regimes with different geodynamic processes [24, 26,
29]. The central TMVB (i.e., MGVF) is associated with the oblique convergence of
Cocos plate’s subduction (Figure 14a), characterized by an active WNW-ESE left-
lateral transtensional deformation, with a regional 65 trending NW-SE and 6, or 6,
trending NE-SW (Figure 14c) [85].

In MGVF, the volcanic alignments were associated with different subduction
timing of the Cocos plate and extensional structures. The old stratovolcanoes and
shields volcanoes (3-0.5 Ma) are trending parallel aligned to the trench (NW-SE), and
they are associated with the evolution of old volcanic activity [2, 14, 85]. On the other
hand, NE-SW Late Pleistocene-Holocene volcanic alignments are mainly constituted
by small-volume volcanoes where the spatter cone typology turns out to be the
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distinctive morphology of the shoshonitic magmatic series. They have been associated
with two deformational processes: i) related to horizontal K; and directly associated with
complex compressional-extensional stress regime of the Coco’s Plate; ii) the second
deformational process is related to the NE-SW alignments, extensional-transtensional
structures with oblique regional X3 and X, trending NE-SW and E-W structures (Figure
14c) [84]. According some authors [2, 86, 87], this stress regime could be hypothetically
associated with fragmentation zones of the Cocos plate. We argue that the CG volca-
nism is related to both deformational stages, where NW-SE Balsas system has produced
the first thinning and extensional conditions, and subsequently, the transtensional NE-
SW system assists the magma ascent, allowing the last upper crust rising through R’ or
tensional (T) structures of Riedel system (Figure 14c).

Diverse geophysics models suggest that the Orozco Fracture Zone (OFZ) extends
inland and separates into two microplates, the northern and southern Cocos plates
(Figure 14) [47, 88-90]. It is also argued that the OFZ has separated inside continent
two Michoacdn and Guerrero crustal blocks, and it is associated with transtensional
tectonics for the coexistence of the same magmatic series in Zitdcuaro -Valle de Bravo
volcanic region [7, 8, 83, 91-94]. This scenario could lead to the ascent of second-stage
growth of the hydrous shoshonitic and mafic magmas through deep structures of the
Cahulote Graben (Figure 14).

7. Conclusions

The spatter cones morphology is the most abundant in the CG (60%), and this
typology seems to be the distinctive morphology of the shoshonitic magmatic series.
Its ubiquitous presence could be morphotectonic indicators associated with exten-
sional faults that caused the adiabatic ascent of the deep shoshonitic and mafic mag-
matic reservoirs.

The volcanic and tectonic alignments as well as the volcanic vent elongation, are
power tools to identify the different deformation systems. Furthermore, the volcanic
alignment versus ages reflects different stress directions and volcanotectonic phases
through time.

The NE-SW Mil Cumbres system is the dominant structural system and the main
morphostructural partitioning sites in the CG, where volcanic structures have been
emplaced by mimetic or reactivated structures during Late Pleistocene and Holocene,
NE-SW extensional-transtensional system is considered as an active volcanotectonic
system.

The coexistence of calc-alkaline, shoshonitic and intraplate-like magmatic series in
the Cahulote Graben is associated with different morphostructural partitioning sites,
magma ascent pathways and several emplacement stages and magma mixing pro-
cesses, which are related to the concomitance of extensional-transtensional tectonic.

The tectonic setting of the CG is a fertile scenario for the high magma eruption
rate, which is consistent with the highest density volcanoes reported for this sector of
the MGVF and TMVB.
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Chapter 4

Complex Magma Chamber
Dynamics and Volcanic Activity

in the Karapinar Volcanic Field:
Insights from Mineral and
Whole-Rock Chemistry — A Review

Giilin Gencoglu Kovkmaz and Hiiseyin Kurt

Abstract

The thermal and material conditions of magma chambers influence magma
mobilization processes and temporal dynamics, which are crucial for assessing
volcanic hazards. Crystals preserve historical magma reservoir information,
facilitating alignment with computational simulations. The Karapinar Volcanic Field
(KPVF) in Central Anatolia, part of the Cappadocia Volcanic Province, serves as
an ideal natural laboratory for studying monogenetic volcanism, characterized by
scoria cones along a fault line, maars, and lava flows. Basaltic, basaltic andesitic,
and andesitic lavas, along with their pyroclastics, are widespread in this region.

The basaltic and basaltic andesitic lava flows incorporate various enclaves, such as
magma mixing enclaves, cumulate enclaves, and xenocrysts. They also contain sev-
eral ocelli, embayed-quartz xenocrysts, and densely sieved plagioclase megacrysts.
Meke and Yilan maars exemplify intriguing maar volcanism, with basaltic andes-
itic lavas containing numerous enclaves. Interestingly, these mafic rocks contain
zircon grains (generally found in felsic magmas). The presence of different types
of enclaves, mineral textural properties, and zircon-bearing mafic rocks indicate
complex magma chamber dynamics in the area. Moreover, whole-rock and mineral
chemistry from KPVF reveal complex magmatic histories, emphasizing the presence
of multiple feeding and plumbing systems that potentially trigger volcanic activity.
Temporally and spatially, mineral chemistry analyses can provide high-resolution
insights into the volcano-tectonic history of the region.

Keywords: basalt, complex magmatic history, enclave, plagioclase, zircon

1. Introduction

Magmatic rocks are essential for understanding geological processes due to their
compositions, which reflect a range of magmatic events, including crystallization,
magmatic recharge, and the assimilation of surrounding rocks. While whole-rock
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geochemistry provides significant insights into these processes, it often integrates
multiple magmatic histories, which can obscure specific magmatic events [1, 2]. To
overcome this limitation, detailed mineral-scale chemical analyses—particularly trace
element zoning within crystals—offer a more refined understanding of magmatic
processes and magma evolution [3-7]. These analyses allow for the differentiation

of various magmatic events and provide deeper insights into the processes shaping
magma evolution. Volcanic textures and mineral chemistry are critical for revealing
information about magmatic processes and volcanic activities. Textural features such
as vesicles, crystal sizes, and mineral compositions reflect the conditions during
magma ascent and cooling, while variations in xenoliths and mineral compositions
can indicate processes such as contamination and magma mixing [1, 8]. By integrat-
ing textural and geochemical analyses, we can enhance our understanding of how
both internal factors (e.g., magma composition) and external factors (e.g., crustal
interactions) influence volcanic systems and eruption dynamics [4].

In Central Anatolia, Cenozoic volcanism is widespread, with the southeastern part
of the Cappadocia Volcanic Province divided into two main subgroups: the Neogene
Karacadag Volcanic Complex (KCVC) and the Quaternary Karapinar Volcanic Field
(KPVF) (Figure1) [11]. Keller [13] proposed that the products of the Karapinar
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Figure 1.

(A) Simplified tectonic map of Turkey taken from Van Hinsbergen, Maffione [9] and (B) Geological map of

the investigated area [10] is modified from Gencoglu Korkmaz, Kurt [11] The terms “Upper and Lower Cooling
Phase” refer to the volcanic rocks within the Karacadag Volcanic Complex (KCVC). These phases represent
different rock groups, such as A1, Az...; B1, B2..., which correspond to various rock types, including andesite and
basalt. The mineralogical and geochemical characteristics of these rock groups ave discussed in detail (vefer to Refs.

[11, 12]).
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Volcanic Field overlie the older Karacadag volcanic rocks and lack a direct genetic
relationship with them. Previous studies [11, 12, 14-16] have explored complex magma
chamber processes using mineral chemistry, whole-rock geochemistry, and isotopic
data. This study aims to elucidate the intricate magmatic processes within the Karapinar
Volcanic Field through comprehensive petrological and geochemical analyses of basaltic
scoria cones. By synthesizing data from previous studies [11, 12, 14-16], we have inte-
grated the first findings of zircon from basaltic rocks—typically associated with felsic
and intermediate magmatic rocks—to investigate the complex processes within the
magma chamber. This study thus provides a novel perspective on how zircon can occur
in basaltic rocks, offering new insights into the intricate dynamics of magma chamber
processes. This compilation offers significant insights into the complex magmatic pro-
cesses involved in rock evolution. By providing a detailed review of open-system and
complex magma chamber processes, our study makes substantial contributions to the
understanding of regional volcanic history and magmatic processes in Central Anatolia.

2. Volcanic morphology: Interaction of internal and external factors

Volcanic systems are influenced by a complex interplay of internal and external
factors that dictate the type of volcanism, the nature of volcanic products, and the
resulting volcanic landforms [17, 18]. Internal factors, such as magma chemistry,
viscosity, and volume, govern the dynamics within magma chambers, affecting
processes like fractional crystallization, magma mixing, and contamination. These
processes, in turn, influence the eruptive style and the compositional diversity of
volcanic products. Conversely, external factors, including the availability of external
water, topography, and climate, can significantly alter eruption dynamics, particu-
larly in systems where phreatomagmatic interactions dominate [19]. The interplay
between these factors is well-documented in various volcanic fields around the world,
such as the Auckland Volcanic Field in New Zealand and the Eifel Volcanic Field in
Germany, where both internal magmatic processes and external environmental con-
ditions contribute to the diverse volcanic landscapes observed today: the Karapinar
Volcanic Field (KPVF) in Central Anatolia, part of the larger Cappadocia Volcanic
Province, provides a natural laboratory for investigating how these internal and
external factors interact to produce a diverse array of volcanic features. In particu-
lar, the Meke Maar and other monogenetic centers within the KPVF exemplify the
intricate balance between magmatic processes and environmental controls, offering
valuable insights into the conditions that favor the formation of specific volcanic
landforms and eruption styles [17].

Monogenetic volcanism, characterized by discrete, short-lived eruptive events
from small-volume volcanic systems, provides a distinct framework for examining
volcanic processes [19]. This type of volcanism allows for detailed analysis of isolated
volcanic events, offering insights into how individual eruptions contribute to our
understanding of volcanic processes. The small scale and short-lived nature of these
systems enable researchers to study each eruption independently, providing a unique
perspective on volcanic dynamics. The growth of intra-crater scoria cones within
maar or tuff ring craters offers a compelling case study of how internal and external
factors interact to shape volcanic features [17, 18]. The formation of intra-crater scoria
cones within maar or tuff ring craters provides a valuable framework for understand-
ing the interaction between internal and external volcanic factors [17]. These cones
develop due to the specific interplay between magmatic conditions, such as magma
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volume, composition, and viscosity, and external environmental factors, including
water availability and landscape elevation. Internal magmatic parameters influ-

ence the fragmentation of magma and eruption style, while viscosity affects magma
mobility and escape during eruptions. External factors, particularly the presence of
water, can enhance phreatomagmatic activity, leading to more explosive eruptions. In
the case of Meke Maar, the high availability of external water has driven significant
phreatomagmatic processes, shaping the volcanic features such as the scoria cone and
tuff ring. This interaction underscores the complex relationship between internal and
external factors in volcanic systems, offering insights into the dynamic processes that
influence volcanic eruptions and formations. In this context, the Meke Maar in the
Karapinar region exemplifies the dynamics of such systems (Figure 1). The interac-
tion between internal magmatic parameters—such as magma volume, composition,
and viscosity—and external environmental factors—particularly the availability of
external water and landscape elevation—plays a crucial role in determining eruption
style and volcanic architecture [17, 18]. In the case of Meke Maar, the high availability
of external water has led to dominant phreatomagmatic processes. The formation

Karacadag stratocone

Meke Scoria
in{ra-crater scoria

Meke I'\ilr | ‘7 | | _ \

Figure 2.
In the Kavapinar volcanic field, variations in volcanic landforms and their products are influenced by ratios of
environmental factors (such as water) and the composition of the magma.
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of the scoria cone within Meke Maar illustrates the intricate interaction of volcanic
processes in this unique geological setting. Initially, Meke Maar was created through
phreatomagmatic eruptions, where the violent interaction between groundwater and
rising magma led to explosive activity, resulting in a broad and shallow crater. This
stage reflects a dominant influence of external water, which controlled the eruptive
style and shaped the maar’s characteristics. The presence of substantial external water
was crucial in driving these phreatomagmatic processes, leading to the formation of
the maar crater. Subsequently, a shift in magmatic conditions occurred, possibly due to
changes in magma chemistry or the depletion of external water, which allowed for the
formation of a scoria cone within the existing maar. This basaltic scoria cone, formed by
less explosive, gas-rich magma eruptions, highlights the transition from a water-dom-
inated eruptive phase to a more magmatic one. The occurrence of a scoria cone within
amaar does not indicate a contradiction but rather underscores the complexity of
volcanic systems. It shows how different eruptive phases can coexist and evolve within
the same volcanic environment, demonstrating the dynamic interplay between internal
magmatic conditions and external environmental factors [17]. Figures 2 and 3 provide
different volcanic edifices in the area. The Meke Maar volcanic features highlight the
base surge deposits and enclave-bearing lavas within the maar walls. The base surge
deposits provide critical evidence of the intense magma fragmentation and pyroclastic

Figure 3.

In the Karapinar volcanic field, variations in volcanic landforms and their products ave influenced by ratios
of environmental factors (such as water) and the composition of the magma. (A) Enclave-bearing lava flows
in Meke Maay, (B) general view of the base surge deposits (small dunes, thin layering, antidunes, low-angle
stratification) in Meke Maay, (C-D) tuff deposits avound Acigol Maar.
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transportation dynamics driven by phreatomagmatic activity. Additionally, the
enclave-bearing lavas within the maar walls illustrate the significant role of magmatic
processes such as magma mixing and contamination, in shaping the volcanic architec-
ture, offering insights into the complex interaction between internal magmatic forces
and external water-driven phreatomagmatic processes.

3. Geological setting and magmatism in the area

The Late Pliocene-Quaternary volcanism in the Konya region is characterized by a
diverse range of volcanic features, including volcanic cones, explosion craters, scoria
cones, and maars. In the Karapinar area, Quaternary-aged volcanic formations are
predominantly basaltic scoria cones, lava flows, and maars, most of which are part of
the calc-alkaline series [20]. These volcanic structures are aligned along a significant
fault line, indicating structural control rather than random distribution [21, 22]. The
volcanic units consist of basalt, basaltic andesite, trachy-basalt, trachy-andesite, and
andesite, with associated pyroclastic flows, basic tuffs, and fall deposits [13, 23-30].
Giilli and Kadioglu [31] inferred that the volcanic rocks around Karapinar-Meke
Lake and Acig6l craters share a common origin with deeper magma sources. Several
studies have examined the mantle source of the volcanics in this area. Recent stud-
ies [32, 33] have further advanced the understanding of regional magmatism. Reid,
Schleiffarth [32] proposed that the mafic volcanics in the southwestern Hasan
Mountain are derived from a peridotitic source with minimal lithospheric thinning,
based on geodynamic modeling. McNab, Ball [33] argued that high asthenospheric
temperatures significantly influence regional dynamic topography and basaltic
magmatism, based on drainage analysis and geochemical data from basaltic rocks. A
recent comprehensive study [34] has synthesized geochemical and age data from the
Late Oligocene to the Quaternary and proposed that the slice rupture process com-
menced 25 My ago, following the collision of the Arabian-Anatolian block 30 My ago.
They associated the 5 My delay between the collision and subsequent magmatism with
the gradual steepening and rifting of the lithosphere. Refs. [35, 36] suggested that
peridotite source lithologies and contributions from a metasomatized lithospheric
mantle are significant for basalt formation at the Egrikuyu site, arguing that both
peridotite and metasomatized mantle played crucial roles in the volcanic processes.
Gengoglu Korkmaz and Kurt [14] identified two distinct geochemical types of
Karapinar basalts: KB1, which is mildly alkaline with high MgO and primitive olivine,
and KB2, which is calc-alkaline and more evolved. Olivine mineral chemistry is widely
recognized as a reliable indicator of mantle source characteristics [6, 12, 37-40].
Their analysis of olivine chemistry revealed that basalts with MgO contents exceed-
ing 10 wt% and olivine with forsterite (Fo) contents ranging from 88 to 90 suggest a
pyroxenitic mantle source contribution [12]. This implies that the mantle beneath the
region is not solely peridotitic but also includes components derived from pyroxenite,
indicating a more complex mantle composition and geodynamic history. The data
suggest that KB1 basalts originate from a heterogeneous mantle source, comprising
approximately 70% pyroxenite and 30% peridotite, and are influenced by astheno-
spheric upwelling associated with the rollback and break-off of the Cyprus slab [12].

The morphological diversity of maar eruptions and variations in magma composi-
tions are pivotal in developing a comprehensive model of monogenetic volcanism, as
highlighted by Uslular, Gengalioglu-Kugcu [41]. Their investigation of the Egrikuyu
Monogenetic Field (EMF), one of the five monogenetic volcanic clusters within the
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Quaternary Central Anatolian Volcanic Province (CAVP), primarily focuses on scoria
cones and a few maars. The study utilizes morphometric data from 77 scoria cones

in the EMF to analyze their size distribution, revealing a power-law distribution
based on base diameters. This distribution indicates that the cones formed through
self-organized critical processes, providing insights into eruption mechanisms, and
aiding in volcanic hazard assessment. The variability in scoria cone formation is
attributed to factors such as magma composition, vent location, and environmental
conditions. Furthermore, the study underscores the significance of understanding the
morphometric parameters and spatial distribution of scoria cones, which are essential
for estimating crustal thickness, determining relative ages, analyzing clustering and
alignment, and elucidating the mechanisms of their occurrence. The relationship
between fracture systems and the spatial distribution of scoria cones, often character-
ized by power-law distributions, parallels many natural processes, emphasizing the
broader implications of this research.

4, Method

In this study, we aimed to elucidate the complex magma chamber processes in
the Karapinar region by compiling the data from previous studies [11, 12, 14-16].
Additionally, we integrated new findings to enhance our understanding. Specifically,
we have observed zircon grains from the Karapinar basalts and examined them by
using scanning electron microscopy (SEM). SEM analysis and cathodoluminescence
(CL) imaging were conducted at the Earth Sciences Institute of Heidelberg University
(Germany) to determine the preliminary chemical composition and morphology of
the zircon grains.

5. Textural and mineralogical properties of the rocks: Evidence of
multiple-complex processes

The Karapinar Volcanic Field (KPVF) contains basalt to basaltic andesite lavas that
display a porphyritic texture. These lavas are composed predominantly of olivine,
clinopyroxene, plagioclase, and minor amounts of Fe-Ti oxides, with occasional quartz
xenocrysts. Various types of enclaves, including magma mixing enclaves (MMEs),
magma segregation enclaves (MSEs), and xenocrysts, are present within these rocks,
offering critical insights into the underlying magmatic processes (Figures 4 and 5)
[15]. The mineralogical and petrographic characteristics of these rocks and their
enclaves have been thoroughly detailed in previous studies [11, 12, 14-16].

Magma mixing enclaves (MMEs), found in the basaltic compositions within Meke
Scoria, Meke Maar, and Yilan Maar, exhibit a fine-grained texture with elongated,
bladed, and acicular microphenocrysts of plagioclase, alongside rounded pyroxene
and olivine crystals. Some MME:s also include embayed-ocelli quartz minerals, indi-
cating rapid cooling due to temperature differences between the mafic intrusions and
the evolved host magma. Magma segregation enclaves (MSEs), composed of basalt,
dunite, and clinopyroxenite, display equigranular textures that suggest prolonged
mafic magma intrusion into the host magma. These enclaves often have chilled
margins and vesicles, indicative of rapid quenching. The whole-rock composition of
MSE:s is generally more primitive than that of their host rocks, suggesting formation
from more primitive magma or as early crystallized phases within the same magmatic
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Figure 4.

Microphotographs of the investigated Karapinar basalts showing enclave types. (A-B) Cognate enclave, (C-D)
quartz and biotite xenocrysts, and (E-F) magma mixing enclave. Figures taken from [15]. The images ave as
follows: images A, D, and E ave taken under plain polarized light; while images B, C, and F ave taken under
cross-polarized light.

system [15]. Xenocrysts such as quartz, plagioclase, amphibole, and biotite, show
varied textures and degrees of alteration. For example, amphibole and biotite are
often bladed, sieved, and altered, while quartz xenocrysts are typically embayed and
ocelli. Plagioclase xenocrysts range from coarse to fine-grained, sometimes exhibiting
dusty sieving from core-to-rim and varying in size from phenocrysts to megacrysts.
These xenocrysts are likely incorporated into the magma from the surrounding wall
rock during magma ascent [15].

For basaltic compositions, the Putirka [42] clinopyroxene-melt geothermobarometer
was applied to estimate pressure-temperature (P-T) conditions [16, 43]. Clinopyroxene-
melt pairs were evaluated for equilibrium with a Kdge.mg) value of 0.27 + 0.03. The
results suggest that clinopyroxene phenocrysts in KPVF basalts crystallized at tem-
peratures ranging from 1173 to 1251°C and pressures of 9.0-12.0 kbar, corresponding to
depths of 25-45 km within the lower crust. For the enclaves (maar wall-enclave-bearing
basaltic andesite) within the KPVF, the core-to-rim temperature and pressure ranges are
estimated at 1212-1227°C and 9.8-9.0 kbar, respectively [16, 43].
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500 um_

Figure 5.

(A-B) Embayed and ocelli quartz xenocrysts in the Karapinar Basalts (taken from Gencoglu Korkmaz, Kurt [12]
b) (C-D) coarse sieve-textured plagioclase megacrysts-xenocrysts from Karapinar basalts (taken from Gengoglu
Korkmaz and Kurt [14] ). Microphotographs are taken under cross-polarized light.

The textural and chemical characteristics of the minerals provide vital clues
about the magmatic history and environmental evolution of the region. Microscopic
compositional variations in crystals are often linked to changes in the magmatic
environment, reflecting complex processes, such as contamination, replenishment,
and magma mixing [44-47]. For instance, the olivine crystals in basalts exhibit
forsterite (Fo) contents ranging from Fog, to Fogo, with higher Fo values indicating
early crystallization from more magnesian magmas [16]. Clinopyroxene crystals
consist of augite and diopside and exhibit pronounced oscillatory zoning in elements
such as Ca, Mg, Al, Ti, and Cr. Elevated TiO, levels are indicative of evolved magmas,
whereas high Cr,0; levels suggest early crystallization. These variations highlight
multiple magmatic stages and processes, including magma mixing and recharge [16].
Plagioclases in the basalts from Meke exhibit anorthite (An) contents ranging from
Ang to Anyg, encompassing oligoclase, andesine, and bytownite. The relatively low
An values observed in these plagioclases are more characteristic of more evolved,
acidic magmas rather than the more common basaltic magmas, which typically show
An values greater than Ang, such as those found in bytownite and anortite. This
suggests that these plagioclase minerals likely originated from xenoliths or fragments
of the country rock incorporated during magma ascent and convection processes,
rather than being derived directly from the basaltic magma itself. The complex
zoning patterns within plagioclase crystals reflect multiple episodes of crystalliza-
tion and magma mixing [14]. The textural and chemical properties of the plagioclase
phenocrysts, including reverse and oscillatory zoning in An, Mg, Fe, Mn, Sr., indicate
significant recharging and assimilation processes within the magma chamber [14].
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The presence of sieve textures and oscillatory zoning in plagioclase crystals suggests
interactions with more primitive melts through magma mixing, self-mixing, and
rapid decompression. Additionally, the presence of ocelli-quartz and embayed-quartz
xenocrysts, along with biotite and amphibole xenocrysts, indicates that these com-
ponents were likely plucked from the crust during magma ascent. The observation

of sieve and cellular textures in phenocrysts like plagioclase further underscores the
influence of rapid decompression and magma mixing processes. These textures, often
associated with shallow magmatic environments, reflect the varying pressures and
temperatures to which the magmas were subjected [48-50]. All of these processes
contribute to the formation of texturally diverse crystals, highlighting the complex
magmatic dynamics of the region.

In summary, the overall textural and compositional diversity observed in the
Karapinar basalts is a direct result of complex magmatic processes, including magma
mixing, self-mixing, and replenishment. These processes, driven by dynamic convec-
tion and new magma pulses within a shallow magma chamber, lead to the formation
of heterogeneous crystal assemblages and diverse textures [48]. The evidence pro-
vided by the textural features, chemical zoning, mineral assemblages, and geother-
mobarometric data collectively supports the existence of a shallow, dynamic magma
chamber in the Karapinar volcanic system. The dynamic activity within the shallow
magma chamber at Karapinar, driven by convection and new magma pulses, results
in repeated superheating events and the formation of heterogeneous crystal assem-
blages. These findings align with previous studies and enhance our understanding of
the intricate magmatic processes occurring in this region.

6. New work on zircon chemical characteristics for complex magma
chambers

Zircon (ZrSiO,) is a robust accessory mineral commonly found in evolved igneous
rock types, and has both chemical and physical durability. Given its ability to host
geochemically significant indicator elements, such as rare earth elements (REE) and
radioactive elements U-Th, zircon plays a crucial role in understanding the geologi-
cal history of the Earth. Typically, zircon forms in acidic magmas and dissolves in

Data -2 May 2024

KR-32 Zicone 1 GEOW

Figure 6.

Preliminary petrochemical work on zircon grains from Karapinar Basalts BSE images were generated by SEM
at Heidelberg University Earth Sciences Institute (Germany). (A) BSE image shows some of the separated zircon
grains, and (B) BSE image displays a selected zircon grain, highlighting concentric zoning patterns and their
inclusions.
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mafic magmas due to its stability in high-temperature environments [51]. However,
experimental studies suggest that zircons can survive short-term high-temperature
conditions [51-53].

In the Karapinar basalts, the presence of zircon grains is particularly noteworthy,
as zircon is rarely found in basaltic magmas (Figure 6 and Table 1). The observation
of zircon crystals in these high-temperature hybrid lavas is unexpected, given the
typical conditions of magma mixing and recharge processes, which generally involve
high temperatures. This finding suggests four possible scenarios: (1) The zircon crys-
tals are xenocrysts originating from earlier stages of magmatic activity in the region;
(2) they are crustal xenocrysts incorporated during magma ascent; (3) zircon crystals
are preserved as inclusions within other phenocryst phases; or (4) the zircons formed
as a result of mixing and hybridization events occurring shortly before the volcanic
eruption. Further investigation into these scenarios will provide valuable insights into
the dynamics of magma evolution and the preservation mechanisms of zircon crystals
in hybrid volcanic rocks.

Melt inclusions are small droplets of melt trapped during crystallization at
magmatic pressures and temperatures [54]. These inclusions represent juvenile melt
enclosed by a growing crystal and can preserve the original temperature, pressure,
and chemical composition of the magma during crystallization. Data from melt
inclusions are used to interpret the history of magmatic systems [55]. The presence of
melt inclusions in major rock-forming silicate minerals and their ease of identifica-
tion and preservation in cleavage-free transparent minerals (such as quartz) make
them widely useful in petrogenetic studies. Zircon, a common accessory mineral
in silicic magmatic rocks, is found in a variety of geological settings and rock types
(magmatic, metamorphic, and sedimentary), making it a suitable mineral for melt
inclusion studies. However, accessory phases like zircon can significantly affect trace
element concentrations in the melt phase during processes, such as fractionation,
melt segregation, and/or retention in the residual melt [53, 56, 57]. Accurately deter-
mining trace element partition coefficients from melt inclusions in zircon is crucial
for developing and testing models of melt formation and crystallization [56, 57]. The
initial results reveal that the melt inclusions contain at least 74 wt% SiO,, indicating
that these zircons likely did not form within the basalts but were incorporated from a
different environment during magma ascent. Further detailed trace element analysis
of the zircons and their inclusions is required to ascertain their origin. This evidence
supports the hypothesis of complex magma chamber processes in the region. Our
future studies will aim to resolve this ambiguity by further elucidating the formation
and preservation mechanisms of zircon crystals in hybrid volcanic systems.

7. Discussion

In the evolution of the investigated rocks, continental crustal contamination and
magma mixing-encompassing repeated magma replenishment, self-mixing, and
cryptic mixing-seem to play a more significant role than fractional crystallization.
Additionally, dynamic processes within the magma chamber, such as the formation of
enclaves with varying compositions and types, the recurrent development of com-
positional and textural zoning in crystals, and the emergence of instability textures,
are believed to be crucial in triggering volcanic activity. These complex interactions
highlight the importance of open-system magmatic processes in shaping the final
characteristics of the rocks. In the previous study, we suggested that the Karapinar
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Figure 7.
Clinopyroxene trace element data of the basalts from the Karapinar area showing OIB basalts. Data were taken
from Gengoglu Korkmaz [16]. Typical compositions of MORB and OIB [58] are shown for comparison.

Basalts were contaminated by the Karacadag Volcanics [11]. However, we now
propose that this contamination extends beyond just the Karacadag Volcanics. The
size and abundance of quartz observed in the Karapinar Basalts are not characteristic
of the Karacadag Volcanics. Furthermore, the glass inclusions in zircon grains, with
high silica content (>70 wt%), suggest contamination from quartz-rich crustal rocks
in addition to the Karacadag Volcanics, which are predominantly andesitic with only
occasional trachytic-dacitic compositions (SiO, = 50-65 wt%) [11]. Therefore, we
assert that crustal contamination has played a more significant role in the evolution of
the Karapinar Basalts than previously anticipated.

The spatially mineral chemistry of olivine and pyroxene minerals, from core to rim,
provides detailed and accurate insights into the source magmas and magma chamber pro-
cesses. For instance, EPMA analyses of clinopyroxenes from the basalts of the Karapinar
lavas confirm the OIB origin of the surface-exposed rocks in the area (Figure 7).

The chemical composition of olivine phenocrysts in the basalts from KPVF
provides critical insights into the magmatic processes and source characteristics [12].
Olivines from the most primitive samples exhibit normal zoning, with core composi-
tions of Fogy transitioning to Foge at the rim, accompanied by a decrease in Ni and an
increase in MnO and CaO contents [12]. In contrast, some of the olivines display both
inverse and normal zoning patterns [12]. Enriched rims and growth zones in Li, Zn,
Cr, Ti, Sc, and V contents in these olivines suggest the influence of recycled conti-
nental crust or magma recharging processes [40, 59]. The high Zn/Fe, Fe/Mn, and Co
ratios, along with low Mn/Zn ratios in the olivines from the most primitive basalts in
the area, indicate a pyroxenitic source contribution [6, 12, 40, 60].

8. Conclusion

The occurrence of plagioclase glomerocrysts, along with various enclaves and
xenocrysts (e.g., quartz, biotite, and amphibole), suggests significant interac-
tions between the ascending magma and the surrounding crustal materials. These
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xenocrysts were likely entrained during the ascent of magma from a shallow source.
The presence of these components further supports the notion of a shallow magma
chamber from which the basalts erupted. The geothermobarometric data, includ-

ing clinopyroxene-melt geothermobarometry, provide temperature and pressure
estimates consistent with conditions expected in shallow magma chambers. For
instance, clinopyroxene phenocrysts in Karapinar basalts crystallized at temperatures
between 1173 and 1251°C and pressures of 9.0-12.0 kbar. These conditions align with
those found in lower crustal environments, typically associated with shallow magma
chambers.

In conclusion, detailed spatial variations in elemental composition provide crucial
insights into the intricate processes occurring within magma chambers, mantle
sources, and the petrogenesis of the rocks. These variations, particularly when
analyzed from the core to the rim of mineral phases, can reveal the history of magma
evolution, including fractional crystallization, magma mixing, and contamination.
The compositional zoning observed in minerals such as clinopyroxene and olivine can
capture the dynamics of magma replenishment, crystallization conditions, the extent
of crustal assimilation, source lithology, as well dynamics. Additionally, the study of
trace elements and isotopic compositions within these minerals enables the distinc-
tion between lithospheric and asthenospheric mantle contributions, as well as the
identification of cryptic processes like self-mixing and hybridization.

The interplay between internal magma dynamics and external environmental
factors plays a crucial role in styling the eruptive behavior and geological outcomes
of volcanic systems. Detailed spatial variations in elemental composition and mineral
chemistry within the Karapinar Volcanic Field reveal the complexity of processes
occurring within the magma chamber, including fractional crystallization, magma
mixing, and crustal contamination. These processes, influenced by the chemical and
physical properties of the magma, are further modulated by external factors such as
the availability of external water, which can significantly impact eruption styles, as
seen in the phreatomagmatic activity of the Meke Maar.

By integrating microscale and macroscale analyses, a comprehensive understand-
ing of the region’s geodynamic and magmatotectonic evolution emerges, highlighting
the critical role of both internal magmatic conditions and external environmental
influences in determining the volcanic architecture and hazards of the KPVF. The
compositional diversity, particularly in the most primitive olivines, underscores
the role of recharging events and decompression in the magmatic evolution of the
Karapinar basalts. The presence of a heterogeneous mantle source, consisting of
metasomatized peridotite and pyroxenite, beneath Anatolia is supported by the
observed mineralogical and geochemical data, highlighting the complex interac-
tions between different mantle lithologies in the petrogenesis of these basalts. This
multi-scale approach not only enhances our understanding of volcanic activity but
also provides broader insights into the Earth’ interior dynamics and the mechanisms
that govern the development and evolution of magmatic systems over geological
timescales.
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Chapter 5

Imaging Subvolcanic Structures
by Magnetotellurics

Ozlem Hacioglu

Abstract

The generation of magma beneath volcanic edifices is a long-lived dynamic phe-
nomenon that shapes the volcanic environment and can trigger eruptions. Analog
and theoretical modeling are valuable tools used in the study of volcanic areas to
better understand the processes driving volcanic activity, the behavior of volcanic
systems, and the formation of volcanic structures. However, results obtained from
analog and theoretical models and field studies need to be critically assessed against
those obtained from other methods. Magnetotellurics (MT), a geophysical method
that allows for the detailed mapping of electrical resistivity variations in the subsur-
face, provides reliable images of the interior structure of volcanoes (i.e., subvolcanic
structures such as magma reservoirs, plumbing systems, hydrothermal systems,
and collapsed calderas) based on the measurement of naturally occurring electric
and magnetic field variations over time. This method is used not only to unveil the
deep structure of volcanoes and prospect geothermal systems or ore deposits but
also to assess volcanic hazards related to the size and depth of the magmatic source.
This chapter presents a thorough examination of how MT helps reveal the hidden
complexities beneath volcanoes, suggesting insights into magmatic processes,
hydrothermal systems, structural controls, and the overall geoelectric architecture
of volcanic edifices.

Keywords: volcano, magma reservoir, melt, hydrothermal system, geophysics,
magnetotellurics, inversion

1. Introduction

Volcanoes are among Earth’s most dynamic and fascinating geological features.
Their ability to erupt and shape landscapes, coupled with the generation of magma
beneath their edifices, makes them significant to both scientific communities
and human societies, driving the need for comprehensive research and effective
monitoring to mitigate potential hazards and better understand fundamental
Earth processes.

A magma reservoir as the domains within the magmatic system encompasses
regions where partially or wholly molten rock with varying proportions of melt,
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crystals, and exsolved volatiles extends from the source of magma generation to the
surface. They may comprise zones with a very low fraction of intergranular melt, par-
tially molten rock (mush), and melt lenses (or magma chambers) containing a high
fraction of eruptible magma, along with pockets of exsolved magmatic fluids [1]. The
parts of the magma reservoirs characterized by a significant abundance of crystals,
sufficient to establish a semi-rigid structure, are termed as mush (e.g., [1, 2]). Melt
pockets with a very low (or zero) crystal fraction may also exist in magma reservoirs.
These bodies can form through various processes, namely melt extraction from crys-
tal mushes due to compaction [3-5], convective or diffusive exchange between melts,
or gas-driven filter pressing [6-8]. Alternatively, they can form by super-liquidus
melts being injected into more crystal-rich material, such as a mush or solid country
rock, which then cool and crystallize [2]. The magma reservoirs may extend vertically
through the entire crust and perhaps beyond, referred to as transcrustal magmatic
systems (i.e., transcrustal mush systems) (Figure 1), and they may evolve through the
presence of multiple, stacked magma storage zones separated by sub-solidus materi-
als [1, 9, 10]. However, the significant volume of melt is not prevalent within the
crust; instead, it may be distributed within mushy regions in a magmatic system and
extracted shortly before volcanic eruptions [1, 2, 9]. In some systems, magma may
also cool and solidify within the Earth’s crust, resulting in the formation of intrusive
igneous rocks (i.e., plutons or batholiths), while in other magmatic systems, magma
may erupt to form volcanoes.

The different domains that can encompass several multi-component phases (i.e.,
crystalline solids, melts, and fluids), namely magma (melt + crystals and exsolved
fluids), mush (melt + associated fluids within a crystalline framework), super-solidus
(including unconnected melt pockets), and sub-solidus host rocks (no melt), interact

UPPER CRUST

Conrad
discontinuity

ﬁ o CONEH CaY

Increasing SiO2
e

v o

Decreasing temperature

Figure 1.

An upper crustal magmatic system where silicic melts separate from underplated mafic magma, which is
intermittently replenished from greater depths (a). A thermally mature transcrustal magmatic system where melt
processing in the deep crust generates melts that are subsequently transferred to mid and upper crustal levels (b)
(modified from Ref. [9]).
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in complex ways and exhibit distinct rheological and physical properties in magmatic
systems (e.g., [1, 11-13]). The host rocks, consisting of both pre-existing country
rocks and fully solidified intrusions of the magmatic system, are affected by the
transfer of magmatic heat, the influx of fluids originating from magma, and stress
induced by magma. On the other hand, the external environment also plays a crucial
role in shaping magmatic systems, as evidenced by the impact of tectonic processes
and the cooling effects of convecting meteoric water [1]. The physical properties

and dynamic behaviors of various domains (i.e., magma, mush, and host rocks)
within magmatic systems are discussed by Spark et al. [1]. The transition from mush
to magma and vice versa can occur depending on melt content or strain rate. Mush
rheology is primarily dominated by the deformation of the crystalline framework,
while in magma, it is predominantly controlled by the deformation of the melt.
Particularly, interconnected melt friction significantly reduces shear viscosity and
influences the mechanical behaviors in magmatic systems. The timescales on which
reservoir processes occur also vary widely, ranging from the development of igneous
systems (10°~10 years) to the rapid separation of volatiles during explosive eruptions
(tens of seconds) (e.g., [1]).

Hydrothermal systems are a key component of volcanic environments. These
systems incorporate the circulation of hot water and magmatic fluids within the
crust of the Earth, which may result in the formation of geothermal resources and
mineral deposits. The interaction between geothermal fluids and the surrounding
rocks can alter the physical and chemical properties of rocks, generating low-
resistivity zones detectable by geophysical methods (e.g., [14, 15]). Understanding
hydrothermal systems is therefore essential for comprehending the full dynamics
of volcanic activity, including the interactions between magma and groundwa-
ter, the transport of heat and chemical elements, and the triggering of volcanic
eruptions.

Geophysical methods are significant tools for imaging subvolcanic structures
and gaining insights into the complex magmatic systems beneath volcanoes. These
methods help scientists to infer the distribution and physical properties of subsurface
materials, which are essential for understanding volcanic processes and assessing
potential hazards. Among the various geophysical techniques, magnetotellurics (MT)
have proven to be particularly effective in probing the deep structure of the Earth’s
crust and mantle, providing valuable insights into the presence of magma storage
regions, geothermal reservoirs, and collapsed caldera structures (e.g., [14-20]).
Accordingly, the method has been applied to several volcanoes, such as the Tongariro
Volcanic Complex in the central North Island of New Zealand, the Jingpohu mono-
genetic volcanic field in northeast China, the Karadag stratovolcano in Turkey, and
Teide volcano in the Canary Islands, Spain, to identify low-resistivity zones, which
typically indicate the presence of magma storage regions and hydrothermal systems
and provide insights into the current state of the volcanoes, and their potential future
behaviors (e.g., [21-24]).

This chapter aims to present how complex subvolcanic structures, includ-
ing magma reservoirs, hydrothermal systems, volcanic plumbing, and collapsed
calderas, are comprehensively revealed through MT imaging. The chapter details
the use of MT in imaging subvolcanic features and assessing volcanic hazards,
highlighting its effectiveness. Through case studies and a discussion of challenges
and limitations, the chapter will emphasize the critical role of MT in advancing
our understanding of volcanic processes and enhancing our ability to predict and
mitigate volcanic hazards.
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2. Basics of magnetotellurics

The MT method is a natural-source (passive), frequency-domain electromagnetic
method used to image the electrical resistivity structure of the Earth from the near-
surface down to the transition zone (~410 km) and beyond [25]. The method is based
on measuring natural variations in the Earth’s magnetic and electric fields to infer the
electrical resistivity of subsurface materials. The frequency range of these natural
electromagnetic (EM) fields extends from 10~* to 10% Hz [26], but the frequency
range of interest in MT is from 10~* to 10* Hz. Frequencies below 1 Hz are generated
by interactions between the Earth’s magnetosphere and solar winds, while frequencies
above 1 Hz are produced by meteorological activity, such as lightning discharges. The
transition between these sources, around 1 Hz, is known as the MT dead-band, where
the intensity of natural EM fields is very low [27].

The MT method measures time-varying EM fields at the Earth’s surface, relying
on the Earth’s static magnetic field. The measured EM fields are a combination of
primary fields from external sources and secondary fields from induced (telluric)
currents. The method is governed by Maxwell’s equations, characterizing the induc-
tion and propagation of EM waves in a magnetizable and polarizable medium without
its own electric or magnetic source [28-30].

The Earth in the MT method is assumed to be a linear time-invariant system, where
the transfer function (i.e., the Earth) characterizes a linear relationship between an
input and a predictable output (i.e., a linear relationship between the measured EM
field components) in the frequency domain. These transfer functions depend only
on the electrical properties of the medium (i.e., independent from the EM source
fields), identifying the resistivity distribution based on the measured frequency range.
Therefore, the linear relationship between orthogonal electric ( E,,E, ) and magnetic
(H,,H ,H,) field components can be written as a tensor equation, complex imped-
ance tensor Z, in the frequency domain:

Fx(mHzm(w) ny<w)}{Hx<w>} &

EJ’ (w) ZJ’x (a)) Z,'VJ’ (w) H,'V (a))

where x and y denote the orthogonal components in horizontal directions, and @
is the angular frequency of the source signal: @ =2z f [25]. Z , a frequency-dependent
second rank tensor, can relate the fields to Maxwell’s equations and contains frequency-
dependent information about the Earth (i.e., the electrical resistivity distribution of
subsurface), where lower frequencies typically sample greater depths. For example,
wide-band MT covers periods ranging from 10 to 10 s and is capable of imaging
subsurface structures at depths of a few kilometers to tens of kilometers. By using the
above relation, the apparent resistivity ( p, ) or the average resistivity of an equivalent
half space and impedance phase (¢ ) at a particular frequency f can be estimated:

1 2
Paij = oL |sz| (2)
- Im(Zy)
¢ij_tan {Re(zﬁ)J (3)

where g, is the free-space value of magnetic permeability.
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Additionally, the complex geomagnetic transfer function (or tipper, T ), sensitive
to the lateral resistivity contrasts, defines the relationship between the horizontal
(H ,H ) ) and vertical ( H, ) magnetic field components:

.(r. 75y | @

More detailed information on the theory of MT can be found in Refs. [25, 27, 31, 32].

MT in volcanic settings provides an enormous amount of information from the
electrical resistivity and has led to insights about the presence of fluids and melts
as well as their pathways beneath the volcanic areas. The MT method is sensitive to
variations in temperature, composition, and fluid content, which makes it significant
for mapping magma reservoirs and associated structures, such as the presence of
molten rocks, partial melt, and hydrothermal fluids, as well as for delineating the
boundaries of different geological units (e.g., [14, 15, 17, 18, 33-37]).

3. Imaging magma storage by MT

Magma storage regions within the Earth’s crust and mantle play a critical role
in volcanic activity, the evolution of geothermal systems, and tectonic processes.
Identifying the location and physico-chemical properties of magma reservoirs is also
crucial for understanding the structure and dynamics of magmatic systems, providing
insights into assessing hazards, exploring resources, and advancing scientific research.
Geophysical imaging, particularly MT, helps to construct an improved image of the
interior structure of volcanoes and their associated subvolcanic systems at a regional
scale and validates the results obtained from analog and mathematical modeling, and
field observations. Accordingly, several MT studies in volcanic environments have
identified low-resistivity zones interpreted as magma storage regions containing melts
(e.g., andesitic and dacitic melts) at depth (e.g., [17, 23, 34, 36, 38-45]).

The identification of magma reservoirs at depth using MT provides essential
constraints on their geometry (i.e., shape and size) and, thus, the current thermo-
dynamic state and possible future behaviors of volcanic edifices. The resolvable
wavelength for a magmatic system is directly proportional to the period range of
the collected MT data. Shallow-seated magma reservoirs, characterized by upper
crustal low-resistivity zones from the surface to a few kilometers depth (<10 km),
have been imaged by MT beneath various volcanic edifices around the world (e.g.,

[35, 43]). For example, at the Karadag stratovolcanic complex, one of the young (<

45 ka) dormant stratovolcanoes in the Central Anatolian Volcanic Province (Tiirkiye),
which comprises the north-northeast section of a paleomagnetic arc related to the
Cyprus subduction zone, the electrical resistivity structure (Figure 2), derived

from the three-dimensional (3D) inversion of broad-band MT data collected at 124
stations, reveals a deep and large zone of low resistivity (<10 Qm). This zone (C3)

has been associated with a shallow-seated andesitic magma reservoir composed of a
near-solidus silicic crystal mush (i.e., alow melt fraction of silicic crystal mush), with
the support of geochemical data [46], within the upper crust at a depth of 3 to 7 km
beneath the volcano [23]. Petrological studies have suggested that andesitic melts may
occur at upper crustal depths (<~6 km) (e.g., [47, 48]). The inversion of MT data from
the intraplate monogenetic volcanic fields in northeast China and in central Mongolia
has also shown that intraplate volcanoes are characterized by low-percent partial
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Figure 2.

Simplified geological map of the Karadag stratovolcano (Central Anatolia, Tiirkiye), showing the locations of

MT sites (green and yellow rectangles) (a). The solid black lines represent observed faults, while the broken lines
represent interpreted faults. The red line marks the position of the cvater center. The vesistivity cross sections derived
from the 3D inversion model at profile locations shown on the map (L1: North-south profile, L2: West-east profile)
(b). The yellow star indicates the position of the crater center, and the ved-inverted triangles mark the locations of
the MT sites. The low-vesistivity areas (C1, C2, and C3) are labeled in the sections (modified from Ref. [23]).

melt and low magma supply rates [22, 34]. At Socompa volcano, one of the Holocene
volcanoes of the Central Volcanic Zone (CVZ) of the Andes, a possible shallow dacitic
magma reservoir characterized by a low-resistivity area with resistivity values of 6-15
Qm between 2 and 7 km depth below the surface of the volcano, has been imaged by
3D inversion of MT data [49]. This low-resistivity body is attributed to the magmatic
heat source of the volcano and the associated hydrothermal system. Magma reservoirs
at shallow crustal depths have also been identified in other stratovolcanoes of the
Central Volcanic Zone of the Andes, such as Lastarria volcano [40], the San Pedro-
Linzor Volcanic Chain [50], and Uturuncu volcano [51, 52].

The bulk resistivity of magma reservoirs is strongly sensitive to melt fraction and its
geometry, the composition of the melt (mainly H,O and Na,O content), phase assem-
blages, as well as temperature and pressure conditions (e.g., [53-56]). The upper crustal
magma reservoirs beneath the volcanic edifices may be linked to deeper crustal magma
reservoirs that contain partially molten rocks (i.e., mush). A low-resistivity region at
shallow depths can thus be explained by saline fluids of magmatic origin (and/or mete-
oric origin) (e.g., [41, 49, 51, 52]). Afanasyev et al. [57] have proposed that brines (i.e.,
H,0-NaCl fluids) exsolved from ascending magmatic fluids through high-permeability
pathways, such as volcanic conduits, dikes, and fractures, beneath active and dormant
volcanoes can be responsible for the emplacement of magmatic bodies in the shallow
crust. Guo and Keppler [58], by performing laboratory-based electrical conductivity
measurements, have shown that the electrical conductivity of aqueous fluids gener-
ally increases with NaCl concentration. Pommier et al. [54, 55] have also proposed
that silicate melts might exhibit higher resistivity compared to NaCl aqueous solutions
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circulating through the pores and fractures of rocks. Similarly, results from 3D modeling
of MT data at the Lastarria volcano in northern Chile demonstrate two low-resistivity
areas interpreted as crustal magmatic reservoirs (i.e., magmatic heat sources). One
(~5-10 Qm) located to the south of Lastarria volcano at shallow depths (7-8 km) is fed
by a mid-crustal reservoir (~1 Qm) extending to a depth of 15 km beneath the volcano
[40]. The lower crustal low-resistivity zones (50-70 Qm) in central Mongolia containing
continental intraplate volcanism are also associated with areas including small amounts
of saline fluids formed by metamorphic dehydration and devolatilization reactions ina
thermally perturbed lower crust [34].

Previous broad-band and long-period MT studies in volcanic environments have
determined the presence of low-resistivity zones in the mid-to-lower crust and upper
mantle. These deep-seated anomalous regions have been generally associated with
magma reservoirs, including melt phases, magma pathways, and crustal magma
plumbing systems beneath volcanic fields (e.g., [17, 34, 42, 44, 45, 52, 59, 60]). In
the East Anatolian Collision Zone (northeastern Turkey), formed by the collision of
the Arabian Plate with Eurasia, two distinct low-resistivity zones, which probably
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Figure 3.

Tofmgmphic map of the Erzurum-Kars Plateau (Northeastern Tiirkiye) superposed with fault branches (white
solid lines) (a). Yellow and blue dots indicate the locations of MT sites. Red triangles mark volcanic centers, and
the red dot represents the position of the borehole (A-1). The MT profiles ave labeled G1 (a roughly north-

south directed profile) and G2 (an east-west divected profile). The resistivity cross sections G1 (b) and G2 (c)
are derived from the 3D model. Red arrows show the surface traces of faults. The gray broken line denotes the
intersection of the profiles, and the white dots mark the hypocenters of earthquakes. C1 and C2 are mid-to-lower
crustal low-vesistivity zones (modified from Ref. [17]).
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indicate local accumulation of melt at mid-to-lower crustal depths (15-45 km)
throughout the Erzurum-Kars Plateau, were identified (Figure 3) by Hacioglu et al.
[17]. These low-resistivity zones have been previously imaged further west of the
collision zone [38], suggesting that the electrical characteristics of the collision zone
are continuous from west to east beneath the Anatolian Plateau. Additionally, the
spatial extent of these zones may indicate the presence of two localized crustal flow
channels situated laterally parallel to the orogeny. By combining land and lake-
bottom MT measurements, Bertrand et al. [44] characterized a singular mid-crustal
low-resistivity zone associated with a complex of relatively mafic magma, consistent
with petrologic and other geophysical data. Additionally, discrete low-resistivity
anomalies, interpreted as plumes, rise from the margins of the magmatic complex and
connect with near-surface geothermal systems.

The 3D resistivity model at the Central Andes, which currently hosts the world’s
largest zone of silicic partial melt in the form of the Altiplano-Puna Magma (or Mush)
Body and the Southern Puna Magma Body, characterized by the relationship between
volcanism and plutonism, indicates distinct electrically low-resistivity zones above
10 km below sea level beneath Uturuncu, above the Altiplano-Puna Magma Body.
This implies that magma and/or fluids are moving upward through pathways [41].
Intracrustal magma reservoirs beneath Lazufre, fed by ascending melts, have also
been attributed to a large volume magmatic reservoir (i.e., the Southern Puna Magma
Body) at mid-crustal depths [40, 41]. However, as part of a mature transcrustal
magmatic system, the electrical resistivity structure is more complex at Uturuncu.
Figure 4 shows the cross section of the 3D resistivity model with the deep low-resis-
tivity region attributed to the Altiplano-Puna Magma Body (~1 Qm) and the shallow
low-resistivity zone interpreted the presence of a hydrothermal system developed
in the region of fossil dacite magma chamber (~3-10 Qm) at 2.5-4 km below surface
[41, 52], implying fluid release and brine condensation above the solidifying pluton
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Figure 4.

Location map of the Uturuncu volcano, Bolivia, and distribution of MT sites (a). Interpreted west-east directed
3D resistivity cross section at Uturuncu (b). The deep low-resistivity region is associated with the Altiplano-Puna
Magma Body, while the shallow low-resistivity area is explained by the presence of an active hydrothermal
system. The label “U” above the resistivity section marks the location of Volcdn Uturuncu. The dotted line denotes
the region of fluid and/or magma pressurization and depressurization, and the black dots show the earthquake
hypocenters. Arrows indicate the inferred flows of silicate melt and aqueous fluids within the crust, and crosses
indicate regions of partial melting within the crust above the Altiplano-Puna Magma Body. APMB: Altiplano-
Puna Magma Body. Modified from Pritchard et al. [41].
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Figure 5.

Tof)ogmphic map of the Jingpohu Monogenetic Volcanic Field (JMVF) in northeast China, showing the
distribution of MT sites (a). Red dots represent long-period MT (LMT) sites, while blue dots represent broad-
band (BBMT) sites. The ved lines indicate faults in the area. The 3D conceptual model of the JMVF (b), based

on the inversion of MT data, illustrates the intraplate plumbing system beneath the volcanic field. Yellow arrows
indicate the magma pathways, and bold letters c, d, and e indicate vesistivity anomalies. MTZ: Mantle Transition
Zone. Modified from Li et al. [22].

(i-e., solidified or partially solidified dacite) [61]. The presence of such a system could
also impact ore formation in this area, as brines are known to effectively sequester
and concentrate metals such as Cu and Mo (e.g., [62, 63]). Similarly, there are sev-
eral examples of both plutonic and volcanic systems, such as the Southern Rocky
Mountain volcanic field (e.g., [64]), the Yerington batholith, Nevada [65], and the
Kohistan arc, Pakistan (e.g., [66]). Granite plutons and batholits, the result of intru-
sions that have accumulated over hundreds of thousands to millions of years (i.e.,
fossil systems) [67], have also been studied by MT method (e.g., [68, 69]).

MT studies in volcanic domains show that magma plumbing systems can transport
and store magmas at crustal depths (e.g., [22, 35, 42, 45, 70]). Magma upwelling can
occur through large-scale faults that serve as conduits for the ascent of magmatic
materials. Li et al. [22] proposed that magma transfer occurs through fault-guided
dike systems in the Jingpohu intraplate monogenic volcanic field in northeast China
based on their MT study. They described a low-resistivity (1-2 Qm) anomaly system
interpreted as a magma plumbing system extending from the asthenosphere to the
surface, characterized by magma storage zones at different depths (i.e., shallow and
deep crustal magma reservoirs) and a magma pathway related to high-temperature
carbonate melts, peridotite, and/or hydrated melts in the asthenosphere (Figure 5).
At Osorno stratovolcano in the Southern Andes, a complex magmatic system with two
reservoirs at different depths (4-8 km and 7-15 km) and compositions (dacitic and
andesitic) has been suggested through the MT data and petrological constraints. The
eruptions of Osorno volcano have been attributed to the ascent of deep crustal basal-
tic magma, with the large-scale Liquifie-Ofqui fault zone enhancing magma ascent as
dikes and facilitating the reactivation of associated reservoirs and the volcano [71].
The inversion of long-period and broad-band MT data acquired around Villarrica
volcano also highlights the importance of the Andean Transverse Fault in magmatic
transport and compositional partitioning in the active volcanic arc of the Andes [35].
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4. Mapping hydrothermal systems

Volcanic hydrothermal systems encompass various types of geothermal environ-
ments, including hydrothermal convective systems, hot dry rocks, and partially
melted zones. An ideal hydrothermal system consists of three key components: a heat
source, an impermeable layer, and groundwater. The interaction between the heat
source, typically a volcanic or magmatic body, and the groundwater plays a criti-
cal role in heat transport and storage. Groundwater circulates through porous and
fractured rocks (and/or faults), transferring heat from the heat source to other parts
of the geothermal system. The impermeable layer, also known as the clay cap (i.e.,
hydrothermal alteration zone, argillic zone, or seal), is often formed by prolonged
high-temperature fluid-rock interactions above the geothermal reservoir. This layer
is predominantly characterized by smectitic clays at lower temperatures (70-200°C)
and more resistive illitic and/or chloritic clays at temperatures above 200°C [72]. It
prevents the escape of heated water and steam from the reservoirs.

Low-resistivity zones attributed to hydrothermal fluids (e.g., [73, 74]), alteration
products (e.g., [75]), and crustal magma reservoirs, including magma chambers,
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Figure 6.

Plan view of the 3-D resistivity model at 1 km depth above sea level (a). Black triangles represent MT sites.

The resistivity cross section derived from the 3D inversion model in the east-west direction, crossing Teide (T)
volcano (b). The low-resistivity area (ved), interpreted as a smectite clay cap, is associated with the hydrothermal
alteration zone (modified from Ref. [24]).

118



Imaging Subvolcanic Structures by Magnetotellurics
DOI: http://dx.doi.org/10.5772/intechopen.1007593

)
]ﬂma-in
. i
&}
B 2
& =
3 3
g
-10 08 -08 -04 -02 00 02 04 08 08 10
S60°W distance (km) N6O°E
Figure7.

Simplified geological map of Jigokudani Valley, Japan (a). The hatched area indicates the Jigokudoni Valley, while
the dotted lines represent the traces of hydrothermal eruption craters. The inset map displays central Japan, with
red triangles marking the locations of active volcanoes. 2D resistivity model acvoss the Jigokudoni Valley, with
inverted triangles marking the locations of AMT sites (b). The gray smoke illustration represents the fumarolic zone.
C1-C3 represent low-resistivity areas, and R1 and R2 denote regions of higher resistivity (modified from Ref. [79]).

partially melted zones (i.e., crustal mush bodies), deep magma sources, and their
magmatic conduits (e.g., [21, 23, 40, 49, 59, 76]) have been identified using MT in
various volcanic areas around the world. MT imaging at the south-eastern margin of
the Taupo Volcanic Zone (TVZ), in the central North Island of New Zealand, provides
evidence of the connections between the near-surface hydrothermal systems and the
underlying magmatic systems that lie below the brittle-ductile transition, as indicated
by vertical low-resistivity anomalies in the resistivity models [77]. The resistivity
distribution beneath Tenerife Volcanic Island, the largest island in the Canarian
archipelago (Spain), also presents a model of a typical conventional geothermal
system, with a low-resistivity (< 10 Qm) hydrothermal alteration zone residing

above a moderately resistive (20-100 Qm) reservoir zone (Figure 6). Additionally,

a medium-high-resistivity area in the 3D resistivity model indicates the presence of
slowly solidified magma at depth and a hotter part of the geothermal system [24, 78].
At Jigokudani Valley, Tateyama Volcano, Japan [79], which is a composite volcano
located in the Hida Mountains, through an audio-frequency MT (AMT) survey
described two low-resistivity layers. The uppermost layer (C1) is associated with

the lacustrine sediments of an extinct crater, and a lower low-resistivity zone (C2)
contains hydrothermal fluids in the uppermost part and a mix of volcanic gases and
hydrothermal fluids in the lower part. They also identified a relatively low-resistivity
zone (50-100 Qm) acting as a conduit for magmatic gases in the resistive granitic
basement at depths below 500 m beneath the volcanic edifice (Figure 7). Seki et al.
[80] also performed 3D modeling with additional sites and obtained results consistent
with the previous study. In the Gonghe Basin, on the northeast Tibetan Plateau, which
is characterized by the formation of hot dry rocks, Gao et al. [81] attempted to image
the 3D subsurface structure to better identify the enhanced geothermal systems in

the basin. The electrical resistivity model unveils distinct low resistivity anomalies
interpreted as widespread hot dry rocks or hydrothermal reservoirs at depths above
~3 km. Several vertical narrow conductive zones associated with hidden faults in the
resistivity model are linked to the channels that transport heat from the heat source in
the middle crust (~15-35 km) to the shallow reservoir zone.
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5.Imaging caldera structures

Calderas, one of the most enigmatic geological formations identifiable on Earth
and other terrestrial planets [82], form through a sequence of volcanic processes that
lead to the collapse of the ground surface following a large volcanic eruption, as well
as through lateral magma migration. Cashman et al. [83] characterized key features of
collapse calderas, including the formation of stably zoned magma chambers through
crystal fractionation, the initiation of an eruption by the injection of a vertical
and pressurized dike either in an axisymmetric position or at the chamber margin,
magma withdrawal beginning from the top of the melt lens and moving downward,
and caldera formation by the collapse of an underpressured magma chamber after a
portion of the magma has been withdrawn, with the timing of collapse depending on
the strength and thickness of the overlying country rock relative to the width of the
magma chamber.

Caldera-forming eruptions represent the culmination of a prolonged geological
process that involves the generation of magma at depth, its ascent and differen-
tiation, and its eventual eruption at the Earth’s surface. However, compared to
volcanic eruptions without caldera formation, caldera-forming eruptions are rare
since they require very specific stress and thermodynamic conditions for collapse
to occur [84]. Recent studies have shown that caldera-forming eruptions can be
initiated internally (by the magma chamber) or externally (by the roof), depend-
ing on factors such as tectonic conditions, magma volume, and the aspect ratio of
the caldera roof (e.g., [85-89]).

Identifying the interior structure of calderas and their associated subvolcanic
structures, such as the shape, size, and depth of underlying magmatic bodies, and
the structural controls such as boundary or ring faults and their role in caldera
collapse, provides significant constraints on the structure and thermodynamic
state of the volcanoes. For example, the formation of a collapse caldera mostly
depends on the emptying of a horizontally elongated (sill-shaped) magmatic
body, leading to the generation of a surface depression with a diameter roughly
equal to that of the reservoir [84]. In other words, caldera collapse occurs only
after the withdrawal of a critical volume of magma, which depends on the depth
and geometry of the reservoir (e.g., [83, 84]). On the other hand, bounding faults
control the style of collapse and the structure of the resulting depression [87], and
post-caldera eruptions and resurgences are also linked to activity along these faults
[90, 91].

Although detailed MT imaging of caldera structures is scarce, recent studies
have shown that MT provides significant insights into subsurface structures beneath
them (e.g., [18, 92-94]). In the Cappadocian Volcanic Province, Central Anatolia
(Turkiye), Hacioglu et al. [18] attempted to image a totally hidden caldera complex
and presented the effects of transtensional tectonics on the collapse and burial
process of the caldera complex using the MT method. Accordingly, the 3D electri-
cal resistivity model revealed a large depression with low-resistivity values and
also structural margins. This area is interpreted as a buried caldera complex with
a maximum diameter of ~12 km and a depth of ~3 km below sea level, formed by
partially overlapping nested caldera structures from subsequent volcanic eruptions
and attributed to the probable source area for the Miocene-Pliocene ignimbrite
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Topographic map showing the locations of MT sites (yellow dots) and faults (solid and dashed black lines) in the
Ciftlik Plain, Cappadocia Volcanic Province, Central Anatolia, Tiirkiye (a). The blue-dashed line (L-L’) on
the map denotes the location of the electrical vesistivity section (b) derived from the 3D inversion model. White
inverted triangles mark the MT sites, and a ved arrow indicates the surface trace of a fault in the study area. The
gray-dashed line below the broad conductive zone outlines the hidden caldera (CB), and bold letters a, b, and

c indicate vesistivity anomalies associated with partially overlapped calderas forming a large depression (i.e.,

caldera complex) (modified from Ref. [18]).

emplacements (Figure 8). Thus, a totally hidden caldera was revealed for the first
time using MT data. In the San Juan-Silverton caldera complex, Colorado (USA),
which is part of the extensive southern Rocky Mountains volcanic field, Rodriguez
etal. [94] used MT and AMT data to better understand the subsurface geology and
mineral resources. The hydrothermal plumbing associated with moderate-to-low
resistivity values in the inversion models acts as flow paths for mineralizing fluids
and the formation of metallic ores (Figure 9). MT profiles that crossed different
parts of the caldera complex, providing images of the caldera ring-fault zones along
the caldera margins and the topographic margins, also help understand the caldera
processes that developed during intrusive events.
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Figure 9.

Structural map of the Silverton caldera showing the caldera, graben structures, major faults, mining districts,
breccia pipes, and the MT profiles (a). The vesistivity section acvoss the Mineral Basin and Red Mountain mining
district (MB-RM: Mineral Basin—Red Mountain) includes interpreted geological units and faults. Black number
labels at the top of the profile indicate the projected locations of magnetotelluric (MT) and audiomagnetotelluric
(AMT) sites. The top panel (A) shows the AMT model at depths ranging from o to 300 m, while the bottom panel
(B) shows the MT model at depths ranging from o to 5000 m (modified from Ref. [94]). For abbreviations shown
on the resistivity models, see Ref. [94].
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6. Applications in volcanic hazard assessment and monitoring

Volcanic hazard assessment is critical for mitigating risks associated with volcanic
activity. Since the timing, location, style, and magnitude of volcanic eruptions are
controlled by complex physical and chemical processes within magmatic systems
and their structural components, understanding the characteristics of these systems,
particularly the magma plumbing systems that feed volcanic eruptions, is crucial for
studying volcanic eruption mechanisms and assessing volcanic risks and hazards.
Moreover, the depth, size, and geometry of underlying magmatic bodies beneath
active volcanoes strongly affect volcanic hazards. Therefore, understanding the pres-
ence of magma reservoirs and their pathways beneath volcanic edifices is crucial for
assessing the potential risks and hazards of future eruptions.

Subsurface imaging of magmatic systems is essential for predicting possible
eruptions and mitigating potential risks and hazards. The primary application of
MT in volcanic hazard assessment is the detection and characterization of magma
reservoirs, which allows for better predictions of volcanic behavior, such as potential
eruption sites and the magnitude of eruptions (e.g., [24, 45]). MT is also used to map
hydrothermal systems that often accompany volcanic activity (see previous sections).
In these systems, magma may be located close to the surface, posing a risk for phreatic
and phreatomagmatic eruptions, which occur when water interacts with hot rock
or magma at depth. Additionally, MT can provide insights into volcanic gas emis-
sions, which are crucial for monitoring and predicting eruptions (e.g., [70, 79, 95]).
Furthermore, the method is utilized to monitor the location of subsurface fracture
networks created by fluid injection and fluid distribution in EGS (e.g., [96-99]).

In these studies, the approximate direction of fluid flow in fracture networks was
determined by comparing repeated MT data acquired before and after hydraulic
stimulations.

7. Discussion

MT is a powerful tool for imaging subvolcanic structures. By providing a detailed
image of subsurface electrical resistivity distribution, it enhances our understanding
of volcanic, geothermal, and tectonic processes. Accordingly, in volcanic environ-
ments, MT surveys have been successfully applied to map the characteristics of
magma storage regions, including magma reservoirs (i.e., partially molten rocks) and
magma chambers (i.e., melt lenses), such as sills, dikes, plutons, and batholiths. MT
also helps identify pathways of magma ascent, detect hydrothermal alteration zones
and collapsed caldera structures, and assess volcanic risks and hazards (see previous
sections).

Geophysical imaging is a unique tool for constructing regional images of sub-
surface structures since it is not possible to directly probe the subsurface on a large
scale. Petrological analysis of erupted materials and chemical analysis of volcanic
gases can provide insights into the physicochemical state of a magmatic system.
However, they are not suitable for constructing a 3D image of the subsurface [84].
On the other hand, geophysical imaging, including MT, has significant limitations
and challenges. The interpretation of geophysical data is inherently ambiguous
and non-unique, allowing for multiple interpretations of field data. For instance,
the low-resistivity values at upper crustal depths, as imaged in electrical resistivity
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models, may be caused by partial melts, partial melts with coexisting aqueous fluids,
or hot geothermal fluids. The MT method in volcanic areas can provide important
insights into the subsurface electrical resistivity distribution, which can help identify
magma and other fluids. However, distinguishing magma from other low-resistivity
liquids in the lithosphere is not always straightforward, and there are challenges.

Both magma and other fluids, such as saline aqueous fluids or partial melts, can

cause low-resistivity values. Magma typically has higher conductivity due to its

high temperature and the presence of dissolved ions, but salinity or the degree of
partial melting are also significant factors that may complicate the interpretation.
Additionally, high temperatures and pressures in magmatic systems are often attrib-
uted to magma, whereas lower temperatures may indicate the presence of brines or
hydrothermal fluids. While MT can detect high-temperature zones, distinguishing
between the presence of magma and other fluids depends on the geological context.
The depth extend of the low-resistivity zones is also important. Low-resistivity areas
located at mid-to-lower crustal depths are more likely to be attributed to the presence
of magma, given the temperatures required to maintain rock in a molten or partially
molten state, whereas aqueous fluids are less likely to exist at these depths. In addition
to that, each geophysical method, including MT, has different capabilities for resolv-
ing subsurface structures at various spatial resolutions and may have blind spots. For
example, long-period MT provides an overview of large-scale subvolcanic structures
but faces challenges in distinguishing small-scale features due to decreasing resolu-
tion at greater depths. Conversely, short-period EM waves (i.e., the AMT method)
can yield high-resolution data at shallow depths (e.g., up to ~2 km depending on
near-surface conductive sediments), though they might not capture the larger-scale
structures. Similarly, MT imaging may have struggled to detect melt that is not well
connected in deep crustal rocks. Therefore, a multi-disciplinary approach is necessary
to investigate the structure, composition, and physical state of subvolcanic structures,
particularly the magmatic systems, for which MT provides a geophysical image and
constraints on their depth and shape beneath volcanic edifices.

Combining multi-disciplinary methods may be a relevant approach to better
understanding the interior structure of volcanic systems. However, it is important to
note the different spatial scales of distinct methods. For instance, while geophysical
methods, including MT combined with petrological barometry, offer a powerful
way to identify the depth of magmatic bodies, reconciling information from these
methods is challenging due to differences in temporal and spatial scales—namely,
micrometers to centimeters for petrological barometry and meters to kilometers for
geophysical observations. Thus, linking these two datasets remains extremely chal-
lenging [2]. Similarly, geochemical studies can resolve minute changes in chemical
parameters in minerals on the submillimeter scale [84], whereas MT imaging beneath
volcanoes generally focuses on larger-scale features.

MT may have difficulties detecting the postulated large magma chambers, similar
to seismic imaging (e.g., [100]). Instead, previous studies explain the presence of vast
quantities of hot igneous rock in the crust of many active and dormant volcanoes,
containing only small amounts of melt (e.g., [22, 23, 34, 41]). Here, the limitation
arises from the resolution of MT images, similar to other geophysical images that are
not capable of identifying the detailed geometry or scale of melt distribution, which is
significant for estimating melt fractions in subvolcanic magma reservoirs and to assess
the eruption potential of a large magma reservoir. Furthermore, the MT data may not
have sufficient resolution to detect small-sized magma pockets [24] due to resolution
limits that may be attributed to several factors, such as small resistivity contrasts
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between magma chambers and host rocks (i.e., located in a low-resistivity area (<10
Qm)) and low MT site coverage or insufficiently distributed sites above the chambers.

To understand magma storage in the crust, it is critical to determine the depth at
which magma is stored, the duration of its storage, and the fundamental processes
occurring inside the magma reservoir as it cools and is recharged [2]. Recent MT
studies have proposed elevated melt fractions in laterally extended large volumes
of magma at Mount St. Helens [101], the Afar volcanic province [102], and Volcin
Uturuncu [52], implying significant magma storage may occur at mid- and lower-
crustal depths or straddle the Moho, as well as the involvement of MASH processes
and hot zones where mantle-derived melts interact with the lithosphere. Evidence
from geology, geochemistry, and petrology also shows that substantial magma pro-
cessing and chemical differentiation occur in the lower and middle crust, supporting
the ideas of MASH processes [1, 2].

Inversion and mathematical frameworks can significantly bias geophysical results.
Inversion of geophysical data, such as MT data, does not yield a unique solution.
Mathematically, it can be demonstrated that an infinite number of resistivity models
can fit a set of observed data within a certain statistical tolerance. In other words,
the MT inverse problem is non-unique in practice due to data errors, spatially under-
sampled data (ill-posed problems), a limited frequency band, model parameteriza-
tion, and physical assumptions [27, 103]. Inverse models also typically incorporate
the effects of both the targets and the surrounding rocks, providing a gradual change
in resistivity rather than sharp resistivity boundaries (i.e., smooth inversion) (e.g.,
[104]). Furthermore, MT data can constrain the conductance of structures rather
than the individual thicknesses and resistivity values. Therefore, different com-
binations of thickness and conductivity can adequately fit the observed MT data.
Additionally, if the conductance of a layer is less than the total conductance of the
overlying layers, it is usually not possible to detect this anomalous layer from the MT
data [105]. These challenges can be addressed by incorporating additional data or 4
priori information into the inversion (e.g., [15, 106, 107]) or by performing a joint
inversion of multiple datasets (e.g., [108]), which can constrain the range of models
produced by the inversion and reduce the uncertainty of subsurface models. Another
important aspect when interpreting resistivity models is the sensitivity of data to
particular parts of the model. For instance, in magmatic geothermal systems, a low-
resistivity clay alteration zone overlying a mid-crustal reservoir may indicate the cou-
pling effects between a magma reservoir and a shallow-seated hydrothermal reservoir.
Similarly, a magma reservoir beneath a low-resistivity clay alteration layer may reduce
the sensitivity of the MT data to the structure below, leading to an underestimation
of the electrical resistivity of the underlying layer. Additionally, it is important to
note that MT may face challenges in resolving the lower boundaries of low-resistivity
zones, which can lead to the appearance of artificially connected low-resistivity zones
at deeper parts of the crust. Therefore, resolution tests are needed to interpret MT
inverse models in the presence of shallow low-resistivity layers, such as clay layers or
shallow-seated magma reservoirs. It is also worth noting that the presence of a well-
covered 3D MT array is crucial for obtaining high-resolution subsurface models.

8. Conclusion

This chapter has presented the role of magnetotellurics (MT) in advancing our
understanding of volcanic systems, focusing on its application in imaging subvolcanic
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structures. The ability to visualize and interpret the internal complexities of volca-
noes through MT provides critical insights into the distribution and characteristics

of magma reservoirs, hydrothermal systems, and caldera structures. By mapping elec-
trical resistivity variations, the spatial distribution of magma reservoirs, including
magma chambers and complex plumbing systems, can be elucidated. This is essential
for assessing volcanic hazards, as it offers a clearer picture of the potential volume,
location, and behavior of eruptible magma. Furthermore, MT is also capable of imag-
ing low-resistivity zones associated with hydrothermal alteration, fluid movement,
and geothermal reservoirs beneath volcanic edifices, which enhances our comprehen-
sion of geothermal dynamics and helps identify potential resources. MT also provides
insights into the structural complexities and processes involved in caldera collapse. By
revealing the depth, shape, and size of underlying magmatic bodies, it aids in under-
standing the factors leading to caldera formation and the implications for volcanic
hazards.

In conclusion, integrating MT with other geophysical methods and geological
studies provides a comprehensive approach to understanding volcanic systems.
Although MT alone cannot address all aspects of volcanic systems, it contributes to
a better understanding of subvolcanic structures. The continued development and
application of MT in volcanic domains promise to deepen our knowledge of these
systems and their impact on both the environment and human society.
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Chapter 6

The Contribution of Underwater
Systems for the Study of the
Emerged Volcanoes and Seamounts
of Southern Italy

Tiziana Sgroi and Paolo Favali

Abstract

This chapter examines the signals collected by multidisciplinary seafloor obser-
vatories and subsea instruments in Southern Tyrrhenian region. It provides an
overview of the systems, emphasizing the key characteristics of the sensors. Various
types of signals (such as seismological, magnetic, deformation, and oceanographic
data), detected underwater and related to onshore and offshore volcanic structures,
are analysed and compared, where possible, with data from land-based stations.

The focus is on several case studies from Southern Italy, a region of high geological
activity, and tectonic and volcanic features. This area includes two of the world’s most
active volcanoes, Mt. Etna and Stromboli, as well as the Marsili Seamount, the largest
volcanic seamount in the Tyrrhenian Sea bathyal plain. Although extensive research
has been conducted on Mt. Etna and Stromboli, the functioning of their deepest

and submerged parts, as well as the nature and evolution of their activity, remains
incomplete. This is also particularly true for volcanic seamounts like Marsili. Seafloor
instrumentation, including Ocean Bottom Seismometers and Hydrophones (OBSHs),
and multiparametric seafloor observatories play a crucial role in monitoring volcanic
activity contributing significantly to understanding of volcanic behaviour and its
temporal evolution. Additionally, swath bathymetry data aid in visualizing tectonic
and volcanic structures.

Keywords: emerged volcanoes and seamounts, underwater observatories and
instruments, time series, signal analysis, southern Italy
1. Introduction

Covering approximately 70% of the Earth’s surface, the ocean plays a crucial
role in regulating the global climate and acting as a major component of the Earth’s
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geo- and ecosystem. It absorbs more than 90% of the excess heat resulting from
greenhouse gas emissions, leading to changes in ocean temperature, acidity, and
stratification. These changes impact marine biodiversity and the functioning of
marine ecosystems. Additionally, anthropogenic factors, such as the impacts of
pollution, eutrophication, intensive coastal development, and extensive agricultural
practices, contribute significant stress to marine and coastal environments, alongside
the overexploitation of marine resources.

Understanding the ocean’s complex interplay of physical, biological, chemical, and
geological systems presents a significant challenge for the early twenty-first century.
The ocean’ role in regulating carbon dioxide (CO,) exchange and storage is criti-
cal for controlling global climate and supporting life. Moreover, the ocean provides
numerous resources essential to human society.

Geological hazards predominantly originated in oceanic areas, with approximately
70% of the Earth’s volcanic activity occurring on the ocean floor. These hazards
include significant seismic events and submarine landslides, which are primary
sources of tsunamis. Such events can cause catastrophic damage and have substantial
socio-economic impacts. Historical examples of catastrophic events that occurred in
the studied area include the 28 December 1908 Messina Straits Earthquake (M, 7.1
[1]), which generated tsunamis and caused widespread devastation. A comprehen-
sive scientific approach necessitates coordinated and complementary monitoring
and observation programmes to grasp the ocean’s interrelated processes through an
interdisciplinary lens [2].

Observing natural systems is often complicated by temporal variability, which
can be challenging to characterize accurately. When combined with spatial vari-
ability, this complexity significantly impedes our understanding of system structure
and function, particularly in distinguishing natural from anthropogenic changes
over time. Eulerian observatories, which are fixed platforms relative to the Earth’s
crust, are equipped with sensors for making physical, chemical, and environmental
in situ measurements and are critical for sustained ocean observations [3]. These
observations are vital for understanding complex processes and require a network
of long-term, comprehensive observations [4]. Multidisciplinary standardized
reference data facilitate interdisciplinary analysis required to improve geo-hazard
warning and effectively evaluate the influences of climate change and anthropo-
genic impacts [5].

Eulerian observatories generally fall into two main categories: stand-alone sea-
floor monitoring modules, such as Ocean Bottom Seismometers and Hydrophones
(OBSHs), and seafloor observatory. OBSHs are typically deployed and recovered via
free-fall landing and pop-up procedures or by Remotely Operated Vehicles (ROVs).
In contrast, more complex multiparametric platforms, known as ‘seafloor and water
column observatories) offer extended lifetimes and enhanced performance. These
observatories provide valuable insights into sub-seafloor, seafloor, and water column
interactions, offering comprehensive data on geosphere, biosphere, and hydrosphere
interactions and their temporal variability [6].

Globally, numerous initiatives have established networks of ocean observatories
and research infrastructures [7]. In Europe, research infrastructures in the marine
domain are focused on enhancing cooperation, coordination, and integration to sup-
port healthy and productive oceans, seas, coastal and inland waters (see Dafiobeitia
etal. [8] for details and references). These efforts aim to mitigate the increasing socio-
economic impacts by improving knowledge and information.
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Figure 1.

(a) Shaded-relief morphological map (latitude N and longitude E) of Southern Italy (based on Google Earth
Pro [9]) indicating subaerial volcanoes, seamounts, and mud volcanoes (BMV-Bortoluzzi Mud Volcano), and the
position of OBSHS, seafloor observatories, and land stations (see legend). The major tectonic structures are also
reported in white (lines faults, lines with rectangles outer extensional front and with triangles outer thrust front)
(modified after Sgroi et al., Polonia et al., and Lavecchia et al. [10-12]); (b) zoom on the area of Stromboli
volcano where the Stromboli (STR06) experiment was performed (see Section 3).

This chapter explores the contributions of underwater monitoring systems, both
multiparametric observatories and individual modules, to our understanding of
emerged volcanoes and seamounts. These systems have significantly advanced the
study of volcanic activity in Southern Italy, enabling comprehensive monitoring and
data collection from both submerged and emerged volcanic structures. By comparing
signals collected by these underwater systems with those from land-based stations, a
clearer understanding of volcanic behavior within the regional tectonic context can be
achieved. The focus of this study is on Southern Italy, particularly the main volcanoes
(Mt. Etna, Stromboli, and Marsili Seamount), the Aeolian Arc, and mud volcanoes.
Figure 1 shows the Southern Italy area covered by the activities of the experiments
and projects described in this chapter.

2. Geological setting

The Mediterranean region is characterized by the convergence of the Eurasian
and African tectonic plates, resulting in both collisional and extensional processes
along their margins (e.g., Dewey et al. [13]). Volcanic activity has occurred within
the tectonic framework since the Oligocene. During the Pliocene-Pleistocene, the
direction of extension shifted from east-west (E-W) to southeast-northwest (SE-
NW) (e.g., Argnani and Savelli [14]). The complex geodynamic environment of the
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Southern Tyrrhenian Sea is primarily governed by the sinking and rollback of the
Ionian subducting slab (e.g., Argnani [15]). This tectonic activity led to the formation
of two back-arc sub-basins within the Tyrrhenian Sea: the Vavilov (4.3-3.6 Ma) and
the Marsili (<2 Ma) [16, 17].

The Marsili Basin includes the Marsili Seamount, the largest European under-
water volcanic structure, associated with the northwestward subduction of the
Ionian lithosphere below the Calabrian Arc. The Southern Tyrrhenian Sea region
hosts two of the world’s most active volcanoes, Stromboli and Mt. Etna, as well as
several seamounts.

The Marsili Basin has a roughly elliptical shape with a crustal thickness of 7-8 km
and a lithosphere thickness of around 30 km (kilometers) [18, 19]. Satellite gravity
data modeling indicates that the crust within the Marsili Basin is of oceanic origin.
The central portion of the basin features a flat seafloor at a water depth of 3500
metres, interrupted by the Marsili Seamount, which rises to a minimum water depth
of 500 m. The volcanic structure extends 60 km in length and 20 km in width, is
oriented predominantly north-northeast-south-southwest (NNE-SSW), and is
characterized by steep flanks with slopes averaging about 20° [16, 20].

The Aeolian Arc includes seven islands, listed from west to east as follows:
Alicudi, Filicudi, Salina, Vulcano, Lipari, Panarea, and Stromboli. It also encom-
passes several seamounts: Sisifo, Enarete, and Eolo in the western sector; and
Lametini, Alcione, and Glabro in the eastern sector. This arc surrounds the Marsili
Basin and extends northwards to include the Palinuro Seamount [20]. Volcanic
activity within this region is influenced by a strike-slip/extensional tectonic regime,
with both Mt. Etna and the central Aeolian Islands exhibiting such tectonic features
[21]. Volcanic activity has migrated from west to east along the Aeolian Islands,
currently affecting the central-eastern part of the arc. The western islands have not
experienced volcanic activity in the past 30-40 ka [22]. Significant hydrothermal
activity is observed offshore the Aeolian Islands, with the most active site located
off the coast of Panarea [23].

Belonging to the Aeolian Arc, Stromboli rises approximately 3000 metres from
the seafloor and stands 924 metres above sea level. This volcano has exhibited
continuous eruptive activity for over 2000 years, and possibly as long as 5000 years
[24]. The current eruptive behavior is characterized by intermittent explosive
events, where well-collimated gas jets laden with molten lava fragments produce
brief eruptions lasting 5-15 seconds, occurring at a typical rate of 3-10 events per
hour. This persistent volcanic activity is occasionally interrupted by lava effusions
or major explosions [25].

Mud volcanoes are ubiquitous both on land and in marine environments. They are
formed due to various processes, typically involving overpressured clay- and fluid-
rich subsurface levels that drive the ascent of mixed and liquefied clay, water, and
gases (e.g., CO,, methane (CH,), and nitrogen (N)). This results in the formation of a
conical or truncated-conical landform [26].

The Western Ionian Sea coastal region is densely populated and supports numer-
ous social, commercial, and industrial activities, rendering it highly exposed to natu-
ral hazards, such as volcanic eruptions and earthquakes and, in some cases, tsunamis.
The active volcano in this region is Mt. Etna situated in the forearc of the Calabrian
Arc subduction system. Mt. Etna is a large basaltic composite volcano covering a
broad sub-rounded surface of 1178 km?, with a maximum diameter of approximately
45 km, an elevation of about 3350 metres, and in activity since 3.5 ka [27]. Its eastern
flank extends beneath the sea surface to a depth of 2000 metres below sea level.
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Mt. Etna has exhibited nearly continuous volcanic activity for the past 600 ka [28],
causing significant destruction in Eastern Sicily. Despite extensive and continuous
monitoring, the dynamics of its deepest and submerged parts, as well as the nature of
its activity or its evolutionary origin, remain incompletely understood.

3. Technology used and description of the experiments and projects

This section provides a brief overview of the technology used and the experiments
and projects carried out.

3.1 Stand-alone seafloor monitoring modules

Stand-alone seafloor monitoring modules, such as OBSHs (Figure 2a), typically
possess the following key characteristics:

* Limited autonomy, depending on the sensors and the sampling rates used, which
may allow operation for up to 1-2 years.

* Local data storage capability.

* Acoustic communications for controlling the start of the acquisition.

Figure 2.

(a) An example of OBSH owned by GEOMAR; (b) GEOSTAR seafloor observatory on the deck of R/V
URANIA during the deployment in Tyrrhenian Sea; (c) relay buoy to allow near-real-time communication
between seafloor observatory and inland; and (d) SN1 observatory during the operation, offshore Eastern Sicily to
connect it to the electro-optical cable by ROV,
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* Uncertainty in the orientation of the three-component sensors.

* Free-fall landing and pop-up recovery procedures utilizing acoustic release of
the ballast.

* Alternative deployment and recovery options using ROVs.

Table 1 summarizes the experiments conducted and the primary technical specifi-
cations of the OBSHs utilized (extracted from References [29-35]).

3.2 Multiparametric platform

Multiparametric seafloor and water column observatories are more advanced
platforms compared to stand-alone seafloor monitoring modules. These observatories
offer extended operational lifetimes, enhanced performance, and the capability to
detect signals over longer time scale. They are powerful tools for monitoring the sub-
seafloor, seafloor, and water column, providing valuable insights into interactions
among geosphere, biosphere, and hydrosphere, as well as their temporal evolution
and variability. The key features of these observatories include:

* Multiple payload capabilities.

* Autonomy.

* Communication capabilities.

* Remote reconfiguration potential.
* Accurate positioning.

* Data acquisition procedures compatible with those used in land-based
observatories.

A seafloor observatory is an unmanned station designed for long-term operations,
supporting various instrumented packages across multiple scientific disciplines
(Figure 2b). These platforms can be configured in different ways: autonomous,
acoustically linked with an infrastructure (a moored buoy, Figure 2c; or another
observatory), or cabled (Figure 2d) [6].

In recent years, integrating sensors into undersea telecommunications cables has
become increasingly vital for addressing societal threats, such as climate change, sea
level rise, ocean warming, earthquakes, and tsunamis. This approach helps bridge criti-
cal gaps in fundamental data needed to model, understand, and respond effectively to
these challenges. The SMART (Science Monitoring And Reliable Telecommunications)
Subsea Cables initiative leverages the growing demand for connectivity through under-
water telecommunication cables [36]. Over the past 2 years, numerous global projects
have been launched, ranging from early planning stages to implementation [37].

Table 2 summarizes the main information of the multiparametric platforms and
their use in projects. Table 3 lists the sensors used for each case. The content of these
tables is extracted from Gasparoni et al. [38], which contains additional detailed
information.
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n°  Project Area Duration Platform
1 GEOSTAR-2 (1999-2001) Southern Tyrrhenian Sea Sept 2000-Apr 2001 GEOSTAR
(1950 m)
2 ORION-GEOSTAR-3 Southern Tyrrhenian Sea Dec2003- Apr2004 GEOSTAR, SN3
(2002-2005) (3350 m)

3 ORION-GEOSTAR-3

Southern Tyrrhenian Sea

Jun 2004-Apr 2005

GEOSTAR, SN3

(2002-2005) (3350 m)

4 GNDT (2000-2003) Ionian Sea (2105 m) Oct 2002-May 2003 SN1

5 INGV-INFN (2005-2008) Ionian Sea (2105 m) Jan 2005-May 2008 SN1 (cabled)

6 MUR-EMSO (2010 on) Ionian Sea (2105 m) Jun 2012-May 2013 Dec SN1 (cabled)

2023 on
Extracted from Gasparoni et al. [38].
Table 2.
Main information on the multiparametric platforms and their use in projects.

Ser.No.  Platform Sensors Type Sampling rate

1 GEOSTAR  3Cbroadband seismometer  Giiralp CMG-1T 100 Hz
Scalar magnetometer GEM Syst. GSM-19 L 1 sample/min
Vectorial magnetometer INGV/Tecnomare 1sample/10 s
Gravimeter CNR-IFSI 1Hz
ADCP RDI 300 kHz 1 prof/min
CTD Seabird SBE-16 1 sample/h
Turbidity Chelsea Alphatracka I 1sample/h
Current meter FSI 3D-ACM 2Hz
Automatic water sampler McLane RAS-48-500 500 mL/10 days
Precision tilt meter Applied Geomech. 716 1sample/h
Compass Falmouth Ostar 1Hz

2-3 GEOSTAR  Sameofn.1 Sameof n. 1 Sameof n. 1

SN3 pH/Eh Tecnomare with AMT 1sample/6 h

Hydrophone OAS E-2PD 100 Hz
3C broadband seismometer =~ PMD/EEntec EP300-DT 100 Hz

4 SN1 3C broadband seismometer ~ Giiralp CMG-1T 100 Hz
Gravimeter CNR-IFSI 1Hz
Low-frequency hydrophone ~ OAS E-2PD 100 Hz
Current meter FSI 3D-ACM 2Hz
CTD Seabird SBE37-SM 1sample/h

5 SN1 Same of n. 4 Same of n. 4 Sameof n. 4
Scalar magnetometer Mar. Magnetics Sentinel 3000 1 sample/h

6 SN1 Same of n. 5 Same of n. 5 Sameof n.5
Current meter (new) Nobska MAVS-3 2Hz
Vectorial magnetometer INGV 0.5Hz
Low-frequency hydrophone ~ SMID DT-405D(V)1 2kHz
DPG SCRIPPS 100 Hz
ADCP RDI Sentinel 600 kHz I prof/h
4 hydrophones (bio-acoust.) ~ SMID TR-401(V)1 96 kHz
Compass Falmouth Ostar 1Hz

Absolute pressure gauge
Inertial unit

Paroscientific SCB4000-1
ILMRK20-AHRS150-02-100

40-60 samples /min
200 Hz

Extracted from Gasparoni et al. [38].

Table 3.
List of the sensors used for ea
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3.3 Description of the experiments and projects

This section provides a brief overview of the experiments and projects.

TYDE (TYrrhenian Deep-sea Experiment, see the first row of Table 1).

The TYDE experiment, funded by the European Commission (EC) under
Fourth Framework Program (FP4) within the Access to EC Research Infrastructures
(2000-2003), conducted a long-term, six-month experiment in Southern Tyrrhenian
Sea to contribute to the geodynamic understanding of this crucial region of the
Mediterranean. Fourteen OBSHs, provided by GEOMAR and Hamburg University,
were deployed [29, 30].

PROMETHEUS (PROgram of Mediterranean Exploration for THermal Energy
Use, see the second row of Table1).

This project, funded by a private company, focused on an integrated study of the
Marsili Seamount [39]. The primary objective was to characterize the seamount using
swath bathymetry, chirp sub-bottom profiling, magnetometric and gravimetric sur-
veys, water and seabed samplings. A seismic monitoring was also carried out through
an OBSH deployed in different points of the seamount, including its flat summit.

The sampling rate of 200 Hz per channel was selected to detect signals indicative of
hydrothermal activity [35].

Stromboli experiment (STR06, see the third row of Table1).

The STRO6 geophysical experiment, funded by the Italian Civil Protection
Department, aimed to acquire onshore and offshore seismic data through a combined
land-based and marine seismic network. These data were used to reconstruct the seis-
mic tomography of the Stromboli volcano and investigate its deep structures, includ-
ing the location of magma chambers. Wide-angle refraction seismics was conducted
around the volcano using a 4 GI-GUN tuned array. Data were recorded by the per-
manent seismic network of the Istituto Nazionale di Geofisica e Vulcanologia (INGV),
along with 20 temporary land stations and 10 OBSHs deployed on the southeast (SE),
southwest (SW), and northeast (NE) submerged flanks of the volcano following a
detailed morpho-bathymetric analysis [31, 32].

Seismofaults experiment (see the fourth row of Table1).

This experiment involved the deployment of eight OBSHs in the Ionian Sea for 1
year. It provided a detailed view of the seismogenic structures in the region, which
are potential sources of medium- to high-magnitude earthquakes. The integration of
offshore seismic data with land-based observations significantly improved the detec-
tion and identification of active tectonic structures in the area [33, 34].

GEOSTAR-2 (Second phase: Deep-Sea Scientific Mission, see the row 1 of Table 2).

GEOSTAR-2 was a project funded by the EC within the FP4-MAST3 program.
The multiparametric seafloor observatory prototype, developed during the first
phase, and named GEOSTAR (GEophysical and Oceanographic STation for Abyssal
Research), completed its inaugural deep-sea mission, which lasted 7 months ata
water depth of approximately 2000 metres in the Tyrrhenian Sea. Communication
systems were enhanced using three independent approaches: floats developed in the
first phase, an acoustic link between the underwater system and a surface unit; and
a surface buoy equipped with an acoustic underwater link as well as both radio and
satellite links to land [40].

ORION-GEOSTAR-3 (Ocean Research by Integrated Observatory Networks, see
rows 2 and 3 of Table 2).

ORION-GEOSTAR-3 was a project funded by the EC within the Fifth Framework
Program (FP5). This project marked the transition from a single-node to a multinode
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system, deploying two multiparametric observatories (a main node and a satellite
one). A deep-water network was established, enabling underwater acoustic com-
munication between the satellite and the main node, which then communicated
acoustically with a relay surface buoy linked to land via radio and satellite. ORION-
GEOSTAR-3 implemented one of the first near-real-time deep-sea networks, which
operated for nearly 2 years at depths exceeding 3300 metres in the Tyrrhenian abyssal
plain, located at the northwestern base of the Marsili Seamount [41].

GNDT-SN1 (Design of Monitoring and Warning Networks in Marine Areas close
to High-Seismic-Risk Zone: First Implementation in Eastern Sicily).

GNDT-SNlwas an Italian project funded by National Earthquake Defence Group
(GNDT) (see rows 4 and 5 of Table 2). The project developed SN1, a benthic,
GEOSTAR-type multidisciplinary observatory [38], and conducted a stand-alone
experiment off the coast of Eastern Sicily at a water depth of 2000 metres for 7
months during 2002-2003. In 2005, thanks to a specific agreement between Istituto
Nagzionale di Fisica Nucleare (INFN) and INGV, SN1 was redeployed at the same
location and connected to an electro-optical cable, making it the first real-time
European benthic observatory and one of the few worldwide at that time. SN1 is cur-
rently one of the operational nodes of the research infrastructure EMSO (European
Multidisciplinary Seafloor and Water-Column Observatory, www.emso.eu). The
maintenance costs of this cabled infrastructure are covered by the MUR-EMSO
(Ministry of Education, Universities and Research) funds (see row 6 of Table 2), which
is part of Italy’s contribution through the Ordinary Fund for Research Institutions
(FOE), allocated annually to INGV as Italy’s representative entity in EMSO.

The following section describes some of the scientific results obtained using data
recorded by infrastructures in the experiment and projects previously described.

4, Case studies

A brief description of the main results of studies performed with data recorded by
underwater platforms is reported here.

4.1 Stromboli

Stromboli was the site chosen for several experiments with the use of OBSH
modules.

The OBSH deployed near Stromboli (OBS5, 16 km SSE at a water depth of 1500 m)
during the TYDE experiment [29] was the first underwater instrument able to detect
low-frequency signals, which were identified as long-period (LP) events and volcanic
tremor. Figure 3 illustrates an example of LP events and tremor, their spectrograms
and power spectral density (PSD). A comparison between the low-frequency seis-
micity recorded at OBS5 and explosion quakes (EQs) at a land station located on the
summit of the volcano suggests that these recordings cannot be attributed to the same
source. EQs manifest as impulsive events with short duration and are characterized by
higher frequency content compared to the LP events, representing the signal gener-
ated by the explosion of gas bubbles near the surface of the volcano. As low-frequency
seismicity is considered a key indicator of fluid migration within the volcanic edifice,
with the source mechanism typically attributed to fluid resonance in volcanic con-
duits and fractures. Analyzing data recorded by OBS5, Sgroi et al. [25] identified the
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Figure 3.

Vertical component seismograms and spectrograms computed on 200-s window of LP event (top left) and tremor
(top right) recorded by OBSs. In the spectrograms, the warm colors (ved, yellow, and green) define the dominant
spectral amplitudes, while cooler colors (light to dark blue) define lower amplitudes and background. Bottom
graph shows a comparison between PSD of LP event (ved trace) and tremor (green trace) recovded by OBS5
(modified after Sgroi et al. [25]). Spectval content is similar for both seismic signals, but spectral amplitude of LP
event is about 10 dB greater than tremor signal in the vange of 1-2 Hz. Black solid lines vepresent the HNM (High
Noise Model) and LNM (Low Noise model) curves according to Peterson [42].

source of the LP events with a magmatic reservoir located approximately at 3-km
depth. On the contrary, the source of the EQs (recorded only by land station) was
associated with a shallower reservoir at a depth of around 400 m. The distinct fea-
tures of the seismic signals recorded by both the land station and OBS5 hypothesize
the presence of two separate seismic sources [43].

This result was confirmed by the construction of a high-resolution three-dimen-
sional (3D) velocity model of the volcanic edifice, using both onshore and offshore
seismic sensors deployed during the STRO6 experiment [31, 32]. The joint inversion
of artificial and natural seismic sources data revealed a high-velocity seismic body,
leading to the identification of a magma chamber at 1-3-km depth [44].

Moreover, another 3D velocity (V,) model of the Southern Tyrrhenian Sea was
developed for the first time by integrating both land and marine (OBSHs and seafloor
observatories) [45]. This approach has provided new insights into the tectonic and
volcanic structures of the region. The results of the 3D inversion were more accurate
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due to the inclusion of the bathymetry, which exhibits significant variation (rang-
ing from approximately —3500 m in the Marsili Basin to +3350 m at Mt. Etna). This
tomography model identified two main low-velocity anomalies under the central
Aeolian Islands and Mt. Etna related to active volcanism. These two volumes are
separated and located at different depths (above 16 km for Aeolian, between 24 and
28 km for Mt. Etna).

4.2 Submerged flanks of Stromboli, Marsili, and other seamounts

Detailed mapping and sampling of submerged volcanic structures have revealed
complex eruption histories. Comparing submerged and emerged volcanic systems
significantly enhances our understanding of volcanic processes. Figure 4 illustrates
the 3D bathymetry of the submerged flanks of Stromboli, the Marsili Seamount, and
two seamounts, Eolo and Enarete, located west of the Aeolian Arc (see Figure1).

The SSE submerged flank of Stromboli displays an irregular seafloor morphology,
with several outcrops of volcanic basement, separated by NE-SW trending linea-
ments. These features likely result from the channelized flow of volcanoclastic depos-
its towards the slope and bathyal plain (Figure 4a). In contrast, the SW submerged
flank has a more regular morphology, marked by volcanic blocks deposited after mass
wasting along the slope or outcrops of volcanic basement (Figure 4b) [31]. The Eolo
Seamount is characterized by large scars along its southern and eastern flanks, shap-
ing the current morphology of the volcanic edifice, while at the Enarete Seamount the
collapse of the eastern flank is distinctly evident. These findings are interpreted as
later manifestations of volcanic activity, developed during Mid-Late Pleistocene [46].

Submerged portions of Stromboli Marsili Seamount

N

Enarete Seamount

Collapss scar ;- ~
pes Antithetic fault

s 15 03
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Figure 4.

3D bathymetry of Stromboli (@’ SSE and ‘b’ SW submerged flanks, modified after Marsella et al. [31] ); Marsili
Seamount, the red star indicates the area of deployment of the two observatories during the ORION-GEOSTAR-3
project (modified after Mavani and Gamberi [20]); Eolo and Enarete Seamounts (modified after Bortoluzzi

et al. [46]).
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4.3 Marsili seamount

Accurate bathymetric maps reconstructed around the Marsili Seamount revealed
that the volcanic structure is complex, with a broad, gently sloping summit and steep
flanks [20]. The Marsili Basin exhibits a high heat flow, averaging 250 mWm ™, and
reaching 500 mWm ™ in the uppermost and central portion of the seamount [47, 48].

Detailed magnetic and gravimetric surveys were conducted across the entire
seamount area [39], which overlapped with the positive heat-flow anomalies
(Figure 5a,b). During 2003-2005, long-term geophysical and oceanographic moni-
toring was carried out using two observatories deployed at depths exceeding 3300 m
in the NW vicinity of the seamount [41].

An analysis of the first 8 months of data collected by the seismometer at the main
node revealed the occurrence of over 700 earthquakes, including 130 teleseisms
(M > 4.8), 218 regional events (M > 2.3), and 185 localized local events (M > 1.9),
along with 209 non-localized low-magnitude earthquakes. Among the non-localized
local events, 160 were detected exclusively by the underwater observatory, indicating
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Figures.

Marsili Seamount: (a) magnetic anomaly field reduced to the magnetic pole, (b) gravimetric survey (@’ and ‘b’
modified after Caso et al. [49]). Low magnetization and high density are recognizable in correspondence of the
central summit zone of Marsili (white circles); (c) PSD of OBSH three components (ved, Z; green, N-S; and blue,
E-W) computed on one-hour long seismic signal recorded on the summit of the seamount (18 July 2006, h 12:00),
the LNM and HNM lines according to Peterson [42]; (d) 80-m-high episode of fluid venting in the proximity of
the Maysili Seamount cvest recovded with chirp investigations (courtesy of Institute of Marine Sciences-Italian
National Research Council (ISMAR-CNR)); and (e) recovered density model of the seamount (modified after
Caso et al. [49]).
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a degree of local activity (data extracted from Ciafardini [50]). The broadband
seismometer recorded notable short-duration seismic signals at frequencies exceeding
10 Hz, which could be attributed to phase transitions between/by liquid-supercritical
fluid states of seawater, consistent with hydrothermal circulation. Additionally,
gravimetric measurements showed fluctuations in the gravity signal that coincided
with increases in high-frequency seismic noise, suggesting the presence of magmatic
hydrothermal fluids [51]. The vectorial magnetometer time series indicated a decrease
in the ratio of vertical to horizontal magnetic field components, corresponding to an
increase in electrical conductivity. This variation can be interpreted as a sign of deep
circulation of thermally mineralized fluids [41].

The presence of an active hydrothermal system is also indicated by seismic activity
recorded by the OBSH on the flat crest of the seamount [52]. The signals are character-
ized by higher frequencies compared to normal seismic noise, within the 4-60 Hz
frequency range, and an unexpectedly high number of non-tectonic seismic events
(approximately 800 within a few days). These events can be categorized into two main
groups: 720 with frequencies between 4 and 10 Hz, and 80 events with the 20-60 Hz
range [35]. The first group is likely associated with hydrothermal fluid circulation
processes, while the second may be generated by phase changes in supercritical fluid.
Figure 5c illustrates an example of the PSD of the seismic noise, with visible peaks in
the 20-60 Hz range. Additional evidence of fluid venting was detected through chirp
sonar investigations (Figure 5d). The observed anomalous gravity field can only be
explained by assuming an average density of the volcanic structure of approximately
2 g/cm’® (Figure 5e). The collective evidence strongly supports the hypothesis that the
Marsili Seamount constitutes a geothermal field of significant potential [53].

4.4 Mud volcanoes

Morphologically similar to volcanoes [54], the mud volcanoes are mainly connected
to the tectonic activity and are characterized by the expulsion of mud, brine, and gases,
such as methane (CH,) and carbon dioxide (CO,). Their activity can range from slow,
continuous emission to more vigorous, episodic bursts. These eruptions form conical
mounds or, in some cases, expansive flat areas covered in mud. The surrounding tectonic
activity may influence the behavior of the mud volcano, potentially triggering more sig-
nificant eruptions. Among many examples [55], two notable instances of mud volcanoes
have been discovered offshore Sicily, south of the island and within the Ionian Sea.

The first example was discovered offshore south of Sicily and studied by Holland
etal. [56]. The second, named Bortoluzzi Mud Volcano (BMV) in honor of Giovanni
Bortoluzzi, was recently identified through a bathymetric survey in the Ionian Sea
during the Seismofaults experiment [33]. This survey revealed significant changes
in seafloor topography and the discovery of a circular structure [57]. The BMV has
offered valuable insights into fluid and gas dynamics of the Earth’s crust, particularly
in the Calabrian Arc subduction zone. Figure 6 presents a high-resolution bathymet-
ric map, three chirp profiles, a shaded-relief map, and the seismicity data from 1990
to 2019 across the BMV. Notably, a cluster of hypocentres is observed approximately
40 km northeast of the BMV.

4.5 Mt. Etna

The Western Ionian Sea is an area of great interest from tectonic and volcanic
points of view. It is particularly suited to multidisciplinary studies due to its high
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(a§ High-resolution bathymetric map (modified after Bosman et al. [58] ), data were collected during the
Seismofaults experiment [33, 34], map of the 3-single-channel chirp profiles (numbered 253, 246, and 241);

(b), (c), and (d) chirp profile lines shown in @’; (e) shaded-velief map of the BMV and location of bathymetric
section (C-D) (modified after Bosman et al. [58]); (f) map and SW-NE section (A-A’ profile) of the seismic
events that occurred around the BMV from 1990 to 2019; (g) plot of the seismic events within a distance of about
10 km from the transect (earthquake data from Sgroi et al. [59] and Barberi et al. [60]).

seismic activity, including some of the strongest earthquakes (M7+) that have gener-
ated in some cases intense tsunami waves [61, 62]. Moreover, this region encompasses
Mt. Etna, one of the most active volcanoes in the Mediterranean, whose deeper and
submerged activity is not fully understood.

The SN1 multidisciplinary observatory was deployed, with the aim to focus on
its tectonic and volcanic complexity. Long-term multiparametric analysis of the SN1
time series data is revealed to be crucial for identifying volcanic processes and their
variations [43, 63, 64].

During the stand-alone deployment in 2002-2003, SN1 well recorded several
hundred seismic events (teleseismic, regional, and local). Notably, 485 local events
detected by SN1 were not reported in standard seismological bulletins [65]. During
this period, a significant flank eruption was characterized by moderate lava emis-
sion, intense explosive activity, and abundant ash emission. This eruption began 2
hours after a seismic crisis and provided a good opportunity to study low-frequency
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(a) One-hour vertical component seismogram (Butterworth 4-12 Hz bandpass) recorded by SN1 during the onset
of Mt. Etna evuption (27 October 2002) and more than 40 earthquakes were vecorded by SN1 together with land
stations. The events recovded by the seafloor seismometer, but not veported in seismic bulletins ave circled in red
(an example is shown in the top-left inset). The top-right inset vepresents an Etnean event (Mp 3.5, [66]) from
the swarm accompanying the eruption onset, recorded by land and offshore stations (modified after Sgroi et al.
[65]); (b) ECCS land-station seismogram recorded at the same time of @’ Due to the high amplitude of volcanic
tremor, some low-magnitude earthquakes are not clearly visible on land-station seismograms. The bottom-right
mayp shows the two seismic stations ECCS and SN1 located at about 7.5 and 50 km from Mt. Etna summit.

seismic signals recorded by SN1 during explosive volcanic activity. Figure 7 illustrates
an example of a one-hour seismic event recorded by SN1 during the onset of the Mt.
Etna eruption, with unreported events circled in red. For comparison, the same hour
of data from the ECCS land-station seismogram is also shown (see the caption of
Figure 7 for the comments).

The comparison between seismic data recorded during both an eruption and a
cycle of lava fountain at Etna is shown in Figure 8. This figure presents the strain
release and the number of earthquakes per day (a), and the root mean square (RMS;
b) computed on the vertical component of the seismic signal from October 2002
to January 2003 (the eruption onset and end are marked with red arrows), while
Figure 8c,d present the same type of plot but from 1 January to 30 April 2013 (red
asterisks marking the occurrence of lava fountains).

In 2013, Mt. Etna experienced another significant eruption phase characterized by
13 intense episodes of lava fountains. Also, an intense volcanic ash fallout occurred
and it was completely documented by SN1’s oceanographic sensor. These volcanic
events were clearly observed by SN1, deployed at approximately 50 km from the
volcano summit. The intensity and depth of the lava fountains generated signals that
were more effectively detected by SN1 than by land-based stations at similar dis-
tances, such as the ESLN station, which is the closest land-based station [63].

Due to its location, SN1 has recorded various signal types associated with instabili-
ties in the Western Ionian linked to both Mt. Etna’s volcanism and tectonic structures,
potential sources of destructive earthquakes [63, 65]. For example, the high-
frequency, impulsive short-duration events (SDEs) continuously detected by SN1 are
likely related to gas movements caused by Mt. Etna’s volcanism.
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Figure 8.

(a) Cumulative strain release (grey area, earthquake data from Alparone et al. [67]) and histogram of the
number of earthquakes per day (1 October 2002—2031 January 2003), the onset and end of the eruption are
marked with red arrows; (b) RMS computed on the vertical component of the SN1 seismic signal filtered

0.8-8 Hz; (c) cumulative strain release (gray arvea, earthquake data from Alparone et al. [68]) and histogram of
the number of earthquakes per day (1 January-30 April 2013), the lava fountain episodes are marked with red
asterisks; (d) RMS computed on the vertical component of the SN1 seismic signal filtered 0.8-8 Hz.

An analysis performed on continuous background signal allowed for the dif-
ferentiation of volcanic tremor from oceanographic noise, highlighting the distinct
characteristics of these signals [69]. Figure 9 highlights that the predominant contri-
bution to SN1’ signals occur in the 0.01-0.1 Hz frequency band, where the signal is
well correlated with sea wave height data (blue plot). In the 0.1-0.8 Hz band, there is
an increase in background noise amplitude observed at both SN1 and land stations.
After the EPOZ land station near the coast became operational on 20 March 2013, it
was found to be more sensitive to sea wave impacts compared to SN1 in the 0.1-0.8
and 0.8-8 Hz bands. Despite this, both SN1 and EPOZ land station effectively detect
sea wave motion during lava fountain events (indicated with black asterisks), with
SN1 showing clear peaks associated with increased tremor activity. The 0.8-8 Hz
frequency band captures volcanic tremor signals, with notable peaks corresponding
to lava fountain episodes.

The joint use of the seismic signals recorded by SN1 and land stations improves
the accuracy of the source location. The deep geometry of Mt. Etna plumbing sys-
tem remains inadequately understood using only land-based stations. Integrating
seafloor measurements with the existing dense on-land network is essential to
advance this understanding. Sharp et al. [70] proposed the existence of a deep
source beneath Mt. Etna, at approximately a 20-km depth based on deep sounding
techniques. This finding was corroborated by a 3D tomography study that revealed
a significant P-wave low-velocity anomaly at the crust-mantle interface beneath
Mt. Etna [45] and associated to deep (about 30 km) tectonic activity in the
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(a) RMS on the seismic signal vecorded by SN1 and 3-land seismic stations (15 February—30 April 2013) in three
different frequency bands (0.01-0.1 Hz; 0.1-0.8 Hz; and 0.8-8 Hz), the light gray rectangle encloses an example of
lava fountain episode (see @’); (b) vertical component of background seismic signal (filtered 0.8-8 Hz) recorded
by 3-land stations and SN1 during a lava fountain episode that occurred from 11 April to 12 April 2013; (c)

RMS computed on the previous background seismic signal (filtered 0.8-8 Hz); (d) correlation between signals
recorded by SN1 and each of the land stations, during the different phases of the lava fountain episode. Maximum
correspondence among SN1 and land-station signals is observed at the maximum phase of explosive activity.
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northwestern sector of the volcano. Michon et al. [71] compared volcanic systems
at Piton de la Fournaise, Hawaii, and Mt. Etna, concluding that the regional stress
field plays a crucial role in controlling magma transfer along deep plumbing
systems.

5. Conclusions

Southern Italy is a hotspot for volcanic activity, encompassing both emerged
volcanoes, like Mt. Etna and the Aeolian Islands, particularly Stromboli, as well as
submerged volcanic structures, such as the Marsili Seamount.

The integration of advanced underwater systems has revolutionized volcanic stud-
ies. Key contributions of these systems include:

i. Real-time monitoring: Using geophysical, geochemical, and oceanographic
sensors, real-time monitoring can detect volcanic tremor, gas emissions, and
anomalies in environmental parameters, offering early warnings of potential
eruptions.

ii. Geophysical surveys: These surveys provide data on the magnetic, gravimetric,
and seismic characteristics of both emerged and underwater volcanoes, helping
to elucidate their internal structures and magmatic processes.

iii. Seafloor samplings: The collection of rocks, sediments, and gas samples from
underwater volcanoes aids in understanding their composition, age, and erup-
tion history. This information is crucial for comparing submerged and emerged
volcanic systems.

High-resolution swath bathymetry offers detailed maps of seafloor topography,
essential for determining the most suitable sites for the deployment of underwater
systems and for identifying volcanic structures, like cones, craters, and lava flows.

Data recorded on the seafloor have led to several significant insights into the volca-
nic activity and geodynamics of Southern Italy, and long-term sea-based observations
are indispensable for directly studying volcanic processes.

Continued development in underwater exploration technologies, as well as long-
term sea-based observations, is essential for directly studying volcanic processes.
These advancements have enhanced our understanding of complex volcanic activity
and are crucial for safeguarding populations in this volcanically active region.
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Chapter 7

Statistical Analysis of Seismic and
Tsunami Waves Generated by the
2022 Tonga Volcano’s Eruption

Leonid Chernogor and Yiyang Luo

Abstract

On January 15, 2022, a catastrophic explosive eruption occurred at the
Hunga-Tonga-Hunga-Ha’apai (HTHH) volcano in the Kingdom of Tonga, marking a
significant geological event. The eruption, located at 20°54'S, 175°38'W, involved 3-5
powerful explosions, with the most severe at 04:15 UTC, and was accompanied by
an earthquake of magnitude M; ~ 5.8. The eruption’s source energy was estimated
between 6.5 to 23 TJ and 19 to 69 TJ, while the energy of the associated air waves
ranged from 16.7 to 75.3 TJ and 2 + 0.8 PJ. Classified as a supervolcano, the total
energy release was approximately 17.6 & 2.7 Mt TNT or 73.6 + 11.3 TJ, with an
eruption heat energy of about 3.9 x 10'® J or 932 Mt TNT. This eruption caused
extensive damage to multiple Earth subsystems, including the lithosphere, ocean,
atmosphere, ionosphere, and magnetosphere. This paper examines the statistical
characteristics of seismic and tsunami waves resulting from the 2022 HTHH eruption,
focusing on Rayleigh waves, slow seismic waves potentially related to Lamb waves,
underwater long waves, and tsunami waves.

Keywords: Hunga-Tonga-Hunga-Ha’apai volcano, explosive volcanic eruption,
seismic waves, underwater long waves, tsunami waves, Rayleigh waves, lamb waves,
statistical analysis

1. Introduction

On January 15, 2022, a catastrophic explosive eruption occurred at the Hunga-
Tonga-Hunga-Ha’apai volcano in the Kingdom of Tonga (hereinafter referred to as
the “Tonga eruption”), located at 20°54’S, 175°38'W. The event featured five signifi-
cant explosions, with the most severe occurring at 04:15 UTC, accompanied by an
earthquake with magnitude M; ~ 5.8 [1]. The estimated energy of the eruption source
ranged between 6.5 to 23 TJ and 19 to 69 TJ in various reports [2-6]. The energy of the
associated air waves ranged from 16.7 to 75.3 TJ and 2 + 0.8 PJ [7-10]. Our findings
indicate the total energy did not exceed 17.6 4+ 2.7 Mt TNT or 73.6 £+ 11.3 TJ, with a
thermal energy release of approximately 3.9 x 10'®J or 932 Mt TNT, corresponding to
an average power output of around 91 TW [11].
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Classified as a supervolcano, the Tonga eruption caused widespread disruptions
across Earth’s subsystems, including the lithosphere, oceans, atmosphere, ionosphere,
and magnetosphere [12]. Traditionally, a supervolcano is defined by a volcanic
explosivity index (VEI) of 8, indicating an eruption that expels over 1000 cubic
kilometers (240 cubic miles) of material. Such eruptions typically occur at hotspots,
like Yellowstone, or subduction zones, such as the Toba eruption 75,000 years ago.
These supervolcanoes form when magma from the mantle accumulates in the crust,
unable to escape, until the pressure triggers a massive eruption. The Tonga eruption,
however, suggests a novel classification approach based on the total energy released,
which challenges the traditional focus on eruptive volume alone [6]. This event
underscores the need to consider both energy output and sediment dispersal in defin-
ing supervolcanoes. Comprehensive modeling of these effects is supported by multi-
instrumental observations [13].

The Tonga eruption generated various seismic effects, as documented in [2, 14,
15], and tsunamis, discussed in [9, 16-21]. Atmospheric processes were examined in
[3, 6-8, 22-29], while ionospheric disturbances are detailed in [8, 23, 30-37], and
geomagnetic effects are presented in [38—41]. These publications observed and ana-
lyzed seismic waves, tsunamis, atmospheric waves, ionospheric disturbances, and
magnetic field oscillations.

This study focuses on the statistical characteristics of seismic waves and tsunamis
generated by the Tonga eruption. Key results have been presented at international
conferences [42]. The objective is to provide statistical assessments of the mechanical
properties of Rayleigh waves, slow seismic waves, and tsunamis resulting from the
eruption. The paper is structured as follows: it begins with a brief description of the
data sources used, followed by statistical analyses of earthquake parameters, Rayleigh
waves, slow seismic waves, and tsunamis, and concludes with a discussion and
summary.

2. Data sources

For the statistical analysis, we utilized seismograms sourced from the Global Seis-
mographic Network (GSN), which is managed by the Incorporated Research Institu-
tions for Seismology (IRIS) Consortium [43]. This network provides a comprehensive
set of seismic data from around the world, essential for analyzing earthquake activi-
ties. Additionally, tsunami data were obtained from the Federation of Digital Seismo-
graph Networks (FDSN) [44] and GeoNet Data Exploration [45], which offer critical
information on tsunami characteristics and propagation.

Our analysis encompassed several key methodologies. We generated correlation
fields, including scatter diagrams, to visually assess the relationships between differ-
ent seismic and tsunami parameters. Regression equations were formulated to quan-
tify these relationships and derive predictive models. Statistical parameters were
calculated to understand the variations and trends in earthquake, seismic wave, and
tsunami characteristics associated with the Tonga volcano’s eruption.

To visualize the spatial distribution of key geographic features related to the Tonga
eruption, Figure 1 was created by using ArcGIS Pro software. The map utilizes the
Papua Palau Azimuthal Equidistant projection coordinate system, centered on the
Pacific Ocean. This projection is particularly effective for accurately representing
distances and directions from a central point, making it well-suited for covering the
extensive area of the Pacific Ocean relevant to our study.

164



Statistical Analysis of Seismic and Tsunami Waves Generated by the 2022 Tonga Volcano’s...
DOI: http://dx.doi.org/10.5772 /intechopen.1006881

. Tonga volcano

o Buoy stations
@ Seismic stations|

Figure 1.
Spatial distribution of key monitoring stations and the Tonga volcano: visualization using the Papua Palau
azimuthal equidistant projection.

Furthermore, Figure 1 illustrates the location of essential stations, including buoy
stations for tsunami detection, seismic stations for earthquake and seismic wave data,
and the Tonga volcanoes. By showing their geographic coordinates (GC) and relative
positions, the map provides a clear view of the spatial relationships that impact
seismic wave and tsunami propagation. This visualization highlights the interconnec-
tedness of the seismic network and the distribution of monitoring stations around the
Tonga volcanic region.

More detailed explanations and descriptions of the recorded data, station informa-
tion, and related parameters are provided in the following sections.

3. Statistical analysis of the earthquakes

In this section, we examine and analysis the statistical characteristics of the earth-
quakes triggered by the Tonga volcano eruption.

The Tonga volcano eruption triggered a moderate earthquake with an approximate
magnitude of M; ~ 5.8, as reported by the US Geological Survey [1]. Our analysis of
the seismic impact is detailed in Table 1, which includes data from 11 monitoring
stations. Observations were made across a range of distances from the volcano, span-
ning from 0.76 to 11.20 million meters (Mm). We observed a decline in the amplitude
(A) of surface vibrations, decreasing from 1.50 x 10~* t0 1.33 x 10~° meters, and a
reduction in the velocity (V) of surface propagation, ranging from 6 x 10~ ° to
4.26 x 10~® meters per second. The oscillation period (T) showed relatively minor
variations, ranging from 20 to 31.2 seconds. Figure 2 illustrates the correlation
between amplitude of surface vibrations and distance, with observational data fitted
using four distinct regression models (see Figure 2a—d respectively):
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A =8588-107205 R?2—=09911,6 = 4.33-10 °m 1)

A= 6*6.79973.0651’“1'0.5857270.03427‘3 R2 _ 09962 6= 320 . 107611'1 (2)
A=5821-10"r"2%* 1 1.637-10 %05 R? = 0.9951,6 = 3.63-10 °m, (3)
A=11.07- 10757724146670.5259r+042094r2704014173, R? = 0.9969,6 = 3.13-10 °m, (4)

where R” represents the coefficient of determination and o denotes the root mean
square (RMS) error.

Station  Geographic coordinates  Distance = Amplitude Period Velocity (V), Magnitude

code latitude (°N), longitude (), Mm (4), 10 °m (T),s 10 % m/s (M)
(°E)
MSVF —17.74, 178.05 0.76 150 25 600 5.45
DZM —22.07, 166.44 1.89 21.7 22 99 5.60
PPTF —17.59, —149.57 273 47 21.9 21.5 5.10
HNR —9.43, 159.95 2.92 11.7 23 51 5.36
CTAO —20.09, 146.25 4.00 11.4 20 62 5.67
WRAB —19.93, 134.35 5.23 7.89 20 39.5 5.67
YSS 46.95, 142.76 8.61 7.66 25.2 36.4 5.65
YAK 62.03, 129.68 10.39 3.57 29.6 121 5.63
ATAH —7.14, —78.40 10.46 1.42 20.5 71 5.30
ULN 47.87,107.05 10.82 2.64 24.4 10.8 5.63
TLY 51.68, 103.64 11.20 1.33 31.2 4.26 5.65
Table 1.

Key parameters of seismic stations and earthquake magnitude.
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Figure 2.

Dependence of seismic amplitude attenuation with distance.
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According to Egs. (1) and (2), the attenuation depth, which represents the distance
at which the amplitude decreases by a factor of Euler’s number (e), is estimated to be
approximately 1.4 times the original distance for Eq. (1), and » ~ 2.5 Mm for Eq. (2)
results in an attenuation depth of approximately e.

Regarding the period of seismic vibrations, a suitable approximation is T = const,
specifically T = 25.6 + 5.6 seconds. These period values exhibited variations within a
range of approximately 20%. In investigating the relationship between the surface
propagation speed and distance, we evaluated the following four approximations
(illustrated in Figure 3a—d, respectively):

V =3.573-10"% 1% R? =0.9866,6 =2.21-10 'm/s, (5)

V= 6710407—34001r+o.5981r270.03634r3) R — 0.9943,6 = 1.56 - 10—7m/s, (6)

V =2.041-10"%31 499061077 07038 R? = 0.9916,6 = 1.89-10 'm/s, (7)
V = 4.457 . 10—67,—2.0626—045089r+0421632—0.01515r3’ R? — 0.9949,6 = 1.59 - 10_7m/s. (8)
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Figure 3.
Dependence of surface propagation speed with distance and its fitting functions.
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When estimating V from the values of A, considering T = T; = 25.6 seconds, we
obtained adjusted speed values denoted as V; = A/Tj. The relationships between V;
and r are illustrated in Figure 3e-h. The corresponding approximating equations are
expressed as follows:

V; =3.355-10"% 295 R?2—=0.9911,6 = 1.69 - 10 "m/s, 9)

‘/1 _ e*lO.0473.0657+0458497270.0341973’ R2 _ 09962,6 =1.25. 10771'1'1/5, (10)

Vi =2274-10"% 29" 1 6.395.10 77 %545 R2=0.9951,6 = 1.42-10 "m/s, (11)

V, = 4.324. 10—67,—2‘1466705259r+0‘20947270.014173’ R? — 0.9969,6 = 1.22 - 10’7m/s. (12)

Based on the estimation and analysis presented above, several key results have
emerged:

1.Regarding the earthquake’s magnitude, calculated using data from the 11
mentioned stations (refer to Table 1) at varying distances from the volcano,
ranging from 0.76 Mm to 11.20 Mm, the estimate is M, = 5.385 + 0.285,
indicating magnitude values fluctuated within a range of 5.3%. Notably, the
average value differs from the USGS data by approximately 7.1%.

2.The amplitude of surface vibrations shows a strong dependency on distance, as
described by Egs. (1)-(4). These approximations demonstrate high reliability
with R* values ranging from 0.9911 to 0.9969 and relatively low standard
deviations (o) between 3.13 x 10 and 4.33 x 10 ° meters. Notably, amplitudes
tend to stabilize at distances greater than 10 Mm. Among the equations, Eq. (1)
provides the most consistent results, with a clear physical interpretation, while
Egs. (2) and (3) should be considered with caution due to their lack of physical
clarity.

3.The relationship between surface vibration speed and distance is approximated
by Egs. (5)-(8). Eq. (5) offers the simplest and most intuitive model, whereas
more complex relationships in Egs. (6)-(8) result in higher R? values and
lower o, though they lack clear physical explanations. A significant observation
is the transition in speed from V(r) ~ 71 at distances less than 1.4 Mm to
V(r) ~ r~ 9793 at distances greater than 1.4 Mm.

4.Using an average vibration period T; & 25.6 & 5.6 seconds for the seismic waves,
as opposed to variable periods at different stations, provides improved R” values
and reduced ¢ values, indicating more reliable estimates of vibration speed.

4. Statistical analysis of the Rayleigh waves

Every earthquake generates seismic waves, including Rayleigh waves. In this sec-
tion, we examine and analysis the statistical characteristics of the Rayleigh Waves
triggered by the Tonga volcano eruption.

Table 2 summarizes the principal parameters of these waves for seven stations. It
is observed that as the distance 7 increases by an order of magnitude, the time delay
(At) also increases approximately by an order of magnitude.
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Station Station name/region Geographic coordinates Distance Time  Velocity
code latitude (°N), longitude (r), Mm delay (V), km/s
(°E) (At), s

MSVF  Nonsavu, Fiji —17.74, 178.05 0.76 216 3.52

DZM Mont Dzumac, New Caledonia —22.07, 166.44 1.89 540 3.50

PPTF Pamatai, Papeete, Tahiti, French —17.59, —149.57 2.73 678 4.03
Polynesia

CTAO  Charters Towers, Queensland, —20.09, 146.25 4.00 1104 3.62
Australia

WRAB  Tennant Creek, Northern —19.93, 134.36 5.23 1482 3.53
Territory, Australia

NWAO Narrogin (SRO), Western —32.93,117.23 6.73 1800 3.74
Australia, Australia

YSS Yuzhno-Sakhalinsk, 46.96, 142.76 8.61 2202 391
Sakhalinskaya Oblast’, Russia

Table 2.

Key parameters of Rayleigh waves.

The dependence of time delay on distance is depicted in Figure 4a and b. Two
approximations of At(r) are considered:

At = 265.4r, R?>=0.9931,6 = 59.95s,
At = 39.92 + 258.57, R?=0.9940,6 = 61.01s.

(13)
(14)

Among these two regression models, Eq. (13) is preferred due to its slightly lower
R’ and ¢ compared to Eq. (14). Eq. (14) lacks physical justification because, as 7 — 0,
it predicts an initial delay (At,) of approximately 39.92 s, which is inconsistent with
the simultaneous generation of the seismic wave with the earthquake. Additionally,
the value of ¢, is smaller than ¢ = 61.01 s, making Eq. (13) more reasonable.
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Figure 4.
Dependence of the time delay of Rayleigh wave arrival at a seismic station (a and b) and wave propagation
velocity on distance (¢ and d).
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Furthermore, based on Eq. (13), the average wave speed V = (%) “!is calculated to

be 3.77 km/s.
The relationship between wave speed and distance, as shown in Figure 4c and d, is
expressed using the following equations:

V =3.556 + 0.031897, R* = 0.1809,6 = 0.21km/s, (15)
V = 4.151 — 0.5914r %3¢ R? = 0.1892,6 = 0.23km/s. (16)

For the power-law dependence V(r), the associated values are approximately
R? ~ 0.19 and 6 ~ 200 to 230 m/s (refer to Figure 3d). Consequently, it is reasonable
to assume that the wave speed remains constant with V = 3.76 & 0.26 km/s, and
considering the value of period T ~ 25.6 £ 5.6 s as discussed in the previous section, it
suggests that the seismic wave is likely a Rayleigh wave.

5. Statistical analysis of the slow seismic waves

The seismogram analysis revealed the generation of a seismic wave with a signifi-
cantly lower speed compared to the Rayleigh wave, differing by an order of magni-
tude [42]. In this section, we examine and analysis the statistical characteristics of
these slow seismic waves triggered by the Tonga volcano eruption.

Key parameters of these distinct waves are summarized in Table 3. The relation-
ship between the time delay and distance is approximated by the following equations,
as shown in Figure 5a:

Station Station name/Region Geographic coordinates Distance Delay Velocity
code latitude (°N), longitude (), Mm Time (V), m/s
(°E) (At), s
MSVF  Nonsavu, Fiji —17.74, 178.05 0.76 2220 342.34
RAR Rarotonga, Cook Islands —21.21, —159.77 1.62 5400 300.00
XMAS  Kiritimati, Kiribati 2.04, —157.45 3.18 10,300  308.74
JOHN  Johnston Island, Johnston Island, 16.73, —169.53 4.20 13,440  312.50
United States
GUMO Guam, Mariana Islands 13.59, 144.87 5.78 18,600 310.75
QSPA  South Pole Quiet Zone Earth —89.93, 145.00 773 25,560  302.43
Science Observatory, Antarctica
TSN Qingdao, Shandong, China 36.07, 120.32 9.24 28,440  324.89
XAN Xi’an, Shaanxi, China 34.04, 108.92 10.05 32,940  305.10
TLY Talaya, Irkutskaya Oblast’, Russia 51.68, 103.64 11.20 36,960 303.03
E46A Sault Ste. Marie, Michigan, USA 46.37, —84.31 11.74 38,400 305.73
KURK  Kurchatov, Kazakhstan 50.72, 78.62 12.89 43,000 299.77
LVZ Lovozero Karel’skaya, Russia 67.90, 34.65 14.37 47,040  305.48
BEL Belsk, Poland 51.84,20.79 16.28 53,160 306.25

Note: The pink-highlighted fields indicate significant deviations from neighboring stations

Table 3.
Key parameters of slow seismic waves generated by Lamb waves.
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Figure 5.

Dependence of slow seismic wave arrival time delay (a), wave propagation speed (b) and corrected wave
propagation speed (c) on distance.

At = 32687, R*=0.9987,6 = 601.5s. (17)
When excluding stations MSVF and TSN (denoted by subscript 1),
At; = 32887, R*=0.9996,6 = 306.4s. (18)

From Egs. (17) and (18), the average wave speeds were calculated to be 306 m/s
and 304 m/s, respectively. When assuming a uniform wave speed across all propaga-
tion paths, the speed estimates are V = 321.06 & 21.29 m/s and V; = 306.14 & 9.37 m/s.
The error in speed estimation remains within a margin of 6.5%.

Under the assumption of a variable wave speed (V # constant), the following
approximations are observed (as shown in Figure 5b and c):

V =323.9 — 3.022r + 0.1205/%, R? = 0.2453,6 = 11.2m/s, (19)
Vi =303.9+1.089 — 0.087687,  R>=0.1848,6 = 4.4m/s. (20)

For V7, the following approximation provides a better fit:
V; =288.9 + 9.721r — 1.342/* 4+ 0.05191°, R’ = 0.6295,6 =3.2m/s.  (21)

Now, let us further examine the key parameters of slow seismic waves with two
distinct phases, P1 and P2, as detailed in Table 4. These oscillations exhibit periods of
~4-6 minutes for P1 and ~ 8-11 minutes for P2. The dependencies of Az(r) for waves
with these phases are depicted in Figure 6 and are consistent with the following
approximating equations:

Atp; =239 + 3201r, R? = 0.9918,6 = 674.4s, (22)
Atpy = 559 + 42387, R? = 0.9912, 6 = 921.5s. (23)

Alternative approximating relations are as follows:
Atpy = 32587, R*=0.9913,6 = 599.1s, (24)
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Station  Geographic coordinates latitude Distance (r), Type/ Delay time Velocity
code (°N), longitude (°E) Mm phase (At), s (V), m/s
MSVF —17.74, 178.05 0.76 P1 2220 342.34
P2 2876 264.26
RAR —21.21, —159.77 1.62 P1 5487 295.24
P2 7811 207.40
JOHN 16.73, —169.53 4.20 P1 13,328 31513
P2 18,433 227.85
XMAS 2.04, —157.45 3.18 P1 11,403 278.87
P2 15,116 210.37
GUMO 13.59, 144.87 5.78 P1 18,495 312.52
P2 24,415 236.74
Table 4.

Key parameters of delay time At and apparent velocity V for the slow seismic waves with phases P1 and P2.
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Figure 6.

Dependence of the time delay of the arvrival of the slow seismic waves with phases P1 (a and c) and P2 (b and d) at
a seismic station on distance: (a) —At = 239 + 32017; (b) —At = 559 + 42387; (c) At = 325875 (d)

—At = 4373.

Atpy = 4373r, R?> = 0.9899, 6 = 857.0s. (25)

For Egs. (22) and (23), the average speeds Vp; and Vp, are estimated to be 312 m/s
and 236 m/s, respectively. Similarly, for Eqgs. (24) and (25), the average speeds are
approximately 307 m/s and 229 m/s. The variation between different regression
models is approximately 1.6% and 3.0% for phases P1 and P2, respectively.

Table 4 and Figure 7 reveal notable fluctuations in speed. Assuming that speed is
independent of distance, we obtain the following values: Vp; = 310.61 £ 31.73 m/s and
Vp, = 235.83 + 28.48 m/s. The velocities of waves with P1 and P2 phases exhibited
fluctuations within 10% and 12%, respectively. Notably, these velocities slightly differ
from the previously calculated Vp1 and Vp,.
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Figure 7.
Dependence of the propagation velocity of the slow seismic waves with phases P1 (a) and P2 (b) on distance.

If the speeds of the waves with P1 and P2 phases depend on the distance, the
following approximations are valid:

Vp = 358.7 — 39.68r 4 5.707r*, R* = 0.5581,6 = 22.34m/s, (26)
Vpy, = 277.8 — 39.66r + 5.813r>, R? = 0.5899,6 = 20.84m/s. (27)

Next, we examine the statistical characteristics of seismic waves with P1 and P2
phases. For P1 wave with periods of 250-350 s, Egs. (22) and (24) describe the time
delay as a function of distance. For P2 waves with periods of 500-700 s, Egs. (23) and
(25) are used. Egs. (22) and (23) show slightly higher R* values and ¢ compared to
Egs. (24) and (25). However, for Egs. (22) and (23), Aty ~ 0 as » — 0, which lacks
physical explanation, though At is within the error limits (Aty < o). Thus, Eqgs. (24)
and (25) are preferred, with velocities close to 307 m/s and 229 m/s, respectively.

6. Statistical analysis of the tsunami waves

The Tonga volcano’s explosion also generated a globally observed tsunami. In this
section, we examine and analyze the statistical characteristics of the tsunami waves
triggered by the Tonga volcano eruption.

At distances of 0.37 Mm and 2.53 Mm from the volcano, the maximum tsunami
amplitudes were approximately 21 cm and 2.9 cm, respectively (see Table 5). By
measuring the delay time (At) at a known distance (r), the average tsunami speed can
be estimated as V;, = 7/At. The values of », At, and V,; are provided in Table 5.

To compare the calculated maximum tsunami height (%,,;) with the observed
height (), we use the relation proposed by Heidarzadeh et al. [17]:

M, = logh., + log A +5.8 = logh., + log RL + 5.8, (28)
E

where Rg is the radius of the Earth. According to the USGS, M; ~ 5.8. Here, 7 is in
Mm, and %, is in cm. The results of estimating 4., are also presented in Table 5.
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Station Geographic coordinates latitude Distance Amplitude Calculable

Delay Velocity

code (°N), longitude (°E) (r), Mm (h), cm amplitude time (V,), m/s
(hear), em  (A2), s
NZG —23.35, —173.40 0.37 20.77 30.03 1635 227.86
NZF —29.68, —175.01 1.02 8.36 10.99 4215 241.38
NZK —24.31, 169.50 1.61 5.43 6.92 5895 273.32
NZE —36.05, —177.71 1.74 6.31 6.41 6315 275.68
NZD —36.10, 178.60 1.83 3.13 6.10 10,695 170.96
NZL —19.29, 166.81 1.87 4.68 5.95 9495 196.88
NZC —38.20, —179.80 2.01 4.69 5.56 7215 278.72
NZJ —26.67, 163.95 221 8.15 5.04 7753 285.51
NZB —40.60, 179.10 2.29 2.10 4.86 8115 282.58
NZA —42.37,176.91 2.53 2.90 4.40 8895 284.97

Note: The pink-highlighted fields indicate values and stations that are significantly diffevent from their neighboring stations

Table 5.
Key parameters related to tsunami.
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Figure 8.

Dependence of the maximum tsunami-wave amplitude on distance at DART stations: (a) original data including

all stations; (b) data after removing outliers, specifically excluding DART stations NZD and NZL.

Table 5 reveals notable differences in At and % for stations NZD and NZL com-
pared to their neighboring stations. This justifies the creation of separate graphs for
(r), At(r), and V() for all stations, as well as graphs that exclude the NZD and NZL
stations, labeled as /1, (r), At;(r), and V(). The maximum tsunami height (4 (q))
shows a clear dependency on distance (r), with relationships depicted in Figure 8 and

the corresponding approximating equations as follows:

h = 8.556r 9% R2 —0.9048,6 = 1.762cm,
hy = 8.877r 9831 R? =0.9141,6 = 1.857cm.
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Figure 9.

Dependence of the maximum tsunami-wave amplitude on the calculated tsunami-wave amplitude at DART
stations: (a) original data including all stations; (b) data after removing outliers, specifically excluding DART
stations NZD and NZL.

Additionally, the & (h,,;) relationships follow a linear pattern, as illustrated in
Figure 9, with their respective approximating equations:

h = 0.7251h,,;, R?>=0.8902, o = 1.784cm, (31)
hy = 0.7299,,;, R?>=0.8887, o =1.958cm. (32)

It is worth noting that Eqgs. (29) and (30) and Egs. (31) and (32) demonstrate
satisfactory R? values (~9.0) and acceptable o values (<2 cm), confirming the accu-
racy of height calculations. For instance, at » = 2.5 Mm, the calculated heights are
around 4 cm, exceeding twice the ¢ value.

The time delay dependence for the tsunami’s arrival at specific stations is illus-
trated in Figure 10. The fitting equations for this dependence, considering all stations
as well as excluding outlier stations NZD and NZL, are given by:

At = 963.7 + 3466r, R’ = 0.6914,6 = 1566s, (33)
At; = 600.2 + 32837, R? = 0.9971,6 = 138s. (34)
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Figure 10.

Dependence of tsunami wave delay time on distance at DART stations: (a and c) original data including all
stations; (b and d) data after removing outliers, specifically excluding DART stations NZD and NZL.
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Figure 11.

Dependence of the tsunami-wave propagation speed on distance at DART stations: (a and c) original data
including all stations; (b and d) data after removing outliers, specifically excluding DART stations NZD and
NZL.

From Egs. (33) and (34), the average tsunami speeds are approximately
Vs ~288.5 m/s and V51 ~ 304.6 m/s, respectively. It worth noting that At;o ~ 600 s
(10 min), which exceeds o, suggesting potential contributions from powerful
infrasonic waves.

Alternatively, for all stations including and excluding NZD and NZL, the following
approximating equations are applicable:

At = 39597, R? = 0.6758,6 = 1513s, (35)
At = 35857, R? = 0.9873,6 = 266.3s. (36)
From Egs. (35) and (36), the average propagation speed values are V;, ~ 252.6 m/s
and Vi ~ 278.9 m/s, indicating that the tsunami waves may have been directly
generated by the earthquake, with decreased wave propagation speeds.
The relationship between tsunami speed and distance is shown in Figure 11. The
equations approximating these dependencies for all stations and excluding NZD and
NZL stations are:

Vi =208.4 +24.67r, R?=0.1474,6 = 40.1m/s, (37)
Vg =217.7 +29.45, R*> =0.9339,6 = 6.1m/s. (38)

When approximated by a second-degree polynomial, the relationships are:
Vs = 246.6 — 43.55r + 23.68*, R’ = 0.2097,6 = 41.3m/s, (39)
Vi1 = 204.5 + 53.61r — 8.327*, R* = 0.9640,6 = 4.9m/s. (40)

Figure 10 and Egs. (37)-(40) reveal that the relationship between tsunami speed
(V) and distance is variable. Egs. (38) and (40) are considered acceptable, with
Eq. (38) being preferred despite its slightly lower R* and higher o compared to
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Eq. (40). Variations in the corrected tsunami speed (V) are likely due to differences
in ocean depths along the volcano-station paths. Assuming V,,(r) is constant, i.e., no
distance dependence, we have V;; = 228.1 + 57.0 m/s and V,; = 255.7 + 29.4 m/s, with
fluctuations of +25% and 411%, respectively.

It is worth noting that the seismogram data shows erratic variations in the speeds
of phases P1 and P2 with increasing distance, without a clear trend. Attempts to model
Vp1(r) and Vpy(r) are shown in Figures 6 and 7, and the corresponding relations
expressed in Egs. (26) and (27). There are no clear physical reasons to support
Egs. (26) and (27), leading to the conclusion that ¥V and V; do not depend on distance.
Therefore, we accept the estimates provided in this section.

7. Discussion

The discussion encompasses the propagation speeds and physical characteristics of
various seismic waves and tsunami waves, including Rayleigh waves, Lamb waves,
and underwater long waves, as well as their interaction with the Earth’s lithosphere
and oceanic systems.

7.1 Rayleigh wave and sheer wave speed

Rayleigh waves are surface seismic waves that propagate along the Earth’s surface,
with particle motion that decays exponentially with depth. These waves are sensitive
to the elastic properties of the surface layers, and their speed is typically less than that
of body waves such as P-waves and S-waves.

The speed of Rayleigh waves (V) can be expressed as a function of the shear wave
speed (V) and compressional wave speed (V,,) [46]:

V~0.87V, + 0.13V,. (41)

Given the observed Rayleigh wave speed Vg = 3.76 km/s, and assuming a typical
V, = 5.5 km/s (common for crustal rocks), we can estimate the shear wave speed:

v _VkR—013V, 376-0.715
087 T 0.87

~3.50km/s. (42)

This high shear wave speed suggests a stiff and elastic medium, typical of volcanic
or igneous rocks near the eruption site [47]. The accurate estimation of V,, is critical
for understanding the energy distribution of seismic waves in volcanic regions, as it
directly influences the intensity and reach of the seismic impact.

7.2 Seismic oscillations and lamb waves

Our study identifies distinct seismic oscillations that were observed in the
seismograms, specifically noting the presence of slow seismic waves with time delays
an order of magnitude greater than the Rayleigh waves. These slow waves, observed
with an average speed of approximately 306 m/s (excluding certain stations), were
closely aligned with the propagation speed of atmospheric Lamb waves (V;,), which
are a type of acoustic wave that propagates in the Earth’s atmosphere and is often
generated by explosive events, such as volcanic eruptions. They are influenced by the
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stratification of the atmosphere and can travel long distances with little attenuation
[48, 49]. The speed of these Lamb waves was derived from the relation:

ksT.,
Vir ”AZM . (43)

where y is the adiabatic exponent (approximately 1.4), kg is Boltzmann’s constant,
T, is the average air temperature in the surface waveguide, and M,, is the average
mass of an air molecule. For T, ~ 230 K and M,,, ~ 4.6 x 107%° kg, the Lamb wave
speed, V1, is approximately 313 m/s. This aligns well with the observed periods of
seismic vibrations associated with the Lamb wave [2], confirming the Lamb wave’s
role in generating these slow seismic waves.

The energy carried by the Lamb wave was substantial enough to excite seismic
waves within the Earth’s lithosphere and oceans, contributing to the observed tsu-
namis. The seismic wave excitation within the lithosphere led to the activation of the
Earth’s normal mode (Sy9 [21, 50], with the Lamb wave capable of exciting a seismic
wave with a similar period and speed.

The interaction between the Lamb waves and the Earth’s surface was analyzed
using the reflection coefficient at the interface between the air and the lithosphere.
The reflection coefficient Ry, is given by [11]:

_ VP — i/ (44)

0= .
V2P, + V1P

where p; and p, represent the densities of air and the lithosphere, respectively,
while v; and v, denote the wave speeds in these media. It is typically assumed that
v1.p1 < < V2.p2. When v = v,, the reflection coefficient Ry, simplifies to 1 — 2p4/p,, and
the transmission coefficient Ty, can be defined as Ty, = 1-Rq; = 2p1/p,. Using approx-
imate values of p; ~ 1.3 kg/m? and p, ~ 3 x 10> kg/m”>, the transmission coefficient D
is estimated to be approximately 8.7 x 10~*. This low value indicates that only a small
fraction of the Lamb wave’s energy is transmitted into the Earth’s lithosphere, with
most being reflected.

The pressure amplitude Ap, of the wave induced in the lithosphere by the Lamb
wave is related to the amplitude of the air wave (Ap;) and the velocity amplitude of
oscillations of the Earth’s surface (Ay) by the equation:

Ap, = TnlAp, = pv2Av = pyriAv. (45)
Thus, Ay can be expressed as:

A A
AV = —pz = le —pl = —2;01 Apl (46)
P21 pv1 pPrn1

Based on previous results [6], for the surface Lamb wave, we have,
Ap, = 4.863r %5, R?=0.9604,6 = 0.93hPa. (47)
For v; = 300 m/s, in the SI system, Eqgs. (46) and (47) yield
Ay~10~°Ap, = 4.863-10°\/r, (48)
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7, Mm 0.1 0.3 1 2 3 5 10 12 15 18

A py, Pa 1537 887 486 344 281 217 154 141 125 115

Ay, pm/s 1.54 0.89 0.49 0.34 0.28 0.22 0.15 0.14 0.13 0.12

Table 6.
Dependence of pressure in the Lamb wave and the propagation speed of oscillations of the Earth’s surface on
distance.

where Ap; varied from tens to units of hectopascals as » increased from 0.1 Mm to
18 Mm. The estimation results, shown in Table 6, indicate that Ay, changes from
1.54 pm/s to 0.12 pm/s over this distance range. Considering an oscillation period of
T =~ 268 s [2], the range of displacement amplitude A, of the Earth’s surface, given by
Ap = Ay/w = Ay'T, ranges from approximately 4.1 x 10~* meters to 3.2 x 107>
meters, which aligns well with the observed slow seismic wave with P1 phase.

Slow seismic waves were generated simultaneously with the Lamb wave. Thus, at
r = 0, there should be Aty should be 0. The regressions for At(r), as shown in Figure 5,
corresponding to Egs. (17) and (18). Preference is given to Eq. (17) due to its higher R?
value and lower o when excluding stations MSVF and TSN, compared to Eq. (18).
Figure 5 also displays the possible dependences of V(r) and V;(r) for all stations and
excluding MSVF and TSN. The R values for both cases are very small, suggesting that
the speed of slow seismic waves did not depend on distance, consistent with the non-
dispersive nature of the Lamb wave, which propagates at an approximately constant
speed of 310 m/s.

7.3 Underwater long waves and tsunami waves

Underwater long waves, or hydrodynamic seismic waves, are generated by the
coupling of seismic energy into the water column, typically in the form of long-period
waves that can travel across ocean basins. They play a critical role in the formation
and propagation of tsunamis.

As estimated in Section 6, the average velocity of slow seismic wave with Plphase
307 m/s aligns with the Lamb wave speed (refer to Eq. (43)), while slow seismic wave
with P2 phase 229 m/s is typical for gravitational long waves in water. For these
waves, the speed is given by:

v = \/gH, (49)

where g is the acceleration due to gravity, and H is the water depth. At v ~ 200-
259 m/s (as shown in Table 4, H is estimated to be approximately 4.08-6.85 km,
which is consistent with the average depth of the Pacific Ocean where such gravita-
tional waves propagate. This suggests that the seismic waves coupled effectively with
the ocean’s water column to generate long-period waves that contributed to tsunami
formation [51, 52].

Furthermore, tsunamis are large ocean waves typically caused by seismic events such
as underwater volcanic eruptions or earthquakes [52]. They are characterized by long
wavelengths and periods and can cause significant damage upon reaching coastlines. The
slight difference between the speeds of the hydrodynamic seismic waves and the tsunami
waves (229 m/s vs. 228.1 m/s) may be due to varying ocean depths and nonlinear
interactions within the water column, which affect wave propagation speeds [53].
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8. Conclusion

The catastrophic eruption of the Hunga-Tonga-Hunga-Ha’apai (HTHH) volcano
on January 15, 2022, provided crucial data on the interaction between volcanic activity
and seismic waves. Our statistical analysis of seismic and tsunami waves from this
event revealed key findings: the amplitude of surface mechanical vibrations decreases
following a power-law with distance, and their speed follows a decreasing power-law
dependence. Rayleigh waves, observed with an average speed of 3.77 km/s, consis-
tently measured 3.76 &+ 0.26 km/s, confirming theoretical predictions and validating
the reliability of the seismic data.

Additionally, slow seismic waves associated with Lamb waves were detected with
an average speed of approximately 306 m/s, closely matching the Lamb wave speed of
313 m/s. This alignment suggests that the Lamb wave significantly influenced seismic
energy propagation. The observed velocities of the P1 and P2 phase slow seismic
waves, averaging 307 m/s and 229 m/s, respectively, align with the linear distance
dependence of recorded wave arrival delays. This supports the hypothesis that these
velocities are independent of distance.

Moreover, the study also reveals that tsunami characteristics are influenced by
seismic activity. The maximum tsunami height follows a decreasing power function,
and its relationship with calculated height is well represented by linear functions. The
average tsunami speed of 304.6 m/s suggests a possible contribution from Lamb
waves, while the tsunami generated by hydrodynamic seismic waves would have an
average speed of 278.9 m/s. The preferred model for tsunami speed with distance
shows a linear increase of approximately 29 m/s per Mm, with a distance-independent
estimate of 255.7 & 29.4 m/s, primarily reflecting ocean depth effects. These findings
enhance our understanding of tsunami formation and propagation, providing valuable
insights for future geological and oceanographic studies.
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Historical and Paleolimnological
Reconstruction of Degassing Maar
Lakes: The Case of Lake Pavin
(Auvergne, France), for the Last
Two Thousand Years
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and Pierve Lavina

Abstract

Degassing maar lakes were thought to be a new natural hazard until the Nyos Lake
catastrophe (1986). Historical degassing events published for Lakes Pavin (France,
1785), Monticchio (Italy, 1770-1820), Albano Lake (Italy, 1829), combined with those
of Monoun (1984) and Nyos (1986) in Cameroon, allow to propose a grid of degassing
descriptors, on lake and waters changes, on atmospheric disorders and on impacts on
populations. Pavin Lake degassing history has then been reconstructed from well-contex-
tualized written source over five centuries, revealing boiling (1783), lake storm (1847),
color change (1783, 1936), sudden limnic eruption (1551, 1785), emission of fog, vapors,
and thick clouds (1550-1750), associated with reported sudden neurologic diseases, simi-
lar to those observed at Albano and Nyos. Their spontaneous healings have been reported
as miracles by the church authorities. Pavin, described as a, « marvelous lake with sudden
storms with thunder and lightnings », is feared and avoided by the local population. When
eventually sounded (1770), Pavin is gradually normalized by local authorities who deny
its misbehaviors until recently. Since 2005, Pavin geohistory is gradually unveiled by
paleolimnology, geomorphology, and geochemistry, revealing sub-lacustrine slides,
higher lake levels, overflows events, and its deep CO2 are beginning to be surveyed. A
recent modelling of sudden lake degassing confirms that Pavin area is a potential hazard.
Other world maar lakes could benefit from the multiple approaches implemented at
Pavin to establish their past degassing history, necessary to risk management.

Keywords: degassing descriptors, maar lakes, Lake Pavin, limnic eruption, geohistory

1. Introduction

When the sudden eruption of Lake Nyos occurred on August 21, 1986, causing 1700
victims and thousands of injuries in the Grasslands of Cameroon [1], this phenomenon
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was new to the academic world of limnologists [2] and volcanologists [3-6]. Now termed
limnic eruption [4], this phenomenon is interpreted as a violent and sudden degassing of
CO,, of magmatic origin, stored in stagnant deep waters of a very rare type of lake, the
meromictic maar lakes, which otherwise behave like other lakes. It is quite different from
the phreatic explosions produced by the volcanic magma when in contact with ground-
water or surface water, resulting in an explosion of steam, water, ash, and rock debris.
Maar is a volcanic term, originated from the Eifel volcanic province in Germany, applied
to depressions that have been generated by violent phreato-magmatic eruptions followed
by crater floor subsidence, then filled with water [7]. The meromixis is a very rare lim-
nological property of some lakes, which are never completely mixed due to the presence
of denser bottom waters originating from groundwater inputs or coastal intrusions [2].
The semantic associations “limnic eruption” and “meromictic maar lakes” reflect the
sort of “natural monster” that is encountered throughout this paper, which mixes the
permanent quietness that is attributed to still continental waters and the violence and
unpredictability of volcanic processes.

The Nyos catastrophic event immediately attracted scientific teams from far away,
mostly volcanologists, a few limnologists, and lake geochemists, who mainly worked
separately on the field. In 1987, UNESCO organized a conference in Yaoundé to collect
these past-event observations and tried to reach a consensus on the origins of the
event [1]. Cameroon scientists’ participation was at that time very limited. Also, very
few social scientists were present, excepted Evguenia Shanklin, an US anthropolo-
gist, who made the first study of the perception of the catastrophe by the Grasslands
population [8]. In the conference volume, her paper was the only one to address the
question of possible past Nyos events and their perception by the local population
through oral transmission and in a context of very limited historical records. She
mentioned that actually the local population knew about the “misbehavior” of some
lakes, a term that has been later used to qualify various lake deviations from their
normal quiet state, such as color change, sudden eruptions, lake displacement, and
their representations, often by various types of lake monsters and spirits [9-11].

For limnologists, maar lakes are rare at the global scale, probably one in 1000 or
10,000 lakes worldwide, but they may be common in recent volcanic areas such as
Alaska, Japan, Ethiopia, Central America, the Andes, Cameroon, Indonesia, etc.
(Figure 1). Before the Nyos catastrophe, they had been rarely studied, mostly in
Europe: in Eifel (Germany) [7, 12], in Southern Italy [13], and in Auvergne-Velay
(France), where they were mixed with other lakes generated by volcanic dams such as
lava flows or eruption cones [14, 15].

For volcanologists, the term “volcanic lakes” covers a wide range, from crater
lakes still receiving acidic hydrothermal fluids or young maar lakes exposed to
phreato-magmatic explosions to quiescent maar lakes and caldera lakes as Crater Lake
(Oregon). Their classification can be based on their genesis, their current activity, and
their chemistry [16-18]. A classification of volcanic lakes into six classes according to
their activity, from volcanic eruptions (class 1) to low activity (class 5) and no activity
(class 6) is proposed. Most limnological studies before 1986 were concerning the class
6 lakes; other volcanic lakes were barely mentioned by limnologists. The specificity of
Nyos-type lakes was only recognized recently by the community of limnologists [19].

The acidic volcanic lakes have been particularly studied for their singular chemi-
cal composition: many of them are extremely acidic, very mineralized, and are still
constrained by internal inputs of volcanic fluids [16]. Their access is difficult, danger-
ous, and often restricted, and their limnological study through vertical profiles is
rarely performed between volcanic crises. When the volcanic forces are decreasing,
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Figure 1.

World volcanoes and position of degassing maar lakes studied, or mentioned in this paper, in Western Europe
and Cameroon. 1 Lake Pavin in Auvergne, France. 2 Laacher See, Ulmen, Weinfelder, Pulver Lakes in Eifel,
Germany. 3 Lakes Albano and Nemi in Colli Albani, Italy. 4 Lake Averno in Phlegrean Fields, Italy. 5 Piccolo
Lago di Monticchio and Grande Lago di Monticchio in Mount Vulture, Italy. 6 and 7 Lakes Monoun and Nyos
in Oku volcanic field, Cameroon Volcanic Line. https://volcano.si.edu/. Data: Natural Earth, OpenStreetmap,
Global Volcanism Program—Smithsonian Institution.

the aging maar lakes (classes 5 and 6) become gradually controlled by the external
forces—solar energy, watershed inputs—as all other lakes. However, they are still
marked by their volcanic origin, which controls their morphology, limits the inputs
of water and material from their restricted annular drainage basins, and may still

be responsible for sub-lacustrine hydrothermal inputs [19]. A recent inventory of
African volcanic lakes by volcanologists gave a total of 220 lakes for Africa alone [18].
In this VOLADA data base, maar lakes are by far the dominant type (178 lakes).

Maar lakes sediment archives are characterized by their high resolution, in parts even
annual, which gives detailed evidence of paleo climatic variations, regional seismic activ-
ity, volcanic activities, and human perturbations, as well as their biotic response within
the lakes and their catchment areas, as studied in Western Europe maars [20].

After the Nyos catastrophe in August 1986, other potential degassing maar lakes
have been rapidly looked for in Italy, Germany, and Japan and analyzed in hundreds
of papers in the fields of volcanology, limnology, and geochemistry. However, their
studies by human and social scientists (historians, human geographers, sociologists,
anthropologists, literature specialists, and folklorists) are just beginning. Italian
volcanologists [21, 22] have been the first ones to refer to pioneer studies of the
Monticchio maar lakes in the late 1700s and to the Lake Albano prodigium, which
occurred in 398 BC, according to Latin authors [23, 24]. More recently, a precious
description of Lake Albano degassing in 1829 was found [24]. In Greek and Latin
Antiquity, Lakes Nemi, Albano, and Averno have been considered sacred places,
and the association between their past misbehavior and their well-known associated
beliefs is beginning to be considered [25].

A few weeks after the Nyos catastrophe, Pavin Lake, in the Auvergne volcanic
province (France), was rapidly identified as a potential degassing maar lake. A first
national expertise of a degassing risk was conducted, including one of the authors
(MM): we concluded to the absence of risk in present conditions, considering the
relatively low CO, concentration in its deep and stagnant waters [26]. This lake has
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been the birthplace of French limnology since the 1890s [9] and continues to attract
scientists from far away [27]. In the last decades, paleolimnological [28-30] and geo-
logical studies have been developed to reconstruct its past geohistory and the extend
of its tephras, and CO, measurements have been made in the lake and its surroundings
to assess the present rate of degassing [31-35]. The first historical analyses of Lake
Pavin, over 450 years, revealed complex social responses to its past misbehaviors,

lake normalization periods, and scientific controversies [9-11]. The social receptions
of degassing risk at Nyos and Pavin reflect cultural and social differences [6]. We are
referring throughout this paper to “Pavin” as most local people continue to call this
place, which was not always identified as a lake in the past.

In this chapter, the Pavin past is reconstructed from written historical documents since
1551 and from paleolimnology. They show various types and intensities of lake misbehav-
iors attributed to degassing, none of which were taken into account in the first degassing
risk assessment [26], on which the risk management is still based [6]. The local historical
description covers the following European history periods: Renaissance, Enlightenments,
modern scientific era (1890-1986), and contemporary post-Nyos era (since 1986). The
paleolimnological records now extend over more than two thousand years.

Our study includes new historical sources such as the limnic eruption of 1785 and
a description of a “Pavin event” in 1847. A companion paper [36] focuses on Pavin
geoheritage values and on its geomythology, based on sources anterior to the 16th,
generally in Latin, and on its numerous legends and tales.

We are addressing the following questions: (i) What terms have been used by sci-
entists to report the past limnic eruptions and other major lake degassing events in four
European maar lakes and their impacts on nearby populations between 1770 and 1829; are
these descriptors comparable with those of Nyos and Monoun? (ii) Can these degassing
indicators be used to re-analyze the past written accounts about Pavin since the sixteenth
century? (iii) How have the perceptions and representations of Pavin have gradually
changed from the eighteenth to twentieth centuries? (iv) How, gradually, the hypothesis
of a degassing Pavin has been generated, debated, and accepted based on the paleolim-
nological, geological, and geomorphological elements? (vi) Which are the perspectives
offered by Pavin analysis on the other maar lakes in Europe and other continents?

2. Maar lakes degassing reported in historical sources in Western Europe

Two hundred years before the Monoun and Nyos catastrophes, which have only
been studied by scientists after the events, there have been few early descriptions
of maar lakes degassing, by volcanologists, geologists, geochemists, and a medical
doctor, and published as scientific communications in journals or reports between
1770s and 1829, with detailed contextualization, made in Italy (Monticchio Lakes and
Albano Lake) and France (Pavin Lake) (Figure1). The comparison of the different
elements of these descriptions provides a coherent and converging set of descriptors
of lake degassing and of their effects (Table 1). Another very special misbehavior
of Lake Laach (Laacher See in Eifel, Germany) has also been reported in 1844 by a
local witness, although not identified, therefore not included in Table 1. Also, the
Albano prodigium, a slow lake level rise and overflow that threatened the city of Rome
in 398 BC, as reported by many classical historians of Rome, four centuries after the
event [23-25], is not part of this list. These historical scientific observations went
largely unnoticed, and scientists at Monoun and Nyos thought they were the first to
study this phenomenon [41].
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Pavin Monticchio Albano Monoun Nyos

Date 1785 1770-1820 1829 1984 1986

Ref. [37] [21,22, 38, 39] [40] [41-43] [1,5, 43-46]

L1 X X

L2

L3

L4 X

L5 X X

SRR

L6

L7

L8 X X

L9

Lo X

L1 X

L12 X X X

Al

i
»

A2 X

A3

A4 X X

SRR

A5

I
o

A6

i
M

A7

A8

A9

A10

SRS

N
LSRR R RS

LSRR R R R

1o X

ikt X

Lake and water descriptors: L1 iron taste of water, L2 corrosive water, L3 absence of fish, L4 waves, L5 water spout, L6
red/ovange/yellow colors, L7 glutinous aspect, L8 bubbling/boiling, L9 water spillover/inundation, L10 fish kill, L11
whirlpool, L12 waterspout.
Atmosphere descriptors: Al voar/hiss, A2 sudden change, A3 explosion, A4 thunders, A5 lightning, A6 hail/ cold, A7
sulfur odor, A8 fog, A9 dense cloud, A10 wind storm, A1l serene weather outside crater.
Impacts on populations and living organisms: 11 dizziness, 12 paralysis, I3 loss of sight, 14 commotion, I5 skin damage, 16
death, I7 damage to fetus/babies, 18 crop damage, 19 fish kills, 110 massive livestock mortality, 111 bird absence or death.

Table1.
Descriptors of degassing in Europe and Cameroon maar lakes: Pavin Lake (Auvergne, France), Monticchio Lakes
and Albano Lake (Italy), Monoun and Nyos Lakes (Cameroon,).
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2.1 Pavin whirlpool, waterspout, and violent storm in 1785: The ignored
description of a limnic eruption in Auvergne (France)

In 1803 (12 Vendémiaire, Year II), a “letter addressed by Citizen Cordier to
Citizen Devilliers” is published in the Gazette nationale (also called Le Moniteur
Universel), the high-ranking Parisian newspaper [37]. Cordier, a young geologist,
reports to Devilliers, another geologist, the account of a geological tour carried out
with two friends in Auvergne and Velay in which is found the following witness
account about Pavin, one of the crater lakes he visited [all translations provided by
the authors]:

“You will not read without intevest the following description of a phenomenon that
citizens Legrand and Enjelvin observed theve [in Pavin] in August 1785; I got it from
the latter.

Attracted to these heights by the same motives as those who brought us there, tived by
excessive heat, they sat on the steep banks which dominate the lake; their gaze, which
at first wandered vaguely over the mountains, was soon drawn towards the lake by

a sudden, dull noise. An extremely dense cloud had alveady formed near the middle
of the bubbling water; it moved around, turning quickly on itself. In a short time,

the wind became violent, the vapors increased excessively, and a waterspout 6 meters
(18 feet) in diameter began to vise perpendicularly in the air. Barely had it exceeded
the height of the enclosure when it ceased to rise; but then it began to pour down in
abundance a thick fog, which quickly enveloped the mountain and its surroundings.
Driven by a rapid movement, and supported by the waterspout, this stormy cloud
swirled on the spot for a long time, and ended up spilling completely into the capacity
of the cvater. About this time, a terrible crash was heard, and continued for a quarter
of an hour, accompanied by dazzling flashes of lightning which followed one another
in rapid succession. However, the noise of the lightning gradually diminished, the
cloud cleared, and eventually dissipated completely. Finally, the calm of the air was
restoved after two hours of this singular phenomenon. Descending to the bottom of the
crater, the travelers found on the narrow banks of the lake a layer of very thin hail,
which was 2 decimeters (7 inches) thick.” Signed: Cordier Mines engineer.

This description is fully contextualized, and both witnesses and the author are
well educated and highly credible. Legrand is probably an abbot of St André de
Clermont, the capital of Auvergne, and Enjelvin (1758-1815) is the director of the
Pb-Ag mines of Pongibaud in Auvergne. Pierre-Louis Antoine Cordier (1777-1861)
was 26 years old when he collected and wrote this story and already an experienced
scientist, as he had been the assistant of the geologist Dolomieu during the scientific
expedition in Egypt led by Bonaparte. He will be one of the prominent figures in the
earth sciences of the nineteenth century (general inspector of mines, initiator of the
mineralogy collection of the National Museum of Natural History in Paris, founder
of the Société Géologique de France, and elected to the Academy of Sciences). What
we can call today the limnic eruption of Pavin is not accompanied by any attempt at
explanation or any reservation; it is presented in its simplest terms as an actual phe-
nomenon. Cordier is not aware of other identical phenomena, as he would undoubt-
edly have pushed the comparison. The volcanic origin of Pavin was only known by
scientists since the mid-1700s [9, 10] and mapped for the first time as a crater by
Nicolas Desmaret (1725-1815), a pioneer of volcanology [47].
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This description leads to the following comments: (i) This is the first detailed
description by a scientist of a limnic eruption from start to finish. (ii) The eruption is
triggered suddenly and lasts only 2 hours in total, with a high-intensity phase (thun-
der, lightning), which lasts a quarter of an hour. Such a phenomenon therefore had
every chance of not occurring during very scarce visits, as Pavin was avoided at that
time. (iii) Its fundamental elements are: bubbling, dense cloud, then violent winds,
ascending and spiraling waterspout (“trombe lacustre”), succession of thunderclaps
and incessant lightning, total invasion of the crater basin by swirling clouds, then
overflowing of them, and finally formation of hail, collected on the edges of the lake.
(iv) The witnesses were not affected by the cloud; it is likely that they were standing
on the rim and that the cloud had dissipated when they came close to the water.

This letter was only recently found [48]. It appears to be the first—and so far,
the only one—witness account of a limnic eruption made by scientists. It is also the
most precise and detailed description to date as the Nyos eruption occurred in the
middle of the night and was only witnessed by a few persons with limited scientific
education. This description, published in Paris, had been so far totally ignored from
the nineteenth century scientists, then by all Pavin analysts, including historians and
volcanologists.

2.2 Monticchio Lakes (Italy) degassing, a matter of interest for Naple’s scientists
(1770s-1820s)

The twin lakes of Monticchio (Lago Picolo di Monticchio, LPM, and Lago Grande
di Monticchio, LGM) are in the Mount Vulture Massif (Basilicate, Southern Italy)
(Figure 1). They are just separated by a narrow piece of land. Both are meromictic,
with a lack of oxygen below 15 m today and a marked positive temperature anomaly
in deep layers [21, 49, 50]. The first scientific study of Monticchio Lakes has been
realized by Domenico Tata, a prominent Naples scientist and pioneer of volcanology.
He reports his observations in the noted Lettera sul Monte Vulture [38]. He comes
to Mount Vulture in 1777, fully equipped (sounding lines, water sampling bottle)
to study these lakes renowned for their marvelous nature. In LPM, he sees no water
movements, but the water sampled at the lake bottom burst suddenly at 1 m high with
arotten egg odor, probably the first sampling of gaseous lake water ever realized.
Such behavior has also been noted after Lake Monoun degassing by Sigurdson [41].
After Tata, several Naples scientists come to Monticchio [39, 49, 51]: Brocchi makes
the first lake water analysis of CO, and H,S. Tenore and Gussone describe a “perma-
nent water fountain” that mixes the whole Lago Piccolo. According to local witnesses,
as Father Tortonella, a maximum height of 5 m for the lake fountain was reported at
LPM in November 1820. The lake activity gradually decreased and was not observed
by Paci, the Naples geophysicist who made an in-depth report on the terrible 1851
earthquake in this region [51].

In their pioneer review of Monticchio historical degassing, Caracausi and his col-
leagues made the following summary [21]: “we have come to the conclusion that trigger-
ing processes totally different from a landslide and /or a seismic shock should also be taken
into due consideration. In fact, there have been gas bursts in both the Monticchio lakes up
to no later than 200 years ago, which indicates that they have a vecurving character, even if
the temporal intervals have not been constant. A pavoxistic activity occurred on 1 June 1810
when a 6-m-high water column formed in LGM. A new event was observed 2 months later
on 31 July, when an intense roar was also heard; the column of water reached a height of
about 3 m. Ten years later, a similar pavoxistic event occurved in LPM; historical reports
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state that the water-spouts surged upwards out of the lake, reaching a height of 5 m. There
were no fatalities, although a lot of dead fish were found on the land, a few meters from the
shore, thus bearing witness to the explosive nature and gas toxicity of the event. It is worth
noting that during the 10 years leading up to 1820 every so often LPM reached similarly
dangerous conditions when all the fish living in LPM were killed.”

2.3 Lake Albano (Italy): A long degassing period in 1829 with impacts on
population

Albano Lake is a major maar lake in the Colli Albani (Alban Hills) volcanic
district, South of Rome (Figure 1). It is 3.5 km long, 2.3 km wide, 168 m deep, and is
sometimes anoxic below 50 m. Its annular drainage area is very limited, and there are
neither aerial inputs nor natural outlets. Major Latin historians such as Plutarch and
Livius reported that, during early Roman times in 398 BC, a 1.45 km long tunnel had
been dug out across the lake rim, following an elevation of the lake level by 70 m in
2 months and a subsequent overflow, threatening Rome, an event named the Albano
prodigium, according to the tradition. The tunnel, a technical feat of Roman engi-
neers, was still functioning in the early 1900s. The exact cause and effect of this event
is still debated among geologists and volcanologists [23, 24, 52].

In 1829, a period of 8 months of degassing of Lake Albano is reported with great
details by Luigi Bassanelli, a medical doctor in the city of Albano, located on the lake
rim [40]. In his scientific letter to Pr Giacomo Folchi in Rome, he mentions the past
local earthquakes (1762, 1777, 1778, 1779) and details the physical attributes of atmo-
spheric changes in 1829. His report is also a unique medical testimony of the multiple
effects of CO, intoxication on the population and the behaviors of animals, and of the
social and religious responses. Despite a minimal description of Lake Albano itself,
this detailed account includes: suddenness of event during serene weather, atmo-
spheric storm with lightning (“electric atmosphere”), unusual cold in summer and
hail, change of lake waters appearance, CO, presence, various diseases affecting the
nervous system, deaths of babies, activation of traditional protection rituals (statue
of the protector saint carried in procession), and population escape (developed in
Appendix A and listed in Table 1).

2.4 The Laacher See (Germany) sudden and violent event in 1844

The Naples geophysicist Giacomo Maria Paci ([51], p. 79) also made an inter-
comparison between the Monticchio Lakes misbehavior and another misbehavior
event which occurred in 1844, according to a Naples journal, in the Laacher See, the
biggest Eifel maar lake in Germany (Figure 1). The original Laacher See event was
actually published in Germany [53] by an unknown local witness, most probably
a Benedictine monk from the Laach Abbey, established within the crater since the
eleventh century:

“Today, early in the morning, around half past four, the following natural phenom-
enon occurved heve: in calm and serene weather, suddenly the lake rose to a remark-
able height and, at the same speed, it withdrew, while we perceived with a shudder
rocks and abysses never seen. At the same time a dull sound, like thunder, was heard,
while almost suffocating smoke swirled high in the air. On the other side of the lake,
“there, where the well-known asphyxiating air perpetually rises from the earth”, the
earth opened up, and several trees were violently shattered as they fell towards the
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cavity. After this apparition, several dead fish were seen floating on the surface, and
around the suffocating pit, many dead birds were dragged. It was all the work of a
moment. It would therefore be desivable for specialists to take note of this intevesting
phenomenon and deem it worthy of further investigation.”

However, this witness description is invalidated a few days later in the same
journal, after a field investigation by a journalist: “most everything said here is false
and is essentially limited to the very simple fact of the formation of crevasses and
landslides... It is fairy tales.” In addition, an unidentified expert interviewed by the
journal writes that the phenomenon was linked to a sudden slide of the crater rim
generated by on-going clay extraction: “The sudden growth and fall of the lake, the
vocks and abysses that became visible in the lake basin, the thunderous roar, the suffocating
smoke swirling high into the air and everything else the” eyewitness “claims to have seen can
only have been the product of an excited imagination. The naturalist should bewave of this,
even if it may well be fitting and appropriate for the poet.”

Such abrupt judgment, typical of the position of academic scientists, has been
formulated many times for Pavin, until recently. Today, the suddenness of the lake
level rise, then its drop, the thunder-like roar, the suffocating pit and the impact on
fish and birds seem to us much more credible and suggest a violent lake degassing.
The Laacher See is also the Eifel maar with the greatest number of legends, evoked in
Section 6.3.

2.5 Monoun, Cameroon (1984), “a hitherto unknown natural hazard”

This catastrophic event occurred in Cameroon on August 15, 1984, at the
Monoun Lake (0.53 km?, 96 m deep) and officially claimed 37 victims. Haraldur
Sigurdsson, a volcanologist from the University of Rhode Island, made the post-
event investigation only a few months later and found no signs of a volcanic
eruption. He detected “a hitherto unknown natural hazard” that could wipe out
entire towns, and, in 1986, a few months before the Nyos disaster, he submitted
his study to Science, the prominent scientific journal, which rejected the paper as
far-fetched [44]. Sigurdsson eventually had it accepted in the Journal of Volcanic
and Geothermal Research and therefore published a year after the Nyos event [42].
He was unaware of the Montichio, Pavin, and Albano historical degassings, unre-
ported in volcanology or limnology textbooks at that time. No early warning was
given to the scientific community or to local Cameroon authorities about such type
of lakes. The reluctance of the scientific community to conceive this “new natural
hazard” is exemplary.

Monoun rescuers, who came a few hours after the catastrophic event, observed “a
misty cloud which did not disperse until three to four hours later” [43]. The Monoun
eruption also occurred at night, and the gas cloud filled a low-lying area near the lake
[42]. Travelers on a nearby road were killed as they entered the area, as were people
who left higher ground to help those who had fallen in the valley. In the lake, the
water fountains reached 5 m high.

Lake Monoun was then surveyed by scientists from several countries, and one of
them, Minoru Kusakabe, said, “if the [surface] waters were stirred up by only three
feet, the water could start bubbling and trigger an explosion.” His colleague, Bill
Evans, advised caution: “Let’s not go splashing around too much out there” [44]. This
corresponds to a near-saturation state (97%), very sensitive to any perturbation, as
throwing a stone.
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2.6 The Nyos (Cameroon) catastrophe, which shocked scientific communities
(1986)

The catastrophe occurred on Lake Lwi, below the village of Nyos in the Cameroon
Grasslands, on August 21, 1986. Today most scientific papers refer to Lake Nyos. The
explosion occurred at night, and only a few surviving eyewitnesses gave a detailed
account [4, 8, 45, 54]. The main features of the event can be summarized as such:

In the evening, an intermittent jet of water was seen, topped by a white plume.

At 10 p.m. a major detonation—a series of rumbling or bubbling sounds lasting

15-20 seconds—occurred in the lake. One observer walked to the crater rim and saw a
white cloud or mist rise from the lake, then a large water surge. Soon after, the carbon
dioxide invaded the low-lying valleys and intoxicated the population and the animals
over 20 km. Although people smelled the odor of rotten eggs or of gunpowder, they
lost consciousness owing to the dense, ground-hugging, and toxic cloud of CO,
mixed with water vapor and droplets, which smelled bitter and acidic. Livestock and
other animals, birds, and insects also died in the event. Vegetation was “mechanically
damaged,” but no thermal or chemical damage could be identified with certainty.
Just after the event, the surface of the lake turned reddish brown. This was eventually
attributed to the oxidation of dissolved ferrous iron mixed to the surface from depth.
A few months after the event, Rose-Marie Chevrier, a French geochemist, observed a
sudden and intense flash of light in the crater and, again, a red spot in the water [46].

The medical symptoms of the Nyos victims and survivors have been analyzed by
a specialized team [43]. Their study, focused on 845 hospitalized survivors, out of
the 5000 total survivors, recorded: coughing (31%), headache (26%), skin lesions
resembling burns (19%), fever (12%), weakness/malaise (11%), limb weakness (6%),
severe eye symptoms, vomiting, diarrhea, and dyspnea (5% each). Many of them had
asudden loss of consciousness with a coma lasting a few hours, followed by rapid
recovery that could be related to anesthetic concentrations of CO, mixed with air. No
persistent respiratory disability was noted in survivors, implying low concentrations
of SO, or H,S. The most common abnormalities were skin damages: erythema, big
skin bullae, more than 5 cm, skin changes resembling burns, often developed 2 or 3
days after the degassing. Only five patients—out of 161—attributed their skin lesions
to burns. Long-term neurological damages could not be estimated. Surviving victims
interviewed by the Cameroon Tribune also reported: “I felt dizzy,” “I vomited blood,”
“I felt drunk” [5].

The most salient physical figure of Nyos limnic eruption is the erosion traces on a
cliff up to 50-80 m above lake level, suggesting the occurrence of either landslides and/
or violent waterspouts. An up to 4 m thick turbidite deposit was sampled at the lake
bottom by gravity coring in 1988 and mapped with 3.5 kHz seismic profiles in the deep
central basin of Lake Nyos. In 1991, further studies supported that Limnic Eruption
Deposits (LEDs) can be recorded in meromictic maar lakes sedimentary infills [55].

There has not been a water overflow but an overflow of the CO, cloud, which
caused victims over 20 km in downstream valleys. The official number of victims is
1700 and more than 5000 cattle heads [5]. The whole event lasted 4.5 hours.

2.7 Common descriptors of maar lake degassing and its impacts on populations
and animals

When the descriptors of these degassing events and their impacts on populations
are compared, many similarities are noted (Table 1). The differences are due to the

198



Historical and Paleolimnological Reconstruction of Degassing Maar Lakes: The Case of Lake...
DOI: http://dx.doi.org/10.5772/intechopen.1007684

type and/or intensity of degassing and to the position of observers. The actual state
of the lakes during these events is not always detailed. The Nyos and the Pavin-1785
events represent what is now called a limnic eruption, a sudden degassing phenom-
enon, violent and short in both cases, while the Montichio and Albano-1829 descrip-
tions represent more a prolonged state of degassing, suggesting different degassing
causes and mechanisms [19, 24].

Toxic effects on humans are well detailed in Cameroon and Albano Lakes, ranging
from dizziness, drunkenness, skin lesions, loss of sight, contusion, loss of conscious-
ness, and coma to sudden death. Post-event effects on fetus and breast-fed babies are
noted. At Albano Lake, the overall death toll on people is not given.

The early warning of animals is noted at Albano, although it cannot be said if
they reacted to the CO, cloud or to micro tremors, radon emission, or else. At Nyos,
the deaths of all, humans and animals, generated a post-event rumor: the secret
experimentation of a neutron bomb supplied by a foreign country [56]. In the Roman
Antiquity, the death or absence of birds was a well-known consequence of ground
degassing in so-called mephitic places. As this was particularly observed in Lake
Averno (a-ornos, i.e., without birds) in the Phlegrean Fields near Naples (Figure 1),
avernism has been used to qualify such places [11, 25, 36].

The mist, fog, or clouds reported over these lakes are thought to be related to
CO; and water vapor emissions, but only water analysis was realized at Monticchio
to confirm this assumption. The gaseous micro particles emitted in the atmosphere
can generate electrostatic storms with thunder and lightning. At Nyos, Monticchio,
and Albano, a sulfur odor is noted in the atmosphere, although not dominant; for
some it is gun powder smell (SO,), for others rotten eggs (H,S). In many meromictic
lakes, H,S is present in deep anoxic waters due to the decomposition of organic
matter [2, 15].

The fish kills and the sudden change of water color and fluidity are the markers
of the mixing of anoxic and iron-rich deep waters with surface water, the so-called
rollover which results in the precipitation of orange-red iron oxide Fe(OH)3, as the
one that has been observed in Monticchio Piccolo Lago in January 2017 [48].

Limnic eruptions are characterized by an ascending column of water (Pavin-1785,
Monticchio-1810 and 1820, Monoun-1984, Nyos-1986), reaching 5-80 m high. It
generates a great emission of micro particles, which are associated with electrical
storms. In the Pavin-1785 event, a great amount of hail is found on the shore, possibly
due to the gas expansion. A colder atmosphere is also noted in Albano-1829.

3. Past accounts of tempestuous Pavin revealed by historical sources (1549
onwards)

Many historical accounts on Pavin have been found since 2009 [9-11], only the
major ones are presented in this paper [57-81]. They represent several hundred pages,
which are summarized in Appendix B and re-analyzed in Table 2 using the grid of
maar lakes degassing descriptors established in Table 1. The 1785 Pavin event has
been fully described in Section 2.1.

3.1 The first pictorial representations of Lake Pavin in a royal land register (1579)

Pavin is figured on a landscape representation, the first ever made in France,
hand painted in the royal land register of Besse [57]. In this magnificent illuminated
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manuscript, ordered by Catherine de Medicis, the Queen Mother and lord of Besse,
Pavin cup shape and position “on top of a mountain” are very accurately represented
(Figure 2).

The discharge of the lake outlet—the Couze Pavin River—is over-represented
as if there were a lake overflow, spreading across the cascade 500 m below the lake.

Events 1551 1566 16th-17th 1750s 1783 1847 1936

Ref. [59, 60] [62] [59, 60] [66] [68] [71] [72]

L1 X

L2 X X

L3 X

L4 X

L5

L6 X X

L7

>
o

L8 X

L9

L10

L11

L12

Al

A2 (x) X)

A3

A4

LRSS

A5

A6 X

A7 X X X

A8 X

A9 X X

A10 X (X)

A1l X

n

12

3

14

I

5

16

17

I8 X

9

110 X

n X

Table 2.
Analysis of major witness accounts of Pavin Lake through the degassing descriptors listed in Table 1 (details in
Appendix B and Section 2.1 for the 1785 event).
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Figure 2.
Pictorial representation of Pavin Lake area in 1579 in the royal land register of Besse, featuring the lake and the
city of Besse [57] (actual sige of this partial picture: 20 x 30 cm,).

The mountain featured behind the lake is the Montchal, today identified as a volcano
with its crater. The Vassiviére Mountain is the last one on the upper right side. The
area between Vassiviére and Besse—the valley of the Couze Pavin River—is the loca-
tion of many miraculous healings recorded between 1547 and 1750s. This is the first
landscape and first lake ever depicted in France. In 1663 the lake is localized for the
first time in Joan Blaeu’s world atlas published in Amsterdam, an indication of its
famous reputation [10].

3.2 Geographic setting of Pavin and its surroundings

Lake Pavin is in the center of the Auvergne lake district, located at mid-altitudes
between 800 m and 1200 m, on top of the hydrological divide between the Allier-
Loire and the Dordogne-Garonne river basins (Figure 3) [9, 14]. The lake altitude
is 1196 m above sea level today. The Pavin area is located at the limits between the
historical regions of Haute and Basse Auvergne near the city of Besse (4 km east of
Pavin) known across Auvergne for its famous Catholic pilgrimage dedicated to Notre
Dame located on the Vassiviére Mountain at 1.5 km west of the lake at 1300 m asl
(Figure 3). Before the twenty-first century, all these lakes were frozen during the
whole winter, up to 6 months of ice cover for Pavin in the 1700s [58]. The mountain-
ous region of Besse was isolated, and the local road was avoiding the valley below
Pavin until the 1820s. The Couze Pavin River, originating from the Southern Mont
Dore massif and Lake Pavin, joins the Allier River, some 30 km downstream of Pavin,
at the main city of Issoire. Until the 1800s, the population in this mountainous part of
Auvergne was largely uneducated and isolated from the main communication routes,
particularly during the 6-month snow season.

3.3 Geological setting of Pavin

For volcanologists, the Pavin volcanic zone is located between two ancient volcanic
districts of the French Massif Central (Figure 4), the Mont-Dore stratovolcano, aged
0.2-1 Ma, and the Cézallier stratovolcano, aged 3-8 Ma, at only 20 km of the northern
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Figure 3.

Schematic map of Pavin geosite and its current scientific approaches (see also Figure 6). 1. Paleo lake levels
revealed by LIDAR and morphological analysis of lake rim. 2. Natural outlet incision analysis. 3. Pavin detrital
cone stratigraphy below outlet. 4. Scattered overflow deposits in Couze Pavin River thalweg. 5. Scars and deposits
of subaquatic sediment sliding revealed by fine-scale bathymetry, sub-bottom profiling, and radiocarbon dating
of long piston sediment cores. 6. Sedimentary archives (7000 BP-Present) from lake core stratigraphy and
geochemistry. 7. Present CO, measurements in lake and surroundings. 8. Limnological profiles in the lake waters
and measurement of CO, emission from the lake surface. Besse city and the sacred site of Vassiviére ave culturally
linked to Pavin by the Vassiviére cult and its attributed mivacles.

side of the Cantal stratovolcano, aged 2-13 Ma. In contrast, Pavin maar results from a
very recent phreato-volcanic eruption 6730 years BP, which occurred a few hundred
years after three other nearby eruptions, the Montcineyre, the Estivadoux, and the
Montchal; this recent volcanic area is almost aligned with the N-S Chaine des Puys.
Pavin maar depression, cut into the Mont Dore basalts and into the northern part of
the Montchal volcanic cone, generated the latest cataclysmic phreato-magmatic erup-
tion of Plinian type in the Massif Central; its tephras found in numerous peat bogs are
considered to be the last ones emitted in continental France [35].

3.4 Written sources and attempts to solve the mysteries of Pavin

The type of historical descriptions of Pavin and its surroundings have evolved
alot since their first publication in the sixteenth century. They also depend on the
geographic position of the witness with regards to the lake and on their social posi-
tion. As the lake was avoided until the mid-1800s [6, 10] and its violent events can be
quite short—two hours for the 1785 waterspout—full descriptions of events by in situ
witnesses are rather rare. Therefore, the post-event descriptions are dominant.

Heterogeneous sources on Pavin history were found one by one: an official com-
plaint to the King of France (1566), a pictorial representation in a royal manuscript
(1575), a visit by a medical hydrologist (1605), the religious registers of local miracles
(1615, etc.), a very detailed manuscript description of the lake written by a local Besse
scholar (1750s), publications in local and national newspapers (1783, 1803, 1986),
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Pavin Lake in the Central Massif volcanic provinces (France): Cantal, Mont Dore, Cézallier, Chaine des Puys,
Aubrac and Velay. Maar lakes: 1 Tazenat, 2 Serviéves, 3 Pavin, 4 Chauvet, 5 La Godivelle d’en haut, 6 Bouchet,
7 St Front, 8 Issarlés. 9 Aydat Lake (lava flow dam). Only Lake Pavin is presently mevomictic and believed to
have degassed in the recent past.

maps (since the mid-1600s), multiple travelers’ accounts (eighteenth century and
after), guide-book (nineteenth century), recent interviews, and contemporary leg-
ends collected by the authors. An unexpected and precious source of information on
the Pavin area is the register of miracles, attributed to the power of an early medieval
wooden statue, the Vassiviére Madonna, revered since ages. There, a famous local
pilgrimage was re-initiated in 1547. Since then, all miraculous healings occurring in
the Vassiviére-Pavin-Besse area have been carefully registered by the Catholic Church
authorities, including a striking tempestuous event reported in 1551. Numerous Pavin
legends have orally been transmitted across centuries and then transcribed between
1820 and 1925; they are discussed in a companion paper [36].

3.5 Analysis of historical accounts and descriptions about Pavin

We have selected here the most detailed and pertinent descriptions, generally
made by identified eyewitnesses (Figure 5). They are well contextualized, providing
dates and positions, and are often reported by local elites with higher educational
backgrounds. These sources have been largely or totally ignored by Pavin analysts
until now [6].

Pavin misbehavior is reported here through seven events of various intensities. Several
violent storm events (1551, 1750s, 1785) combining lake and atmospheric disorders have
been described through a triple motif: atmospheric and lake storm + thunders + light-
ning’s, generally associated with the suddenness of the event occurring within a “serene
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Principal historical observations of Pavin degassing and positions of witnesses (see Annex B for details). A,
1547-1750s: neurological damages in Vassiviere-Pavin-Besse area, reported in Vassiviére chronicles. B, 1551: violent
explosion witnessed from Vassiviere. C, 1566: storms with thunder and hail causing damage to crops in the valley.
D, 1750s: detailed description of Pavin behavior by Besse observer. E1, 1783: sudden color change (within 4 hours)
and whole lake boiling witnessed at outlet. E2, 1936: color change (in less than 12 hours) witnessed at outlet. G,
1785: limnic eruption with whirlpool and waterspout (6 m diameter, 50 m high). F2, 1847: lake storm, observed
from vim (?). G, 1972: boiling circle in lake (10 m wide with 20 cm eddies) crossed on boat. H, 1575: Pavin storm
generated by a tempestary stone, published by Parisian cosmographer Belleforest. Many historical manuscripts
were kept in Issoire monastery, 30 km downstream of the lake, and exposed to its misbehavior.

atmosphere” (clear sky), often with smoke emission, whirlpool, and/or waterspout. They
can be understood as limnic eruptions. Medium-intensity degassing events are accompa-
nied by fog and devastating clouds (1566, 1750s). Low-intensity events include rollovers
with boiling waters and sudden color and texture changes (1783, 1847, and 1936). The
impacts on the local population are inferred from the Vassiviére miracle register. The
detail of the descriptions depends on the position of the observers (Figure 5).

In 1575, the description of Pavin—not listed here—published by Parisian cosmog-
rapher Belleforest [57] attributes the sudden storms of tempestuous Pavin, in associa-
tion with thunders and lightning, to a stone thrown into the lake (see Appendix B,
1575). A thorough analysis reveals that Belleforest had actually reproduced an earlier
description (thirteenth century) of an unlocated and unnamed tempestuous “moun-
tain pit” where demons generated storms when a stone was thrown into it [36].

4. The perception and response of the local population to Pavin disorders
(1547-2024)

Historical sources also allow us to reconstruct the perception, the representation,
and, in general, the social response to Pavin disorders, which have been officially
considered for several centuries and then gradually called into question. While in
the nineteenth and twentieth centuries official science erased the past behaviors of
Pavin, whose original name, pavens, means “the terrifying” (Appendix B, 1605), the
memory of the fear he generated and the need for protection remain very present
today in an exceptional religious practice, which has been taking place since the mid-
1500s, without the connection with the stormy lake ever having been recognized by
the church. The chronological summary of Pavin descriptions, perceptions, represen-
tations, and analyses is proposed in Table 3.
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4.1 The Vassiviére register of miracles, an account of degassing impacts on local
population (1547-1700s)

The past effects of Pavin degassing on local populations are derived from our
re-interpretation of well-known local miracles collected since 1547 by the religious
authorities from Besse, then validated by a complex process set up by the Catholic

1551 Sudden violent storm, thunder, and lightning observed from Vassiviere [60, 61, 66, 73].

1549-1700s  Healings (contusion, loss of sight, sudden paralysis...) observed between Vassiviére and Pavin
[60, 61, 66, 73].

1566 Complain to Charles IX about a mountain pit exhaling clouds, thunder, and hail that damage cvops in
valleys [62].

1575 Belleforest’s description of a tempestuous lake on top of a mountain whose storm is triggered by a
thrown stone [61].

1579 Pavin is pictured for the first time in the royal Besse manuscript, overlooking the valley of the Couze
Pavin [57].

1672* A stone thrown into Pavin does not trigger any storm [67].

1750s Tempestuous Pavin detailed description; every day in summer the lake produces misty fog and
occasionally few violent storms which threaten the whole region, hence its name: lacus pavens, the
terrifying lake [66].

1770* Pavin is sounded for the first time (96 m) by a royal engineer [58, 77].

1783 Boiling lake (rollover): the watercolor and aspect of the lake outlet changed within a few hours. The
whole lake is boiling. Corrosive water generates skin buboes. A sub-lacustrine slide is inferred [68].

1785 Limnic eruption by fair weather: a spiraling ascending column of water, 6 m wide, is seen. When
reaching the edge of the crater, a terrible storm breaks out, with thunder and incessant lightning. The
storm lasts 2 hours, then the sky is clear again. A hail deposit, 20 cm thick, is observed on the shore
[371.

1788* Pavin is just a simple lake; I would like to dive in its deep waters to unveil its secrets [77].

1829 Often thick clouds and hot exhalations would spread on its shove...; Its name, Pavens, imposed by the
Romans, tells well that it was a threat in this avea [75].

1835* Pavin stories are absurd tales and legends invented by fear and transmitted by credulity [70].

1847 Storm developed at the lake surface with shocking waves and whirlpools [71].

1859* First salmonidae fishes successfully introduced in Lake Pavin by Rico and Lecoq [6, 10].

1892 CO; emission from Creux de Soucy cave is assessed for the first time by a speleologist [82].

1896 CO, presence and impact on visitors near the lake are evoked for the first time [80].

1890- Development of touristic access to the lake; first limnological studies [9, 10, 14].

1909*

1929 Degassing hypothesis: the CO,, stored in Pavin deep waters and generated by volcanism could
suddenly burst out and generate lake overflows as those traditionally feared by Issoire people [30 km
downstream] [81].

1936 Color change (rollover) overnight, from very transparent waters to yellowish-orange glutinous
waters that clogg the lake outlet grid; colloidal sulfur smell is perceived; fish kill [72].

1950s Limnologists discover Pavin meromicticity by O, profiles, then by water chemistry (Fe, Mn, etc.)
[9, 10].

1971 Pavin stories are tales of maid women; the Pavin name originates from pallenc, palissade in Occitan

[78].
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1972 Column of bubbles emitted from the southern part of the lake, 10-15 m wide, 20 cm high (August
1972); no specific smell was observed. Witness never dared to report the event. [Interview in Besse,
May 2024].

1993* First degassing risk assessment at the request of national authorities [26].

2005-2009  Detrital deposits were found in the Couze Pavin thalweg and attributed to violent lake overflow [83].
A confidential commission is set up by regional authorities.

2008* Limnologists report: “No spontaneous gaseous eruption can take place; The present situation is stable and
only important landslides, disturbing bottom sediments could generate a partial degassing.” [84].

2009* The Pavin and Meromictic Lakes conference held in Besse rejects the hypothesis of Pavin
misbehavior.

2010-2024  Paleolimnological, geomorphological, and geological evidence of Pavin Lake events during the last
two millennia, coherent with perception and description of past Pavin “misbehavior” [6, 9-11, 29,
30, 36, 48, 85-91].

2016 First synthesis on Lake Pavin [27]; geohistory and paleolimnology cover several chapters
[9-11, 35, 91].

2021* Volcanologists report: The so-called Lake Pavin misbehavior (Meybeck, 2016a, 2016b) has not been well
documented or understood [32].

2023 Only three lakes in Europe (i.e., lakes Pavin in France, Albano, and Monticchio in Italy) and one in Africa
(i.e., Lake Kivu in the D.R. Congo) evidenced markers of limnic eruptions in their sedimentary archives
[87].

2024 First modeling of a sudden release of CO, during a limnic eruption with risk assessment for Pavin

visitors and Couze River valley population [34].

Table 3.
Chronological summary of past Pavin misbehaviors, normalizations (*), and analyses (detailed accounts in
Appendix B).

bishop of Clermont, including names of witnesses, their locations, and dates
[59, 60, 73, 74].

The Vassiviére Mountain, located 1.5 km West of Pavin at 1300 m asl (Figures 2
and 3), is the location of continuous and major Christian worship for the last
500 years. According to some local historians, it was probably active in the Late
Antiquity [73]. There, a wooden statue of a Black Madonna with Child was wor-
shipped since the Early Middle Age in a first church dismantled in 1320 for “profane
behavior” of the population. From 1320 to mid-1500s, the statue, put in a depository
in an ancient wall, was still worshipped. The devotion to the statue was re-vitalized
after 1547, when the miraculous healing of a merchant, suddenly caught blind
between Vassiviére and Besse, was officially declared by church authorities [59, 60].
A chapel was rebuilt in the 1550s, and a new pilgrimage started at a time when Pavin
misbehavior was particularly noted and feared. The original statue was destroyed
at the Revolution and quickly replaced by a copy, continuously revered in the 1800s
and 1900s [11, 73, 74]. One of the authors, MM, assisted several times as a kid to the
ritual masses of August 15 in honor of N.D. de Vassiviére in the mountain sanctuary.
The most significant ceremonies (1638, 1881) attracted up to 20,000 pilgrims from all
over Auvergne to this tiny hamlet, abandoned in winter, where snow was sometimes
lasting in August [59]. The Vassiviére Guild, composed of all parishes, 20-30 km
around, oversaw the rituals, the collection of offerings, and the acquisition of the
many relics.

The close relation between the ancestral Vassiviere worship and Pavin misbe-
haviors has been suggested in some local religious sources, although not officially
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recognized by the church and the miracles attributed to the Madonna were never
contested by the local population. In 1688, Cladiere reports in his chronicle: “The
inhabitants of Besse carry the Image [statue] in every danger... the corrupted air was
purified in an instant” [60]. In the early 1800s the “tradition” collected at Besse by
Nodier, Taylor and Cailleux [75] clearly connects Pavin disorders to the Vassiviere
pilgrimage: “Some would also tell you that if She [the Vassiviere Virgin] was not brought
back [from Besse to Vassiviére], one could see at once a luminous vapor surging from the
earth and wrap the church, with gliding cherubs, musicians avchangels and all Christian
mythology spirits, who bring her back with pomp in her uninhabited land”. In 1857, a
Vassiviere poem still evoked the mighty storms generated by demons: “Satan, on the
stormy peak, led his infernal vounds... For eight days, the storm voared, and during this
time the devils, unleashed in the neighborhood, damned the inhabitants. ... Lucifer, with-
out being exorcised, flies away...the demons come out of their hideouts, the air regains its
serenity” [69].

The detailed Vassiviére “miracle register,” maintained from 1547 until the 1800s,
contains 109 miracles, many of them occurring locally in the area between Vassiviere
and Besse [73, 74]. One of the most remarkable miracles relates a sudden and violent
storm in 1551 (Appendix B, 1551).

In 1907, Dr. Noir, a Parisian medical doctor, noted [76]: “the group of the most
numerous and most interesting mivaculous cures consists of 33 cases where the illness clearly
has the characteristics of hysteria. Most of these patients are unfortunate people who are at
once paralyzed, blind, deaf, and mute and who suddenly vecover movement and the use of
their senses after prayer to the Virgin.” The doctor could not offer any explanation for
these neurological damages. The similarities with the impacts on populations gener-
ated by the degassing of lakes Albano and Nyos are striking (Table 1). We believe that
these diseases were most likely generated by CO, emissions from Pavin, invisible, sud-
den, and sneaky, and, for centuries, their spontaneous healings have been considered
miracles by the local population. The Vassiviére records rarely mention human life
losses since there was no miraculous healing but occasionally report a massive mortal-
ity of cattle.

The multi-secular belief in miracles attributed to N.D. de Vassiviére is so deeply
grounded in traditions and Auvergne culture [74] that no historian has attempted a
re-assessment of this unique and long-lasting tradition from a non-religious point of
view [6].

4.2 The successful sounding of Pavin in 1770

In the 1700s, the reputation of the unfathomable nature of the marvelous lake
seemed unbearable to the authorities. After a failed attempt in 1726 by locals, a
successful sounding is carried out in 1770 by Chevalier, a royal engineer of bridges
and roads [9]. He is equipped with the latest scientific instruments (navy-sounding
instrument, Réaumur thermometer, and leveling instruments) to achieve precise
measurements and examine the possible relationships between the Pavin and the
Creux de Soucy cavity (Figures 3 and 5). Chevalier finds the bottom at 288 feet
(96 m), discovers the hidden springs that feed Lake Pavin, identifies the lava cliffs
(Mont Dore lava flow), and establishes that the tiny and secret lake found at the
bottom of the Creux de Soucy is at a higher elevation than Pavin level, making com-
munication possible, a hypothesis denied today. The normalization of Pavin Lake can
begin. Ironically, a few years later, two major descriptions of Pavin misbehaviors are
published; both will be ignored by authorities and Pavin analysts [6, 48].
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4.3 The normalization of Pavin’s tempestuous character by scientists and
authorities (1770-1993)

Many attempts to solve Pavin mysteries have been made since 1788, by literary
voyagers, a botanist, a naturalist and geologist, authors of scientific guidebooks, local
historians, a school professor, folklorists, a renown Auvergne historian, writers, and
many others [6, 9, 10, 36]. Generally, they are based on one or two sources only.

In 1770, the sounding by Chevalier puts an end to several Pavin mysteries listed by
Belleforest (Appendix B, 1575). Legrand d’Aussy in his Voyage en Auvergne (1788) [77]
and Abbé Delarbre [58] went further and invalidated the famous devastating clouds
and the sudden storms mentioned by the cosmographer, although Legrand raises many
questions on Pavin deep waters [6, 10]. Meanwhile, the local and regional authorities
pushed for a complete normalization of Pavin. All were ignoring the 1785 limnic erup-
tion, only published in 1803 [6], but reported orally by local guides to a growing number
of visitors. Naturalist Henri Lecoq [70] will name them “Pavin stories” (Appendix B,
1835). In the 1820s, a new local road is constructed in the Couze Pavin valley; the
previous one avoided passing below the lake. A first boat is built and brought to the
lake, allowing the successful introduction of fish (trouts, salmon, chars)—absent until
then—by Lecoq and Rico in 1859, an ultimate reason to invalidate all Pavin stories [6].

The first access pathway to the lake and the walkway around the lake (1859-1909)
finally allowed the visitor access and the development of tourism. Meanwhile, the
city of Besse pushed for the scientific analysis of Pavin by the first limnologists in
1890-1914 [6, 9].

In the twentieth century, all volcanologists and limnologists avoided evoking the
tumultuous Lake Pavin history [9], including one author of this paper [15, 26]. It must
be recognized that, until recently, the very few known historical descriptions of past
Pavin events were often entangled with legendary accounts told by local guides, such as
those of Delarbre and Lecoq, particularly the story of the tempestary stone (Appendix B,
1575), still told orally in the Pavin area in the 1960s (MM personal observation).
Historians and social scientists had also not much addressed Pavin: most were following
the statements of Legrand d’Aussy in 1788, “Pavin is just a simple lake” [77], and the
official Pavin descriptions, as the one of Jouan (Appendix B, 1566), were regarded as
“legends invented by fear and transmitted by credulity” [71] or as “tales of maid women”
[58], an expression endorsed later by renown Auvergne historian Pierre-Frangois
Fournier [78], for whom the lake name comes from the Occitan pallenc, which means
palisade, an allusion to its steep basaltic cliffs (and not from the Latin pavens). This judg-
ment made by a well-respected scholar 15 years before the Nyos eruption, has probably
limited further investigations by other historians [6].

4.4 Deep-water CO, degassing, a hypothesis made by writers ignored by scientists

At the end of the nineteenth century, the hypothesis of lake degassing is made for
the first time by Ajalbert, a noted Parisian writer visiting Auvergne [80]: “suddenly
one can no longer breathe, the throat is strangled as at the bottom of caves where, for lack
of aiv, one would suffocate. It is the upper part of a crater which jumps under the force of
the undevground gases, like the cork of a bottle of champagne.”

In 1929, this hypothesis was further developed by Jean Larat, a literature teacher at
Issoire, 30 km downstream from the lake (Figures 3 and 5): “the volcanic activity has not
completely disappeared and it still vesults in continual veleases of carbonic acid. At the bottom
of Lake Pavin, these gases vemain trapped in the crevices of the volcano under the effect of the
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heavy mass of water which covers them. But if the fall of a stone, reaching the bottom of the
lake, releases the gaseous masses it contains, the rise of these gases which explode on the surface
of the lake then produces a sort of bubbling of the water and the formation of real waves.

Its a storm in miniature, a small storm on the lake. Here, the legend is therefore not entirvely
devoid of any reality... Nor will we try to dissipate the fear which consists of seeing a geologi-
cal commotion project, one day, the enormous mass of the lake onto the slope of the ravine of
the Couge [Couze Pavin River]. According to legend, it must, in its furious descent from the
mountain, after having carried away numerous villages, submerge the town of Issoire” [81].
This striking analysis, published in a local journal at a time when neither the meromictic
character of the lake nor the presence of CO, in deep waters were yet established, has
been ignored by all Pavin analysts and scientists.

4.5 The degassing controversy among scientists (1986-2024)

When the Lake Nyos catastrophe occurred in 1986, Pavin was quickly identified
as a maar lake with potential degassing risk [6] for the nearby population and for the
200,000 annual visitors coming to see the beautiful site, most of them standing a few
meters above the lake level, at the outlet, and on the circular hiking path.

The first risk assessment of Pavin is carried out in 1987-1992 at the request of
national authorities by volcanologists and geochemists, including one of the authors
(MM), and led by Guy Camus, a Clermont-Ferrand volcanologist. CO, was measured
for the first time in its deep waters, and we concluded in 1993 that there was no risk
of degassing under current conditions [26]: “it is considered that poison gas outburst of
limmic ovigin (upset and ebullition of CO2-rich water from the monimolimnion,) is not
to be held today as a rvealistic hazard in the French Massif Central.” Pavin history was
totally ignored. A second assessment (2005-2008) was carried out confidentially at
the request of the provincial authorities by a committee of experts, including one of
us (PL), following his discovery of a patchy detrital recent sedimentary formation
deposited downstream the lake in the Couze Pavin thalweg over 10 km when updat-
ing the local geological map [48] (see Figure 3). For its discoverer, it would have been
generated by a recent sudden overflow of the lake [83], hardly dated, a catastrophic
hypothesis as soon questioned by local volcanologists and rejected when it was sub-
mitted to the Journal of Auvergne natural history. A similar rejection consensus was
reached once more at the International meeting on Pavin and other meromictic lakes
held in Besse in 2009 and attended by French specialists of Nyos, local volcanologists,
and scientists from Pavin [6], including three of the authors (PL, EC, and MM).
There, the hypothesis of past violent degassing/overflow presented during a field
visit (led by PL) was again ruled out. At the meeting, Pavin history analyses made by
Delarbre [58] and Lecoq [70] were still considered references by Pavin scientists.

These three official scientific risk assessments (1993, 2005-2009, 2009) ignored the
comparisons with other degassing maar lakes (Monticchio, Albano) and the exceptional
geohistory of Pavin. The Besse meeting in 2009 triggered an interest in Pavin history and
paleolimnology, while Pavin limnological studies were also developing.

5. Pavin degassing approached by scientists

Since the 1970s, Pavin has been studied using very diverse scientific approaches in
limnology, hydrobiology, geochemistry, microbiology, sedimentology, paleolimnol-
ogy, geology, and geomorphology [27], as schematized in Figure 6.
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Figure 6.

Sczgentzﬁc approaches used to analyze Pavin functioning, its curvent degassing risk, and its past behavior,

as overflows and rollovers. 1a, 1b, 1c: Paleolevels (+18 m, +8 m, +4 m, vespectively) vevealed by LIDAR

and morphological analysis of lake rim. 2: Outlet incision geomorphological analysis. 3: Pavin detrital cone
stratigraphy below outlet. 4: Scattered overflow deposits in Couze Pavin River thalweg. 5: Scars and deposits of
subaquatic sediment sliding revealed by fine-scale bathymetry and sub-bottom profiling. 6: radiocarbon dating
of long piston sediment cores and sedimentary archives (7000 BP-Present) from stratigraphy and geochemistry.

7: Present CO, flux measurements at lake surface and in Pavin surroundings. 8: Profiles of water geochemistry,
physics, biodiversity, and microbiology in monimolimnion, chemocline, and mixolimnion. 9. Degassing risk model
of the Pavin avea covering the crater zone and Couze Pavin valley.

5.1 Pavin for limnologists: A “lake monster,” a window on primitive Earth

Lake Pavin is one of the very few lakes that have been studied continuously by limnol-
ogists for more than 100 years [9]. They have gradually discovered its limnological pecu-
liarities, which make the lake attractive for dozens of scientists from many disciplines
[27] and so different from all other maar lakes of Auvergne-Velay. Pavin rare peculiarities
(origin, morphology, hydrology, chemistry, ecology, algal biodiversity, sedimentology)
already found in the late nineteenth century by Delebecque [14] and by local naturalists
from Clermont-Ferrand [9, 10], have been confirmed by recent investigations [27, 92].

It took limnologists a hundred years to realize its hybrid nature, due to sub-lacustrine
hydrothermal inputs linked to the recent volcanic origin of the lake [27, 93-97]. The
well-oxygenated surface layer, the mixolimnion (0-60 m 40 years ago, today 0-50 m)
is controlled by photosynthesis, water, and material inputs by atmosphere and lake
basin, as in any other lake. The lower part is regulated from the hydrothermal control
(heat, water, salts, and CO, inputs) and by the constant rain of siliceous diatom algae
detritus produced in the euphotic zone (0-15 m). This bottom layer, the monimolimnion
(65-92 m formerly, today 55-92 m), is much richer in dissolved salts and totally anoxic.
Between these two layers, there is a transition layer of a few meters, the chemocline,
also termed the redoxcline, in which gradients of ionic concentrations (e.g., Fe and Mn
species) and dissolved gases (CO,, CH,) can reach two or three orders of magnitude.
Today, the in situ and continuous profiles of O,, temperature, and electrical conductivity
profiles reveal the great complexity and dynamics of the chemocline.

Pavin chemocline and monimolimnion are now a natural laboratory, intensively
studied over 50 years [93-102], offering insights on the chemical and microbiological
functioning of the Archean Earth, 2.5 billion years ago. Also, its varved diatomite sedi-
ments provide precious archives at various time scales, including for the analysis of the
Anthropocene, as in a few other lakes [103-105]. Until recently, many limnologists were
rather skeptical about the historicity of its past misbehavior: “the current pressure of CO,
and CH  is much lower than the hydrostatic pressurve: spontaneous degassing is improbable...
however, other events must be taken into considevation such as a large landslide” [84].
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5.2 Pavin, a model for paleolimnology of degassing maar lakes

The first obvious morphological feature of Pavin in relation to its past history is
its specific outlet. Natural outlets are very rare in maar lakes, whether in Auvergne,
Eifel, or Italy, and none of them are as incised as Pavin. Actually, the rim of several
European maar lakes has been excavated by tunnels in Antiquity or Middle Age
(Albano, Nemi, Laacher See) to generate artificial outlets, probably to limit overflows
[11, 23, 24]. These enormous works around 400 BC (Albano, Nemi) or in the eleventh
century (Laacher See) can be considered as technical feats. In 1783, the Pavin outlet
was described as a terrifying gorge [68], and the original steep outlet notch incised in
the lake rim, suggesting intense erosion, is well pictured in Lecoq’s watercolors in 1835
[9, 48, 106]. Today the outlet has been completely modified by the construction of an
access road and a visitor platform [9, 10].

Detailed geomorphic analysis of the Pavin area also revealed a lake outlet fan,
multiple scars of movements on lake slopes, and rockslides [31], which result from the
instability of Pavin Maar and Lake. Integration of terrestrial LIDAR data with multi-
beam bathymetric data, sub-bottom profiling, and multiproxy study of radiocarbon-
dated long sediment cores in the deep central basin of Lake Pavin suggests at least
three former periods characterized by higher lake levels (Figure 6) [85]. Two abrupt
lake level drops around 600 AD and 1300 AD were probably synchronous to crater
outburst floods in the Couze Pavin valley and subaquatic sediment slides in Lake
Pavin [86].

A team of volcanologists [87], well trained in the study of degassing maar lakes,
recently reviewed how “Lake Nyos-type” behavior can be archived in the geological
record. They are presenting Pavin as a model for a multidisciplinary paleolimnology
approach and list what has been found there by a team led by one of us (EC) fora
decade [29, 30, 55, 86-90]. (From [87] with a few additional elements and citation
numbers from the authors of this paper):

“Local CO2 degassing curvently occurring in Pavin arvea: “It was not until 2005-
2006 that CO, degassing points were discovered in many places in the region [83].
Lake overflow deposits: A long mudflow deposit downstream of the lake outlet
has been suggested and attributed to a recent (and undated) violent overflow of the
lake [107].

Multidisciplinary paleolimnological study: acoustic surveys, sediment cores
stratigraphy and geochemistry (spectrophotometry Total ovganic carbon, Hydrogen
index, Si/Ti and Fe/Mn ratios).

Detrital sediments indicator: the titanium concentration makes it possible to
monitor the evolution of the supply of detrital sediments [30].

Past lake levels: A significant drop in lake level since 600 AD is suggested by
changes in littoval subaquatic envivonment and sedimentary organic matter [29, 91].
Major subaquatic sediment slides: around 600 AD and 1300 AD reflecting
regional seismicity probably favored an intensification of Lake Pavin meromicticity
and the development of limnic eruption [88, 90, 91].

Outlet erosion: These landslides caused the outlet to erode and the crater rim to
rupture, leading to a sudden drop in water level and the release of a debris flow
downstream [88].

Five historical earthquakes: vecorded in the region between 1348 and 1921 AD,
they triggeved limited sedimentary events characterized by changes in magnetic
susceptibility and/or spectro-colorimetry values [107].
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Gas-rich sediments reworking; it could cause [55, 88, 91]: (i) the release of an
enormous amount of gas into the water column and consequently a limnic eruption
[28, 108, 109], (ii) the triggering of violent waves and the overflow of the lake which
could lead to the formation of a debris flow as well as a sudden drop in the lake level,
thus affecting the stability of sediments and gases in the water column and leading to
a limnic eruption [28].

Thunder sounds and orange water color: documented by Meybeck [10, 48] they
are linked to the vollover of 1783 and to the waterspout of 1785 AD , similar to a
limnic evuption [48].

Conclusion: Signs of limnic eruptions in Pavin include veworked sediments of reversed
ages, deposit colors veflecting a mixture of highly gas-laden water in an anoxic envivon-
ment and water in an oxic environment and/or at the surface, sediments gas-vich,
sediments rich in ivon hydroxide, strong peaks of Ti and Fe oxidized during events”

Pavin paleolimnological (sedimentary) records of major events (large subaquatic
landslides around 600 AD and 1300 AD) are associated with clusters of regional earth-
quakes, but also records of minor events (small slides or thin turbidites contemporary
to historical earthquakes in 1783 AD, 1844 AD, 1863 AD, and eventually in 1921 AD),
overflows (after 1765 +/— 55 cal BP), and eventually of rollovers (in 1783 AD).

A regional lake study [88] highlighted that numerous erosive events are character-
izing sedimentary basin fills of the Auvergne volcanic lakes and are thus limiting
paleo environmental reconstructions during the Roman period. Only one subaquatic
slide has been identified and dated to 170 +/— 40 Cal AD (1770 +/— 60 Cal BP) in
Lake Aydat (Figure 4), located 30 km north to Lake Pavin near the Limagne active
fault (UNESCO world heritage), suggesting that the oldest reports of potential Lake
Pavin misbehaviors may as well be a consequence of the active geological setting of
this volcanic province rich in maar lakes.

If the mantellic or bacterial origin of CO, stored in the deep waters of Pavin has
been discussed [26-28], regional investigations of volcanic lakes from Mont Dore
and Chaine des Puys volcanic provinces (Figure 4) highlighted the impact of two
main active faults in this territory: a first one below the Mont Dore stratovolcano
and a second one at the edge of the Chaine des Puys and Limagne basin [89]. Based
on multidisciplinary studies of lacustrine deposits from Tazenat, Chauvet, Pavin,
Montcineyre, Aydat, Chambon Lakes, and Limagne palustrine sequence, clusters of
paleo-earthquakes are suggested since 2700 Cal BP [88].

5.3 Current CO, measurements in Pavin and its area and modeling of sudden lake

degassing

In the last two decades, CO, measurements have been realized in the Pavin
area (Figure 3), confirming the CO, emission around the lake, particularly at the
Escarot Mofette, 1 km southwest of Pavin where deep-seated CO, levels may be
highly variable) [33, 83]. The nearby Creux de Soucy cavity, located on Montchal
lava bed 1.5 km south of Pavin (Figure 3), is also a site where CO, can be very
variable. In 1575, the cosmograph Belleforest mentioned that it was emitting
“vapor,” as observed in Pavin [61]. In 1860, the mayor of Besse made a first attempt
to explore the cavity; it failed because of “lack of air.” In June 1892, the famous
speleology pioneer, Alfred Martel, came fully equipped to explore the Creux de

212



Historical and Paleolimnological Reconstruction of Degassing Maar Lakes: The Case of Lake...
DOI: http://dx.doi.org/10.5772/intechopen.1007684

Soucy but failed to reach the bottom: a 6 m layer of gas was resting in the cave. Six
months later, the CO, had vanished, allowing the cavity exploration for the first
time by Clermont-Ferrand biologists [82]. During the second half of the twentieth
century, other occurrences of CO, have been noted in this cavity, a sign of the great
variability of CO, emission in the Pavin area. Today, speleologists and scientists
check its occurrence before working there, and they believe that the cave water is
not discharging underground to Pavin.

Rafflin and Boudoire from the Clermont-Ferrand Volcanology Laboratory
(LMV) and several Italian teams from the Istituto Nazionale de Geofisica e
Vulcanologia (INVG) have carried out the first comprehensive assessment of the
degassing risks of Lake Pavin [34]. They acknowledge that “past degassing events
can be inferved from historical records describing activity in 1551, 1783 and 1936
according to Meybeck” [9, 10], a statement in contrast to other LMV volcanologists
who are denying the historicity of Pavin misbehavior and doubting its violent
overflow events (Table 3, 2021) [32]. Their risk analysis starts with seasonal
CO; profiles inferred from water chemistry that lead to the quantification of
CO; stocks in deep water, then by measurement of CO, flux escaping from the
lake surface. The potential degassing is simulated according to three scenarios,
including a sudden limnic eruption emitting 450 t of CO,, contained in the lower
layer from 80 m to 92 m, out of a total of 1750 t, triggered by an external event
(slide, earthquake, etc.). The dispersion of the CO, cloud in the entire Pavin-
Couze Pavin area is then simulated by the INVG model, taking into account the
topography established by LIDAR and the local distribution of winds. For the first
time, the effects of degassing are quantified. Concentrations encountered at 1.5 m
above ground are simulated, particularly those at the outlet platform. Impact on
the 2000 daily summer visitors is finally assessed using the reference toxicity
scale developed by the American Department of Industry. The risk is greatest
for visitors standing on the lake outlet platform and for those hiking around the
lake. In the sudden degassing scenario, the toxic cloud would reach the platform
in 15 minutes and would be fatal during 1 hour (CO, > 15%). People in the Couze
River valley at Besse, 4 km downstream (Figure 3) would be affected by the CO,
cloud after 30 minutes but exposed to much lower concentrations, generating
breathing difficulties (0.5% < CO, < 1.9%). Impacts would also be more severe
for people with respiratory problems. Several risk management measures are
proposed [34]: “Areas around the lake would experience lethal CO, contents in the
air less than 15 min after the beginning of a limnic eruption... The spatio-temporal
evolution of the potential CO, cloud raises issues regarding the impacts of such a
hypothetical event in the close vicinity of the lake and, given the area is populated and
highly visited, needs to be considered in future risk mitigation strategies by (i) continu-
ous monitoring of CO, in the Pavin area, (ii) rapid emergency vesponse in the event
of a limnic eruption, (iii) installation of gas detectors, sivens and information panels,
(iv) an evacuation route and signage to identified safety points.”

5.4 A new look at Pavin is now needed
The debate on Pavin misbehavior, initiated after Pavin sounding in 1770, closed

by Lecoq in the nineteenth century, forgotten by the twentieth century limnologists,
has been reactivated after 2005, i.e., two decades after the Nyos catastrophe. In the last
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20 years the parallel analyses of Pavin geohistory and paleolimnology have proven to be
consistent. Furthermore, they are similar to historical descriptions of past degassing in
other lakes. At Pavin several levels of degassing intensity are reported; most of them do
not leave geological traces, such as bubbling, little waterspouts, fog, emission of vapors
and clouds, effects on animals, and even limnic eruptions (Tables 1 and 2; Appendix
B). The impacts on populations related to numerous Vassiviere miracles include many
neurologic damages and skin diseases [76], also mentioned at Nyos and at Albano.

Our on-going geomythological analysis of Pavin before the 1500s is suggesting
that in Late Antiquity and Early Middle Age, Pavin was probably also very active [36].
The impacts on populations, evoked in some ancient lives of Auvergne saints (Vita
Sanctorum, seventh-tenth century) and in some legends transcribed during the 1800s
[11, 36], may thus be rooted in cascading natural hazards documented in and around
Lake Pavin (earthquakes, landslides, tsunamis, crater outburst floods, lake level
drops, limnic eruptions). Archeological and further historical investigations are now
required to precise their possible origin since the Roman period.

We also believe that Pavin threats and damages on local populations are expressed
in the unusual and rich iconography found in the local church of Besse: the medieval
capitals, the 16th misericords (wooden sculptures), and the 17th chapel dedicated to
S Martha, a famous dragon slayer [11]. Other social and religious responses concern
the Vassiviére cult and the protective ritual, initiated in the mid-1500s and continu-
ously practiced until today: the statue of the miraculous Black Madonna with Child is
brought each summer from Besse church to the mountain sanctuary across Pavin zone
by a devout assistance convinced of its power of protection and healing (Figure 3).
End of September, the statue is brought back to Besse, waited by thousands with great
joy and gunshots, a ritual famous across Auvergne (La Dévalade). One striking result
of our study is this intimate connection between lake degassing and religion, a point
which could be investigated in many similar lakes.

The famous French geographer Elysée Reclus knew about Pavin and continued to
refer to its “enchantments” in 1885 without being able to understand their origin [110].
A new, multidisciplinary, and open-minded look at the lake must now be taken by
scientists (Limnologists, geochemists, volcanologists, etc.) but also by social scientists
(Auvergne historians, historians of religions, human geographers, anthropologists, etc.).

Until now, Pavin visitors are still largely unaware of its past history, but this
could change now that a scientific consensus on its past degassing is being reached.
An appropriate reaction of local Auvergne authorities (city of Besse, Puy de Déme
départment, Parc Naturel Regional des Volcans d’Auvergne) to the re-assessment
of degassing risk [34] is now expected. According to the local press (La Montagne,
September 29, 2024), the lake CO, and the Escarot Mofette (Figure 3) are now
surveyed since spring 2024, nearly two decades after the early warning by one of the
authors (PL), and historical degassing is now mentioned, replacing “Pavin stories.”
The social response at the local scale will probably diffuse gradually, although slowed
down for several reasons [6]: (i) authorities have been so far denying any risk on
the basis of scientific reports and very reluctant to admit the historicity of Pavin
misbehavior, e.g., on information panels presented to the visitors; (ii) admitting any
potential risk may probably lead to a revision of tourism management at Pavin and
may concern properties in the down lake area potentially exposed to the modeled CO,
cloud. However, these changes would probably be balanced by the increased attrac-
tion of Pavin if it is developed as an exceptional geosite with great geoheritage value.

The diversity of historical sources and the variety of scientific approaches that
have been used here for the reconstruction of Pavin past were unsuspected when this
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Figure7.

Reconstruction of Pavin past misbehaviors and graphical summary of the evolution of Pavin perception,
representation, and memorialization from antiquity to the present. The analysis of Pavin geomythology—before
1550—and legends is not detailed heve [36]. (Key dates of major Pavin events, normalization attempts, and
degassing hypothesis: see text, Tables 1 and 2; Appendix B).

analysis started in 2009. This was made possible because we shifted the traditional
points of view previously used by scientists (including one of us, MM) and by histo-
rians of Auvergne [78] or of Pilatus lakes at the Middle Age [111], and we did not rule
out the hypothesis of its degassing as in Nyos.

Our current understanding of the complex and evolving social, religious, and
scientific relationships between Pavin and society is presented through a temporal
fresco (Figure7).

6. Degassing maar lakes, from “new hazard” to global geoheritage
6.1 Past misbehavior in other European maar lakes, a growing evidence

Descriptors of maar lakes degassing (Table 1) can now be tested at Pavin before 1550,
and in other maar lakes, where archives, archeological artifacts, literary and legend-
ary sources, or traditional rituals are abundant. Preliminary assessments show that
perception and representation of the degassing risk in antiquity, the Middle Age and the
Renaissance can be quite different. The re-analyses of ancient sources at Lake Albano
[23-25, 112], Lake Montichio [21, 22, 113, 114] and Lake Averno [25] are promising and
reveal that degassing perception can be quite old, related to many Greek and Roman
myths [25], to Christian myths and associated with religious cults of these periods.

The Eifel maars in Germany have a great potential for such reconstruction. A first
analysis of local legends has revealed that at least four of them could be linked to
lake misbehavior events [11, 115]: (i) Ulmener Maar where “giant fishes” (probably
waterspouts) were described by Rhenan cosmographer Sebastian Miinster (1550s),
who reports their association with the death of new-born babies [116], and where
legends of witches living by the lake and possibly intoxicated by it are still locally
celebrated, (ii) in Weinfelder Maar (or Toten Maar) where the population of a whole
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village suddenly disappeared between two censuses in the 1500s and in which a
“Pilatus rock” is still shown on the lake cliff, (iii) Pulver Maar, famous for its legend
of a shepherd making circumambulation around the lake to prevent its eruption [11],
(iv) Laacher See which has the richest set of legendary accounts: legends of Early
Middle Age sudden storms with thunder and lightning—as reported in the 1844 event
(see Section 2.4), legend of a violent lake overflow, prior to the construction on the
lakeshore of the Maria Laach Abbey in the eleventh century, where the sudden death
of livestock led to the execution of local witches in the sixteenth century [117], finally
where an historical sudden rise of lake waters led to the construction of a tunnel in the
twelfth century to stabilize the lake level (as for Albano and Nemi Lakes).

Other legends of the Rhine Valley, analyzed by Scottish author Lewis Spence, men-
tion two stories, according to Christian tradition [118]: (i) a pit-dragon with pestilential
breath terrifying the whole country, then defeated during the evangelization of this
area, and (ii) a sudden atmospheric storm with big waves and thick clouds encountered
in the 800s33 on the Rhine River by Emperor Charlemagne. Unlike for Italian lakes, the
re-analysis of these sources has not yet been attempted, and the possibility of past violent
degassing events has not been explored in paleolimnology works.

The preliminary analysis of the legends and beliefs of maar lakes (or other lakes
which can be assimilated to them as Guatavita Lake) in other continents revealed
many similarities with Pavin: tempestary stone stories, pit dragons, lake cults, lake
fear, sudden lake storms associated with lake spirits, etc., in Ethiopia (Shetan Lake,
i.e., Satan Lake), Columbia (Guatavita Lake), and Northern Japan (Ainu people lake
legends) [36]. The presence of Mamy Wata, a famous water myth in West Africa,
has also been invoked after the Nyos catastrophe [5, 56]. Italy undoubtedly has the
most important set of written archives, from the pre-Roman to Christian periods.
Potential sources of historical archives exist on all continents, such as the missionary
archives that were regularly sent to the Vatican and the General Archive of the Indies
in Sevilla—for Latin America. The re-analysis of the Motif-Index of Folk Literature of
Stith-Thompson can also be considered.

6.2 Lake degassing, a new risk, still underrated

We recognize here how much the human community owes to the people of Nyos
and Monoun, who have unfortunately attracted attention on “degassing maar lakes”
(DML). Before these catastrophes, some DML were already known, feared, or
revered, but modern sciences and humanities failed to recognize them.

Even if the degassing of DML, observed by some scientists at Monticchio
(1770-1820), Pavin (1785), and Albano (1829), had been recognized by scientists
of the last century and integrated into academic courses, it is unlikely that the
attention of scientists and authorities could have avoided the disasters of Monoun
(1984) and Nyos (1986). The Cameroonian authorities made little attempt to
attract the attention of scientists after Monoun. Also, Sigurdsson’s paper on
Monoun, first rejected by Science, was still in press when the Nyos disaster
occurred [6]. A similar reluctance of academic science to admit the reality of
degassing occurred for the Laacher See in 1844, for Pavin at the end of the eigh-
teenth century, and it still does today.

In addition, each of DML constitutes a potential risk toward local populations
and their visitors, which remains to be addressed in all its dimensions. In Cameroon,
the issues of people resettlements, of their information and warnings, of their grief
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and mourning have been barely addressed, four decades after the catastrophe, but an
efficient lake degassing device has been installed at Nyos.

Recent calls to better take this risk into account [21, 34, 87] must be supported.
Our current knowledge on DMLs covers only a very small part of active volcanoes
in the world (Figure 2). The inventory of maars initiated in Africa [18] should be
extended to other continents. Meromictic lakes should be particularly targeted:
Cameroonian and European maar lakes convinced or suspected of degassing are pres-
ently meromictic. These inventories should combine paleolimnological, geohistorical,
and geomythological approaches.

6.3 Degassing maar lakes: A world heritage

Degassing maar lakes are extremely rare natural objects that have multiple
patrimonial values: scientific, cultural, literary, folkloric, anthropologic, sociologi-
cal, etc., as demonstrated for Lake Pavin and outlined here for a few others. The
interest in DML seems to have no limits. The famous Messel Pit in Germany, 47Ma
old formation, and now classified as a world heritage by UNESCO, holds one of the
richest fossil deposits ever found. Recently, geologists understood that it was an
ancient maar lake, the Lake Messel, which became permanently meromictic with
anoxic bottom waters. Sudden or sneaking degassing could have killed instantly
animals on the shore or in the lake itself. Their remains are now extremely well
preserved in anoxic sediments with their soft parts, feathers, colors, copulation
figures, etc.

The global inventory of the DML could lead to a global network of selected maar
lakes geosites of world heritage value [36]. The first on the list are, of course, Nyos
and Monoun, Albano, Nemi, Averno and Monticchio, Pavin, Laacher See, Ulmener
Maar and a few other Eifel maars, Ainu lakes, and Lake Guatavita, from which the
El Dorado legend is derived, although its maar origin is still debated. So far only the
Eifel maars are recognized as a geopark by UNESCO, but their legends remain to be
studied and valorized. This first set could be followed by a larger set of DML from all
continents.

Appendix
A.Lake Abano degassing in 1829
Summary of Bassanelli’s description [40] (made by the authors.)

“Start of event: on May 22nd, 1829 around 4 a.m., suddenly, in a serene sky, at
5:45 a.m. a furious wind rose accompanied by heavy rain. Shortly after 1:30 p.m.,
downpours of water coming from the south-southwest side of the lake fell accompa-
nied by a smell of sulfur. A few days after these tremors, we began to hear loud and
tervible detonations, in the atmosphere and in the ground, like distant cannon five.
[Bassanelli counted the detonations each month].

Population response: At 6 p.m. on May 23 a big shock which put everyone in

anguish, fearing for the destruction of the city. It is said that this volcano is waking
up., the families weve afraid and left for Rome; 300 leave. On the night of the 23rd,
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a memorable procession was held. The velics of St. Pancrace (local protector)) are
carried out and brought to safety. The following days people sleep outside. On May 31,
another shock and on June 1, an even bigger one: it cracked houses, caused stones to
fall, broke windows, accompanied by a terrible atmospheric rumbling.

Vapors and electric atmosphere: Most of the time the air was dusty, especially
in June and July, filled with nocturnal electric clouds. At the end of July, just before
the tremors, we could observe small white clouds, similar to the Milky Way, and
strong winds. They were stretched in bands, often colored, dark blue or white.
From July 8 to 12, electric clouds produced lightning on the south / southwest side.
Sometimes these phenomena developed in a line, like an aurova borealis, with
columns of fire and flying dragons, almost always from the south side, without
connection with tremors... The lightning, whether generated by ambient electricity
or not, predicted nothing. On some days, most people have smelled sulfur in the
atmosphere... The wind almost always came from the south/southwest and on
certain days was very strong, impetuous, overflowing. It was instantaneous changes
from serenity to rain with thick, dense fog, even on the most beautiful summer

day. This happened all day on June 28 and on the evening of the 29th there was

a terrible storm with hailstones (chabili), a confirmation of a complete atmosp-
heric imbalance. Very dirty rain (poiggie) occurred on October 21, 22, 27 and

on November4, 16, 23 ...Some days the continuous shaking was accompanied by
specific gases and an unusual cold in summer.

Animal behavior: The inhabitants were well warned by prior animal warning signs
of the tremors: braying of donkeys, barking of dogs, meowing of cats, and crowing of
roosters.

Lake waters: The edges of the lake, at the port, from the beginning of May (before
the tremors) were always turbid, flaky. During these and even after, they remained
opaque, and never presented their magnificent blue color of the previous year. Until
December, the waters remained cloudy and turbid.

CO, presence: In many cavities under the city there was a spontaneous formation

of carbon dioxide, making breathing impossible, killing animals and putting out the
lights; in others, this non-vespirable gas developed during the tremors and persisted for
a certain time.

Effects on people: People suffered from profuse sweating and nervous system disorders.
Some had a feeling of warming in their legs, accompanied by intense nervousness,
tightness in the chest. I felt it, particularly on the first morning of the earthquake, May
22. Others, at the first emission of gas, had an intense inner emotion, felt a few minutes
before the shock. Others, during and after the shocks, began to cry or experienced severe
tremors. The most common diseases affected the nervous system, the joints and catharsis
affecting the throat and lungs, sometimes cured, and sometimes leading to death. Also
mild to severe ophthalmia. There were many intermittent fevers especially in summer
and fall. Hive was very pronounced, with unbearable skin burning. There were a large
number of abortions at 6, 7, and 8 months, even among robust women, and fetal
growth delays of 2 to 3 months, attributed to delayed fetal nutrition. Most deliveries
were difficult and most babies came with skin diseases (herpes and tumors). I observed
that many of the babies breastfed during the tremors died of stomach problems, vermin
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and feces, others died of convulsions. The other children were tormented by diarrhea, by
dental conditions with cough, by ophthalmia... Nervous conditions affected all individu-
als, even move so women, producing strong convulsive movements, vomiting, heart pain
and more, and even a loss of the senses”’

B.Main historical sources concerning Pavin and its area
B.11551: The terrible storm was witnessed at 1.5 km from Pavin

This first recorded Pavin event, witnessed by six persons of high social positions
from Besse, is fully contextualized, with an exact date (28 August 1551). It has been
carefully recorded by the church authorities, kept in their church, and published for
the first time by a Jesuit born in Besse, Father Michel Coyssard (1615) [59] then by
a Benedictine also originating from Besse (1688) [60], reproduced in many others
Vassiviere pilgrimage histories [9, 10]. Witnesses were standing on the Vassiviére
Mountain (Figure 3) when a mentally sick child was brought for healing by the
miraculous statue, a new chapel being under construction:

“The air, which was at this moment very calm and tranquil, changed so suddenly that
all attendants were astonished: an impetuous wind vose all of a sudden with such
violence that they were almost all knocked on the ground, scattering their hats and
coats. What put them most in fright and fear is that at the same time the whole air
was like ignited by the length of terrible lightning, that occurred without stopping,
and by tervible thunder that could be heavd around them...this was just the effects

of the furiousness of the demon who was being exorciged, as one could smell for a

long time after an awful sulfur smell. The weather went back to clear state as it was
before, lightning and thunder stopped and the atmosphere went tranquil again”.

The very sudden, brief and violent change occurring in a serene atmosphere is
much similar to the 1785 limnic eruption (Section 2.1, Table 1), although it is not
reported that it originates from the nearby Pavin, masked by the crater rim. The
sulfur smell is noted, as in the 1936 Pavin event; see further.

B.21566: A hazardous abyss, generating storm, thunder, and hail
presented to Charles IX

On March 31, 1566, King Charles IX, touring his kingdom of France, and his
mother Catherine de Medicis are informed in Clermont, the capital of Auvergne
province (Figure 4) about “a mountain, called Puy de Dome, on which there is a big
abyss from which escapes ordinarily a big storm of thunder and hail, which damages grains
in the valleys.” [62].

Although this description made by the royal chronicler Abel Jouan wrongly places the
terrible abyss (a lake is not mentioned) on top of the Puy de Déme, the famous mountain
near Clermont, the attribution is most likely at the Mont Dore mountain and concerns
Lake Pavin. According to this official complaint, Pavin misbehavior is permanent; dam-
aging grains in the downstream valleys, which could correspond to at least 20-30 km
downstream, may be as far as the city of Issoire (Figure 4). The triplet wind storm,
thunder, lightning, and the occurrence of hail are very close to the 1785 (Section 2.1).
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B.31575: The sudden lake storm in “alake on top of a mountain,” triggered
by a tempestary stone

In the Cosmographia Universalis, an impressive work realized by the royal cos-
mographer Frangois de Belleforest [61], there is no direct mention of Pavin, nor of
Paven, its common spelling, until 1800:

“..Near this Mont D’or [ Now Mont Dove] stands the city of Besse, at a half quarter
league from which one can see a great lake located nearly on top of a mountain, with-
out a measurable depth and without any water inlet. Actually, it is both admirable
and tervible to see as, if a stone is thrown into it, it is ascertained that soon thunder,
lightning, rainstorm and hail would occur. Not far from this lake there is an abyss
named Creux des Soulcis.. from which gas is emitted’”.

This universal geography is very well organized with a final index of topics and
locations featuring about 10,000 entries, where Pavin is found as a “marvelous lake
located on top of an Auvergne mountain.” This topographic position is a recurrent
marker of Pavin, which probably dates from the Late Antiquity [36]. It is striking to
find small natural objects as Pavin (44 ha) and Creux de Soucy (a few feet wide cav-
ity) described with details that could only be known by a local scholar. In this work,
there are only fifteen lakes named and described; all of them are very peculiar, such
as the Asphalt Lake (Dead Sea). The Auvergne description in this work is the most
complete one at the time. At that period, no one knows that the Auvergne Mountains
are volcanoes and that Pavin is a volcanic crater; their origins will be discovered two
centuries later.

Pavin Lake storm is triggered, according to this description, by a “tempestary
stone.” This story is one of the best-known motifs of Pavin, constantly replicated
over the following centuries by many geographers [9-11]. It was still reported
locally in oral tradition in 1969 (MM, personal observation). We first put forward
two hypotheses [10]: (i) it could describe a lake close to saturation state and ready
to degas at any time, as was described at Lake Monoun after its explosion in 1986
[42], or (ii) it is the metaphor of a landslide or a rockfall which would have trig-
gered the eruption as suggested at Nyos. Additional investigations show that in
fact this motif was already existing, word per word, in the thirteenth century and
diffused by religious scholars in Vienne, 160 km east of Pavin, in the Rhéne River
valley. They were mentioning “a tempestuous lake in mountains where demons
were producing major disorders in air and in water” [36]. For this reason, these
scholars were also linking this demonic place to the final resting place of Pontius
Pilate, the Roman magistrate who chaired the trial of Jesus of Nazareth: accord-
ing to a religious tradition, his body was attached to a big stone, thrown into the
Tiber River, where it provoked a violent rejection! This story, made famous in the
Christian world near 1300 AD by Jacques de Voragine in his Golden Legend [63],
has been very popular in Christianity for centuries. Religious scholars and profane
authors have attributed many locations to this maleficent and tempestuous lake:
in the Pilatus Mountain (Central Switzerland), in Mont Canigou (Catalonia) and
in Monte Sibillini (Abruzzo, Italy). Also, a Pilatus rock is found in the Weinfelder
Maar (Eifel), famous for its legend. Medieval Pavin behavior could have generated
this myth of Pilatus Lake, famous across Western Europe, a hypothesis difficult to
support due to the scarcity of medieval sources [36].
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B.41605: Lacus pavens, the terrifying lake, is mentioned by a hydrologist

In his book on thermal resources of Auvergne Jean Banc, a medical hydrolo-
gist visiting Besse, he mentions the term lacus pavens, in Latin the terrifying lake,
and reports its storms generated by the tempestary stone, a story told by a local
peasant [65]. It is the earliest citation of the lake with its original name. “Paven” will
be replaced by “Pavin” in the early 1800s in maps and written accounts. Until the
twentieth century, the proponents of a normal lake have always doubted this origin,
preferring the Occitan “pallenc,” meaning palisade, a hypothesis evoked since the
1700s, then abandoned in the following manuscript source.

B.51750s: The Godivel Manuscript details permanent degassing and
occasional storms of “Pavent”

This manuscript, written in the 1700s by a member of the notorious Godivel fam-
ily from Besse, found and transcribed in 1884 [66], contains Pavin’s three-page-long
detailed description, which is summarized as such:

“The lake is one of the most beautiful to be found in Europe. Its depth is thought to

be unlimited: some courageous and curious [men] went with a craft in the middle of
the lake and let run 313 fathoms of ropes [without reaching the bottom]. The outlet
discharge is important, even during summer drought. The water is clear, a little bitter
and smells like ferruginous springs in the Pyrenees. Fish has never been seen [in the
lake] nor any water grass. Birds are vave in the surrounding woods: the reason is that
the frequent fog, which is seen escaping from the lake at any time, keeps them out

and makes this place uninhabitable...This place is feared because in summer several
exhalations and vapours are emitted and eventually result in clouds and storms

that threaten the whole avea. The lake has always been called the Pavent Lake. This
paving stone that can be seen all around it could have given rise to this name, which
originally comes from the verb paveo which was used in the past and means to pave
in French. ... It seems morve likely that it is called the Pavent Lake because of the fear
and fright that it causes in all those who look at it, even if they had seen it every day
of their lives. Pavent would therefore come from these two patois words Par-ven or
from the verb paveo which means I am afraid, either because this fear is excited by the
mere sight and consideration of the lake, or because several exhalations and vapors
rise from this lake duving the summer which shortly after degenerate into clouds and
finally into storms which hold the whole country in fear”

Several lake descriptors are mentioned here: the taste of water, the absence of fish
and the rarity of birds in the woods, the permanent fog. The occasional exhalations
and vapors, which shortly after degenerate into clouds and storms, also reported in
1566, terrorize the whole country. Several possibilities to explain the origins of the
“Pavent” toponym are proposed here, but the terrifying lake—lacus pavens—is clearly
privileged.

It must be noted that no reference is made here to a tempestary stone. Actually,
this motif, reported until the 19th and still present today, has never been mentioned
by an identified witness of Pavin misbehavior! For instance, in 1672 de Fretat [67], a
Jesuit cartographer of Auvergne who qualifies Pavin as the 11th wonder of Auvergne

221



A Comprehensive Study of Volcanic Phenomena

clearly asserts that “a stone thrown into the lake does not trigger any storm, as
reported by Belleforest,” then by its many followers in France and in Western
Europe [10]. He also reports that he has sounded the lake at 60 fathoms, about

110 m, although without mentioning how he proceeded. His work remained ignored
so far [9, 10].

B.6 1783: Paven is suddenly boiling, orange, and glutinous in summer 1783

This detailed account of this sudden Pavin event is published only a week after the
event in a two-page “letter to the editor” sent to the Feuille Hebdomadaire de la Haute
et Basse Auvergne, a pre-revolutionary weekly magazine [68]. The author is Chatelain
Godivel, another member of the notorious Besse family and magistrate of this city. It
is abridged as such:

“Paven Lake, at half league from Besse, is one of Auvergne marvels. It vepresents a
tervible gorge in a mountain...Its water has always been very clear, never clouded by
rains nor by storms or inlets, which are invisible. The outlet discharge is very stable
and could work a watermill. On August 21 [1783], on a very clear day, I have crossed
this stream at eight in the morning to go to Vassiviére [Location on figure 3]. When
going back at four in the evening..., I found the outlet water very turbid and yellow-
ish...My son climbed to the lake, some 150 fathoms [180 m] from there, and found the
lake surface completely troubled, carrying a sovt of yellow-orange and glutinous silt.
He took the water in his hand and when this substance dried it produced on his hand
some pimples with a slight pain that lasted some time. The same day the land keeper
came to tell me: “Siv, there is something extraordinary in Paven which I have never
seen, the water is boiling everywhere but there is no wind, it is yellowish and even
rusty in some places”. The day after, I called my farmer Gelac who stays close to the
lake. He told me that the water had been dirty two or three times this summer, in the
evening...I suppose that there has been inside the lake some slide, so important that
such volume of water was clouded and infected by some venomous material.”

This journal, the first news magazine in Auvergne, has a section devoted to “Arts
and science,” and aims to be read by nobles, bourgeois, and ecclesiastics. When the
lake change occurred, the witnesses were only 1.5 km away and did not remark any
thunder or lightning; it was probably a moderate lake mixing (boiling waters) and
non-violent degassing. For the first time, a scientific hypothesis, a sediment slide,
is put forward. This Pavin event is probably a limited mixing of deep anoxic and
iron-rich waters with surface waters, leading to oxidation of ferrous iron and ferric
hydroxide precipitation, as observed in Nyos Lake, in Monticchio Piccolo Lake and in
Albano Lake, in 1829 (Section 2).

In 1877, one finds a veiled reference to this event in a manuscript, where the 1783
event is evoked in relation to the 1783 Calabria earthquakes [68].

B.71835-1847: Contrasted Pavin descriptions made by Henri Lecoq

In 1835, this prominent Auvergne scientist—he is also a botanist, a hydrolo-
gist, and a noted businessman—makes his first visit to the lake and collects “Pavin
stories” told by his local guides [70]. They can be understood as a mixture of secular
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traditional beliefs dating from Belleforest, as the tempestary stone, with allusions to
the Pavin event of 1785, featuring a whirlpool:

“No boat crosses its deep waters. No inhabitant of the surroundings would dave to
linger on this liquid plain. A whirlpool exists in the middle, and would swallow up
the imprudent person who wanted to drive his boat there. A stone thrown far enough
to veach this chasm, boils the waters and produces a storm. The lead of the probes
melts in the middle of the lake and its depth reaches no limits. Such are the absurdities
we heard told.”

This description will be popularized throughout the nineteenth century and
picked up by most authors of guidebooks [10]; it is still found today in some of them
[6]. During his many visits to Pavin, Lecoq has not attempted to use the latest scien-
tific instruments, unlike lake study pioneers such as Tata at Monticchio (Section 2.2).
In 1871, he sums up 35 years of visits to Pavin in a book on Massif Central hydrology,
much descriptive [71]. He mentions once more the Pavin stories as “legends invented
by fear and transmitted by credulity” However, he also describes, without further
analysis, a strange lake storm as he was sounding the lake with the first boat ever
brought to Pavin, thus giving credit to some Pavin stories:

[September 13, 1847, great storm] “We noticed from time to time a phenomenon that
could have led one to believe in whirlpools and smoke from the lake that vises during
stormy weather. We could indeed see the wind driving the water in various directions,
pushing the waves in different divections and from their shock real whirlpools and
white dust were born that vose while turning and gave rise to large smoke.” Lecoq
invokes the wind effect, actually due to its high vims, Lake Pavin crater is actually
very well protected from external wind.

B.81936: The sudden color change of Pavin

This summer 1936 event has been only revealed by its witness in 1987 [72], while
press journalists were investigating Pavin past (Section 4.5). The witness, Paul Joanny,
a pharmacist at Clermont, had not dared to report the event for 50 years [6]! In 1936
he was a young fisherman from Besse; he has also been interviewed in 2012 by one of
the authors (MM):

“My father had a boat on the lake. On Sundays, I go and get the crayfish by putting
down a basket. I had left the lake spotless, smell and consistency. The next day, I went
back with my father: the whole lake was coloured, 1 saw a big yellowish foam floating
in certain parts of the lake, from yellow to orange, with streaks of blue. A fisherman
named Boccard, arrived in turn; he told me he had already seen that once or twice.
The cap of the basket was caught in this gelatinous mass that smelled a lot of sulphur.
(In pharmacy, when I was studying, we prepared colloidal sulphur for the prepara-
tion of the arsenic poisoning test: the same smell floated in Pavin). I took a bottle of
water: the teacher thought it was algae. The foam floated on half of the lake. It was
forming before my eyes: the wind was gathering the deposit towards the spillway of
the lake. The river was no longer flowing. We unblocked the spillway; the fishermen
reported dead trout. It was not the water that had changed colour, it was the yellow-
orange deposit, as in the pharmacy studies program.”
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In 1987, this witness account has not been considered by scientists despite the
striking comparison with the 1783 event, rediscovered in 1986 and well noted by the
journalist.

A similar reluctance to report past Pavin misbehaviors is still found today: during
our investigations in Besse (PL and MM, May 2024), an eyewitness from Besse (J-L
V.) also reported another event that occurred in summer 1972 while he was asked to
take back to the lake outlet a rented rowing boat left near the south shore of the lake:

“I choose to go across the lake straight to the outlet. At one moment, I suddenly crossed
a boiling area 10 to 15 m wide with eddies about twenty cm high. I expected to see a
monster emerge and I rowed harder to get past this dangevous area.”

Fifty years later, this witness still does not want to disclose publicly his name,
fearing ridicule. These two delayed testimonies illustrate the difficulties of assembling
contemporary accounts of Pavin misbehaviors. The major reason is the lack of official
recognition of the turbulent past of Pavin, which has been developed over more than
two centuries by scientists, historians, and local authorities [6].
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Chapter 9

Eruption Scenarios of a
Monogenetic Volcanic Field
Formed within a Structurally
Controlled Basement Terrain:
Harrat Lunayyir, Saudi Arabia

Kdroly Németh, Mostafa Toni, Vladimir Sokolov,
Abdulrahman Sowaigh, Mahmoud Ashor and Fawaz Mogeem

Abstract

Lunayyir Volcanic Field is one of the youngest (~600 ka to Historic) Cenozoic
mafic intracontinental volcanic fields in the western margin of the Arabian
Microplate. It consists of about 150 volcanic edifices that worked around 700 vents
indicating strong vent alignments and potential longevity of activity to build each
of its volcanoes. The volcanoes are strongly aligned following the Neoproterozoic
basement structure determining the surface valley network that commonly captured
lava flows. The volcanoes are typical magmatic effusive and explosive types of
volcanoes ranging from minor fissure vents of spatter ramparts to complex multi-
crater scoria cones. Effusive hazards are dominated by transitional lava flows with
restricted pahoehoe and ‘a‘a lava emplacement while explosive eruptions are spatter
cone formation with lava fountaining, scoria cone growth and destruction, paroxys-
mal sub-Plinian and/or violent Strombolian style activity, directed ballistic curtain
formation and a possibility of development of passive volcanic fog (vog). According
to these eruption types, effusive eruption scenarios are the most likely and long-term
impactful events, while explosive eruptions are dominated by low intensity low
impact scenarios. The area however shows evidence of extensive tephra blanket that
explosive phases capable to reach volcanic explosivity index (VEI) 4 capable to carry
ash away over 250 km.

Keywords: monogenetic, basaltic, scoria, spatter, pahoehoe, ‘a‘a lava, fissure,
seismic swarm
1. Introduction

Research on monogenetic volcanism became an increasingly important part of vol-
canology. Monogenetic volcano is a volcanic edifice with a small cumulative volume
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(typically <1 km?®) that has been built up by one continuous, or many discontinuous,
small eruptions fed from one or few (probably in the dozen range) distinct magma
batches erupted in a short time interval (hours to month most) [1]. Small-scale basal-
tic magmatic systems with magma fluxes of 10~ to 10~ km*/ky are common on Earth
and tend to form volcanic fields over long time (ka to Ma) despite their individual vol-
canoes are typically short-lived. Individual volcanoes in such fields are referred to as
monogenetic, emphasizing the short duration over which the individual volcano was
active, the small volume of eruptive magma involved, and the relative simplicity of
the volcanic edifice as a reflection of the simple and “one-off” nature of the eruption
itself [2]. This type of mostly basaltic volcanism within a volcanic field setting creates
a variety of volcanoes, such as spatter cones, scoria cones, maar—diatremes, tuff

rings and cones and associated lava fields [3]. Monogenetic volcanic fields occur only
where the magma supply to the volcano is low or where vents are not close enough

or large enough to develop magmatic plumbing systems for continuous feeding of
magma. Monogenetic volcanic fields can provide snapshots of the underlying region
beneath the surface and may be useful in studying the generation of magma and the
composition of the mantle since the single eruption produced would match that of the
commonly deep source from which it erupted [1]. The magma supplying such fields

is thought to have rapidly ascended from its source region, with only short resident
times (decades or less) in shallow crustal magma storage systems such as dyke and

sill networks. Monogenetic volcanic fields show great diversity of spatio-temporal
vent distribution patters that are rather indicative to the lithospheric structure [4-6]
especially in old continental lithosphere such as in the case in the western margin of
the Arabian Peninsula, that is part of the Neoproterozoic Arabian Shield. Western
Saudi Arabia hosts one of the world’s largest alkali basalt provinces that covers a total
area of about 180,000 km” [7]. Volcanic rocks and volcanic edifices normally directly
overlying the Precambrian basement complex of the Arabian Shield, part of the
western Arabian plate. The province has traditionally subdivided into 19 regions, each
characteristically dominated by eruptive products of coherent lava and less volumi-
nous pyroclastic rocks mostly mafic in geochemical composition [8-10]. The subdivi-
sion however is commonly ambiguous both geologically and by usage of local names
to specific geographical region. The subdivision of volcanic fields is also complicated
in areas where the number of post-Miocene volcanic edifices numbers are reaching
several hundred such as the in the region between Madinah and Makkah (Figure 1)
Harrat Rahat (Figure 2) as older volcanic edifices are difficult to reconstruct correctly
especially to locate their individual vents [11-13]. Out of the 19 volcanic fields, 13 are
those that host dozens of vents and cover significant surface areas. Distinguishing
volcanic fields can also pose problem as large volcanic fields nearby show transitional
appearance in the field and often putting the boundary between them is not straight
forward such as the case in between Harrat Rahat and Khaybar, Harrat Khaybar

and Ithnayn, and Harrat Khaybar and Kura (Figure 2) for instance [10]. Extensive
geological and geochemical work was carried out in the western Arabian monogenetic
volcanic fields in the 1970s to early 1990s [9, 12, 14, 15], leading to several volcanic
source models and hypotheses about the relationship of this type of volcanism and the
Red Sea Rift [9]. While this question is still under debate it is more and more evident
that volcanism generated the harrat are results of deep sourced melt propagation

to the surface along basement structures reacted to tectonic stress allowing small
batches of melt reaching the surface periodically [16, 17]. This style of volcanism,
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Figure 1.
Tectono-stratigraphic units of the Avabian Peninsula with the marked location of its Cenozoic, mostly younger

than 10 Ma volcanic fields in western Arabia that erupted on the basement rocks of the Neoproterozoic Arabian
Shield.

commonly called as monogenetic [1] or dispersed volcanism of deep sourced magmas
(e.g., basalt), is one of the most common types of volcanism on Earth especially in
intraplate settings, and one of the most challenging to develop a workable and useful
volcanic hazard estimate. The surface manifestation of vent distribution and associ-
ated lava inundation in such old, structurally complex terrains can generate complex
volcanic terrain morphology where monogenetic volcanoes can erupt within narrow
fault-bounded gorges, their edifice grow over steep rugged terrains inhibiting gradual
cone collapse and spreading, while their lava effusions can feed extensive lava fields
captured and channelized into narrow gorges. Such regions can offer a deep insight
of the volcano-morphological evolution of a terrain [18] and offer good scaling to see
the type of volcanic hazard and eruption impact future volcanic events may pose to
the terrain. In this chapter such volcanic field is documented in the NW part of the
Arabian Shield (Figures 1 and 2) called as Lunayyir (Shaqa) Volcanic Field (LVF)
(Figure 2). Within these extensive young (younger than 600 ka) volcanic field [19],
particularly in its northern sector distinct basins are inundated by lava flows, while
cones grown into narrow gorges or grown over steep structural network.
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Volcanic harrat (volcanic fields) of the western Arabian Peninsula cover extensive regions with lava flows and
typical monogenetic volcanic fields. Small inset map shows the broader geotectonic situation as ovogenic belts in the
northern margin and left-lateral strike-slip plate mavgin in its western boundary. The location of the Nubian —
Avabian Shield marked by gray while extensive Pleistocene to Holocene volcanic regions is shown by pink fields.

The study area was defined as a distinct basin that is filled with lava flows exhibit
young surface textures and mapped as Holocene eruptive products (Figure 3).

Vents are defined as map view projection of the outlet of a volcanic conduit that
transport magma to the surface. Magma then exits through a crater that is the surface
manifestation of a vent erupted pyroclasts through explosive magma fragmentation
or as a liquid that was fed low viscosity basaltic lava flows. Volcanic edifice, or volcano
in this sense is the 3D landform that may have numerous vents that may or may not
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Figure 3.

Lunayyir Volcanic Field is in the northern Red Sea coast in Saudi Arabia. On a satellite image the lava flows
clearly visible filling the narrow valley network between elevated Neoproterozoic hosts. Red star marks the
location in an inset map showing the Arabian Peninsula.

erupted at the same time. It is important to understand this distinction as vent num-
bers can be significantly higher than actual volcanic landform numbers (e.g., volcano).
Along fissures, compound and complex volcanoes numerous exit points (vents) can
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form that is the case at Harrat Lunayyir. Eruption scenario in the other hand refer to a
specific type of volcanism that can be inferred from the preserved volcanic facies and
rocks. Identification of eruption scenarios are the key to volcanic hazard studies as
with correct identification a graphic timeline of events can be drafted what to expect
from future eruptions, what the most and less likely scenario, or what is the most and
less impactful scenario a region must be ready for future eruptions. A specific eruption
scenario naturally can give hints about the sudden or gradual built up of a volcanic
event or its manageable or catastrophic impacts. This research eventually culminates
into a simplified but evidence-based scenario builder. Complex vent distribution can
generate various vent distribution maps.

2. Geological setting

The Arabian Plate lies between the Gulf of Aden, the Red Sea, the Gulf of Aqaba
and the Dead Sea transform zone, the Taurus and the Zagros Mountains, and the
Arabian Gulf (Figure 4). The tectonic structure of the plate has been widely dis-
cussed in the literature [20-29]. Saudi Arabia is situated in the center of the Arabian
plate (Figure 4).

In this area, the plate comprises the following formations: (I) a crystalline
basement of Precambrian continental crust about 40-45 km thick and mostly
870-550 million years (Ma) old; (II) an overlying sequence of younger Phanerozoic
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Geotectonic situation of the Arabian Microplate. Tectonic framework is based on “Johnson (1998) Tectonic map
of Saudi Arabia and adjacent areas. Ministry of Petrolewm and Mineral Resources, Deputy Ministry for Mineral
Resources Technical Report USGS TR-98- 3, (IR 948)”.
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sedimentary rocks that range in age from Cambrian (540 Ma) to the Pleistocene
and in thickness from zero to 10 km; (III) Cenozoic flood basalts, (IV) Paleogene-
Holocene intracontinental deposits, (V) oceanic basins along the Red Sea and Gulf
of Aden (Figure 1). In contrast to the generally flat Arabian Platform, the Arabian
Shield is characterized by a ragged and elevated relief reaching an elevation of
2000 m. Initially, the Arabian Shield was united with the Nubian Shield on the
African Plate, but later they were separated by the process of rifting, which began
approximately 30 Ma [30] and caused the opening of the Red Sea (Figure 4).
During the period of separation between Arabia and Africa, new oceanic crust

and sedimentation in the Red Sea and Gulf of Aden basins is created; the western
and southern margins of the Arabian Plate were uplifted and partly covered by
subaerial flood basalt, resulting in the creation of the Red Sea Escarpment and
extensive lava fields locally named as harrat (Figure 2). These harrat however

are well-defined distributed volcanic fields commonly termed as monogenetic
volcanic fields from their vents, lavas inundated much larger areas then their vent
location defines. The northern and northeastern margins were sutured to rocks

in Iran and Turkey, causing crustal shortening and the formation of the Zagros
fold-and-thrust belt. The crustal structure of the Arabian Shield is affected by

the Neogene and Quaternary volcanism. In the Cenozoic time at around 31 Ma a
mantle plume formed beneath what is now the Afar Triangle [31]. Crustal exten-
sion commenced along the site of the future Red Sea with the eruption of the older
lava fields (harrat) of Saudi Arabia between 30 and 20 Ma (tholeiitic-transitional
phase of volcanism parallel to the margin of the Red Sea) including Harrat Ishara,
Hadan, Nawasir-Al Buqum and As Sirat [9, 10, 32-35] (Figure 2). Around 24 to

22 Ma in response to crustal stretching, major gabbro dikes were emplaced in a fault
zone corresponding to the foothills of the Red Sea [31]. During the past 10 mil-
lion years (transitional-alkaline phase of volcanism) the youngest lava fields were
formed (Figure 2). The lavas mainly lie along a 900 km line within the Arabian
shield that extends south from the Great Nafud Desert, through the cities of Al
Madinah and Makkah, and then as far south as Al Qunfudah on the coastal plain
(Figures 1, 2 and 4). The northernmost 600 km of this trend takes the form of a
north-south graben structure through which the main Cenozoic basaltic lava fields
have been erupted. This zone has been named the Makkah-Madinah-Nafud (MMN)
(Figure 2) volcanic line, and includes Harrat Rahat, Khaybar and Ithnayn [10]. The
MMN volcanic line may be a weakly propagating rift zone where crustal extension
has averaged about 0.054 mm per year over the past 10 million years and is distinct
from the main Red Sea rift zone. It forms the axis of uplift in western Saudi Arabia,
and geothermal phenomena are observed along this trend. The fact of asymmetric
distribution of harrat with respect to the Red Sea is a strong argument showing that
the recent volcanism in Saudi Arabia is probably not directly associated with the
rifting processes within the Red Sea Rift and rather originates from mantle sources,
such as plume or asthenosphere upwelling [36, 37]. Approximately twenty erup-
tions in Western Saudi Arabia and Yemen were recorded in historical times during
the last 1500 years [35]. Among the recent eruptions it is necessary to mention

two historic eruptions that were recorded (i) on northern Harrat Rahat near Al
Madinah city [38-40], and (ii) on Harrat Lunayyir [41, 42]. Late prehistoric scoria
cones and lava flows are known on northern Harrat Rahat, and harrat Lunayyir,
Khaybar and Kishb [34, 35]. The MMN line and areas further south along the Red
Sea coast show geothermal phenomena that take the form of shallow water wells
with elevated temperatures, hot springs and occasional steaming [43, 44].
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3. From terrain analysis to volcanic geology

The focus area is in the northern section of the Lunayyir Volcanic Field (Figure 5).
This area is seemingly a region that evolved through vents well-clustered along NW-SE
trending alignments distinguished from other part of the region. Narrow fault-bounded
gorges in addition captured the extensive lava flows and formed zones of lava inundated
regions separated by crystalline basement rocks of tonalite, trondhjemite, monzogran-
ite and syenogranite ridges commonly crosscut by slightly more mafic dykes.

On various satellite imagery, the structural architecture of the region is clearly
visualized having steep sided rugged ranges of basement rocks and the narrow gorges
filled with dark basaltic lava (Figure 6).

Through a representative cross section, it is very evident that a major morphologi-
cal step separates the western region of the area from the deep interior of the volcanic
field that is also very uniform in morphology (Figure7).

The highest point reaches over 1,000 meters and form characteristic steep sided
mountain ranges separated by box valleys commonly filled with lava flows. The same
morpho-structural features are also evident on a slope angle map generated from the
ALOS PALSAR 12.5 m resolution digital elevation models showing slopes reaching
over the general angle of repose of loose sediments posing potential high-risk regions
for rock falls, landslides, or other geophysical mass flow initiation points (Figure 8).

The terrain ruggedness is also demonstrated by the landform characterization by
applying the geomorphon theories [45] that divide the landforms to 10 basic catego-
ries based on the elevation data in every single datapoint (Figure 9).
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Figure 5.

Ge%)logical map of the novthern Harrat Lunayyir based on a 1 to 100,000 scale mapping. Qj vepresents the oldest
volcanism about 600 ka old, while the youngest Qm6 volcanoes probably historic and can be as young as about

1 ka. Areas where the hillshade map (based on ALOS-PALSAR 12.5 m resolution digital elevation model) clearly
visible are Neoproterozoic crystalline basement of dominantly tonalite, syenogranite or mongogranite penetrated
by extensive andesitic dyke swarms. The map shows the fissure opened in 2009 accompanied with a seismic swarm
interpreted to be a vesult of dyke intrusion that stalled few hundreds of meters below the surface, hence defined as
a failed eruption.
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Northern Harrat Lunayyir region on a Bing Satellite image. Red line represents a NW-SE topographic cross

section shown on Figure 7.

Figure 7.
A representative NW-SE cross section showing the major morphological step along one of the youngest volcanoes
erupted within the Harvat Lunayyir (ved arrow). Elevations (y-axis) and distances (x-axis) are in meters.

On this map the region has a systematic rectangular valley pattern and adjoining
ridge setting all inferred to be highlighting the basement Precambrian rocks struc-
tural architecture. Applying various parameters to derive geomorphon maps can be
used to locate key geomorphological scales and areas to aid geosite recognition and
geodiversity estimates. Convergence index map (Figure 10) has also been gener-
ated to show the terrain ridge and valley pattern as this method clearly showing the
landscape slope changes such as divergent when surrounding pixels getting lower
values (less elevation) or convergent if they are forming local heights (more eleva-
tion) [46-48].

This method is very sensitive to identifying major structural patterns of the
region. Creating an aspect ratio map for the broad regions and color coding revealed
the same pattern with a different visualization technique (Figure 11). Similar colors
show the slopes facing a specific direction segment. Very colorful regions indicate
strong variations within the landscape while uniform colors are indicative for uniform
morphological settings such as existence of fault planes (Figure 11).

The area is characteristically showing a roughly NNW-SSE and a near-perpen-
dicular valley and ridge pattern. This pattern has been obscured in the central part
of the volcanic field where most of the vents are located and lava sheets filling the
intramountain basins. Testing the viability of satellite imagery usage, it is very clearly
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Figure 9.
Geomorphon map showing a dendritic morpho-texture of the basement hovsts that ave in similar ovientation as
the valley network filled with Quaternary lava.

visible on such imagery that young lava flows are filling broad basin like features pres-
ent before the volcanic eruptions modified the landscape. This can be clearly visible
on the various Sentinel imagery such as the highlight optimized versions (Figure 12).
Sentinel moisture index map however shows well that lava flows are likely act as zones
where water can be hidden beneath (Figure 13).
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Aspect ratio map showing planar features facing to the same direction. Similar colors over large, connected areas
represent planar features cutting the landscape such as fault plains.

On October 11, 2007, a swarm of earthquakes occurred on the eastern side of the
lava fields of Harrat Lunayyir that is relatively young being less than 600,000 years
old [41] with the last eruption about estimated to be occurring as young as 1000 years
ago [49, 50]. Since early 2009 tens of thousands of earthquakes attaining a magnitude
up to MW 5.7 (May 19, 2009) have been observed in the area including19 earthquakes
of magnitude (M) 4.0 or greater occurred at depths less than 20 kilometers during

243



A Comprehensive Study of Volcanic Phenomena

37°36'0°E 37°3824E 37°40"48" 37°4342"E 37°45'36E

— Wadi
—— Tertiary road
Track

® Qmé vents
e Qms vents
= Qm3 vents
© Qm2vents
= Qml vents
e Qj vents

42
i
i
1:
E

NaT1.6005C

37°43'12"E 37°45"36"E

Figure 12.

Highlight optimized Sentinel image of the novthernmost part of Harrat Lunayyir (2024-03-04-00_00_2024-03-
04-23_59_Sentinel-2_L2A_Highlight_Optimized_Natural_Color). Note the faded colors of older lava surfaces
while young flow fields are bright black.
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Figure 13.

Moisture index map on a Sentinel satellite image (2024-03-04-00_00_2024-03-04-23_59_Sentinel-2_L2A_
Moisture_index) showing bright blue those zones that are holding moist within. It seems lava flow fields, and
potentially their tube network and/or lava foot and top breccias are places where relative wetness can be achieved.

the period from May 15, 2009, to September 30, 2010. The May 19 earthquake caused
minor damage to structures in the town of Al-Ays located approximately 30 km away
the swarm area (Figure 14).

The local geologic setting and characteristics of this seismic activity is analyzed in
several publications [19, 50-57]. The magnetic data indicate that the recent fracturing
and seismicity is controlled by the intersections of old NE faults with one of the major
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Figure 14.

12,547 earthquake registered by the Saudi Geological Survey Seismic Network in 2009, marking a failed eruption
when a dyke stalled about few hundred meters below surface but opening a fissure (marked black). Nearby
settlement of Al Ays in the eastern side of the field marked by green diamond.

Red Sea coastal dikes [56]. The intersection may represent the zones of weakness though
which magma can ascend. Zahran and El-Hady [58] noted that the location of the swarm
corresponds to a distinct linear tectonic element, the dike that is a part of Red Sea Coast
Plain Fault system [59, 60]. This suggests that there has been local reactivation of the
dike, although the dike system appears to be largely inactive along most of its length (at
least 1,500 km). As noted in the previous section, this large system of nearly vertical
dikes, typically 200-300 m wide, runs parallel to the Red Sea coast. Based on available
geological information summarized by Al-Amri et al. [56], Zahran and El-Hady [58]
suggested that at least four lava eruptions have occurred during the last 4500 years. The
eruptions may have been accompanied by strong earthquakes or earthquake swarms.
The recent earthquake activity in the area has shown that seismic events may also

occur without lava eruption; for example, owing to dike intrusions like the 2009 event.
The present swarm activity is concentrated in the northern part of Harrat Lunayyir,
however the areas around other intersections may also be considered as the zones where
future intrusions and corresponding earthquakes may occur. The Harrat Lunayyir area
was identified as a seismic source zone in recent studies of seismic source zonation in
northwestern Saudi Arabia [49, 50, 61, 62]. Zahran [62] inferred from seismic tomog-
raphy studies that long-term volcanic and seismic activity in the area may be caused by
the existence of a crustal magma conduit that transports magma from the mantle into
the crust. The great abundance of monogenetic volcanoes and volcanic field in western
Saudi Arabia suggesting fundamental melt generation and transportation processes con-
trolled by various lithosphere structure. The Arabian plate’s lithosphere has been com-
monly modeled from inversion of P- and S-wave receiver functions [53, 63, 64]. These
studies suggest an average crustal thickness of ~40 km for the Neoproterozoic Arabian
Shield. Toward the Red Sea and the Gulf of Aqaba, the crust thins rather abruptly to
about 23-25 km [63, 65]. In the northwestern part of the Arabian Shield including the
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area of Harrat Uwayrid, just north of the study area of Harrat Lunayyir, the crustal
thickness varies from 33 to 37 km, whereas it is much thicker (41-48 km) in the eastern
part of the Arabian Platform in the region where Harrat Hutaymah formed [64].

4. Lunayyir volcanic field

The Harrat Lunayyir (HL) [also known as Harrat Shaqa] is one of the small and
young volcanic fields in the SW Saudi Arabia, having an area of nearly 1750 km?, with
a generalized structural trend of ~N300 W, located on the western edge of the Great
Escarpment and within ~100 km of the Red Sea margin [8]. The HL is composed of
Cenozoic basaltic flows, without silicic magma (that makes it different from Harrat
Khaybar, Kishb or Rahat), and emplaced along the arc-related plutonic rocks of
diorite to tonalite composition with imprints of several cycles of metamorphism
and tectonism during Tertiary—Quaternary time. The basement of Harrat Lunayyir
comprises of amalgamated belts of sedimentary and metamorphic rock units that
are delimited by the regional Precambrian Najd Fault System and intervened by
numerous basic dykes [27, 66]. The basaltic lava field has two (main) subdivisions,
Quaternary and Holocene basaltic flows [56, 67]. Using remote sensing techniques,
however, at least three generations of lava flows has been identified in HL [68]. The
HL is a continental volcanic field where composition of lava flows, and scoria cones
varies from basanite to alkali olivine basalt to trachybasalt. In this volcanic field,
at least 100 volcanic edifices (most of them are overlapping compound or aligned
volcanoes with multiple vents are mapped that are aligned) along mostly a NW-SE
axis following the orientations of normal faults [56, 69, 70]. Such volcanic cones
are served by deep fissures cutting through the crustal rocks of diorite and tonalitic
composition. Two sets of fault system which act as feeders are identified: (i) NE-SW
trending set, controlled mainly by older Precambrian fault system and reactivated
during the Tertiary period, and (ii) other set with NW-SE direction both somehow
related to rifting and opening of the Red Sea [67]. Classification of volcanic eruptions
is commonly based on characteristics such as magma composition, magma/water
mass ratio, volcanic edifice size and geometry, tephra dispersal, dominant grain-size
of pyroclasts and (usually eye-witnessed) column height. If the ascending melt or
batches of melts reach the near-surface or surface region, it will either behave explo-
sively or intrusively/effusively. Explosive magma fragmentation is triggered either by
the dissolved magmatic volatile-content or by the thermal energy to kinetic energy
conversion and expansion during magma/water interactions commonly named as
phreatomagmatic or hydrovolcanic [71], producing distinctive eruption styles. These
eruption styles can be classified based on the dominance of internal or external
processes [2]. This distinction is particularly a valid and useful separation of volcano
types associated with small-volume magma involving monogenetic volcanism. Such
volcanism will be always very sensitive to small changes in the magmatic system,
the near surface external or environmental conditions and the variations of all these
over the total duration of the evolution of a monogenetic volcanic field over long
time (thousands to millions of years). In many senses, external or environmental
changes could switch the appearance of a volcanic field dramatically different over
short period of time despite no changes exists within their magmatic systems (e.g., in
variations of magma flux, chemistry or source regions). Preliminary investigations
across the Saudi harrat showed that those regions lived long and appeared to form
during pluvial periods more prone to have volcano types more distinct for magma
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and water explosive interactions such as the region near Hail, at the Harrat Hutaymah
[72]. In Harrat Lunayyir so far, no systematic characterization of vents has been done.
The existing scientific literature is rather fragmented in this subject and lacks clarity.
In some papers commonly mentioned as tuff cones in the central part of the volcanic
field that is a distinctly wrong description as there is no indication of such volcanic
geoforms within the Harrat Lunayyir. The elevated nature, the arid conditions and
the overwhelmingly effusive appearance of the volcanic fields is unlikely the area
where explosive magma and abundant external (normally surface) water interaction
could have been occurred, or at least not in a way that significant amount of such
volcanic geoforms would have been left behind. Harrat Lunayyir, instead is a home

of a great variety of small volume mildly explosive to violently explosive magmatic
volatiles driven explosion controlled volcanic landforms such as Hawaiian style lava
spatter cones (Figure 15) or scoria (cinder) cones (Figure 16).

Harrat Lunayyir volcanoes has lava spatter producing phases and accumulated
the whole spectrum of agglutinate, spatter, agglomerate pyroclasts, rheomorphic
lava flows and show high temperature heavily oxidized appearance of pyroclast piles
(Figure 17). These welded and agglutinated cones are erosion resistant and produce
rock-fall-dominated volcanic edifices over time that are apparent on satellite imagery.

Harrat Lunayyir is also abundant with apparently large volume of scoria cones,
most of them are dominated with coarse grained ash and lapilli beds typical
for high magma flux moderately explosive Strombolian style eruptions. Harrat
Lunayyir is also a place where unusually high volume of fine ash preserved over
large distances from their source vents, making typical “black sand” across the
landscape. While the nature of these deposits has never been reported other than

Figure 15.
Small spatter cone front of a welded core of a scoria cone (left background) [25°22'7.14”N, 37°40'25.26"E].
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Figure 16.
One of the youngest scoria cones [25°20'33.55"N, 37°41'5.92"E] within the Lunayyir Volcanic Field.

potential economic raw materials as natural resources, the exact link of them to
potential eruption scenarios has not been mentioned yet in the existing scientific
literature. On the preliminary remote sensing, DEM and literature data accom-
panied with non-specific field information indicates however, that these deposits
are more extensive (Figure 18) and play major role on pyroclast resedimentation
(Figure 19) and landscape evolution within the region. Their geodiversity and
geoheritage value are high and they are also very characteristic for potential volca-
nic hazard scenario builder approaches. The target scoria cone shows clear evidence
of its violent Strombolian style eruptions.

Lava flows has been mapped in 1 to 100 k scale geology mapping programs and
scientific information about their nature is very general. From the available records
it seems that the flow morphotypes are like other, more studied lava fields such as
Harrat Rahat or Khaybar for instance. Based on the lava flow morphotype classifica-
tion from Harrat Rahat [73], a full spectrum of lava flow surface texture types has
been identified that can be compared with the lava flows within Harrat Lunayyir
(Figure 20). To understand the lava flow surface textures, map them and drafta
potential lava flow inundation model will provide key information to create several
lava flow inundation simulations [74-78] similarly to a recent work trialed some
method for the Harrat Khaybar [79] or Harrat Rahat [80, 81].

Long lava flows in other harrat such as Harrat Rahat, are commonly dammed
where accumulation of lava triggered inflation and sudden outbreak showing
complex surface textural diversity of typical transitional pahoehoe lava flows
from shelly pahoehoe in proximal areas to slabby pahoehoe to transitional ‘a‘a lava
types (Figure 21).

248



Eruption Scenarios of a Monogenetic Volcanic Field Formed within a Structurally Controlled...
DOI: http://dx.doi.org/10.5772/intechopen.1008330

Figure 17.
Typical coarse lapilli-dominated flank of a scovia cone (foreground) and strongly welded core (background) are
erosion vesistant landforms within Lunayyir Volcanic Field [25°22'19.31°N, 37°40'17.09"E]. Coarse ash — lapilli

unit is about 20 cm thick.

Figure 18.
Extensive tephra cover from one of the youngest vents of Lunayyir Volcanic Field accumulated ash on exposed

steep cliffs of the Neoproterozoic monzogranitic hovst. This ash partially remobilized and form extensive
volcaniclastic fans in the foothill areas of basement blocks [25°20'31.60”N, 37°40'47.86"E].
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Figure 19.
Volcaniclastic fan formed on the steep slope of the Neoproterozoic basement covered by ash fall. Note the

well-developed channel with side levees marking the original ash infill level of the valley [25°21'25.27”N,
37°41'20.48"E]. Large blocks in mid-view are about 1.5 m across.

Figure 20.
Pile of pahoehoe slabs in the margin of a medial position lava flow [25°21'20.93°N, 37°41'4.86"E]. Pihoehoe slabs

are about 1 m across.
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Figure 21.
Transitional lava flow type toward @@ surface textures. Note the tube that formed in this highly viscous flow that
are contorted the cooling crust and formed wrinkled toothpaste type squeeze out [25°21'9.36 "N, 37°41'5.97"E]. The

tube is about 1.7 m high.

Figure 22.
Typical rubble pahoehoe lava surface texture in the medial to distal sections of thick lava flows [25° 4'55.68”N,

37°31'15.35"E]. Pihoehoe crusts in front about 1 m across.
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Long lava flows in their distal regions became more like rubble pahoehoe where
the original lava crusts are heavily disaggregated and form isometric blocks of various
parts of former slabs (Figure 22).

Such long lava flows in distal areas are also commonly disaggregated by post
emplacement superficial processes as water during intense rainfall period tend to fol-
low lava tube network and gradually disaggregate the flow main bodies. Preliminary
desktop research revealed that Harrat Lunayyir has such geological pattern, and those

regions are critical to understand and draft a workable eruption (lava flow emplace-
ment) scenario model.

5. Volcanic hazard types identified in the northern Harrat Lunayyir

Volcanic hazard types within the study area have been identified based on geo-
logical mapping of the volcanic terrain accompanied with spot field observations

Volcanic Hazard  Impact Intensity Duration Mitigation

Scenario

Pahoehoe lava Well-defined zones The Total flow When lava flow

flows of smooth lava flow intensity emplacement effusion starts, control
propagation (in main flow of this estimated to be in access to active flow
channels flow speed can eventis the weeks range. fronts and margins.
reach over 10 m/s speed). moderate Once lava flow Observe localized pond
Hot surface areas, lavatube  tolow. starts, expectan formation, in real time
formation (it can be 20+ It can be event to last for move objects from
km” area, main lava tubes closely weeks. regions where marginal
can reach 100 s of metres watched squeeze out can take
long forming lava feeding (within place. When lava appear
arteries) tens of unexpectedly far from
Lava tube collapse, skylight ~ metres) source, expect lava tube
opening (on top of flow formation. Localize lava
field) Secondary lava tube and try to break it
squeeze (meters within the to release heat and diver
flow margin). In proximal flow. Generally, move out
areas flow thickness potential flow path.
estimated to be around
10 but potentially even
reaching 50 m in the study
area.

Transitionallava ~ Common channel axis, Flow Hours to month. In Observe the lava flow

flows and medial to distal flow movement  the studied areaflow field evolution. Generate
type, where pahoehoe considered  areasand estimated  real-time flow movement
crusts are break up and to be low volumes indicates prediction and if
transported on surface of intensity that such flows likely ~ flow tend to runover
active flow. Such flow moves  but can to be active over a important sites, generate
as a combination of active impact month mechanical barriers to
tube network in its interior, tens of divert it. Remove objects
and caterpillar-style in the km? areas. from pathways

broad expanded regions
and margin. Such flow can
travel over 10 km from
their source and following
topography, but capable
climb over obstacles way
bigger than the flow
thickness.
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Volcanic Hazard  Impact Intensity ~ Duration Mitigation

Scenario

Lava flow Lava flow speed can change ~ Low Can take hours to Locate and observe

ponding over terrains and facilitate intensity weeks to form an potential ponding zones.
temporal slowdown of event inflated ponded Get ready for deflation
stoppage when ponding flow butif thepond  event and maintain zones
can generate inflated became too large where flow may breakout
zones. In ponded zones can breakoutwithin ~ with care.
flow thickness can be minutes and can
dramatically more than generate destructive
elsewhere. cascading flows.

Lava spatter Magmatic volatile pressure ~ Low Spatter cones can be Locate the active vent
can drive lava up in the intensity. active over weeks and maintain distance
air (water hose effect). to month, but they from active spattering.
According to the magma also can changetheir ~ Consider vent geometry
flux, lava can nearly activity abruptly. changes that can
continuously spray out, Spatter cone rarely quickly change the main
then accumulated in spatter grow over 50-m, thrust direction of the
fashion around the vent. and spatter deposits spattering.

can reach about few
hundreds of metres
from the active vent.

Scoria (cinder) Normally lava spattering ~ Low to Normally scoria Monitor the active

cone growth and effusion initiate medium cones are active vents and its regular
scoria cone growth when  intensity over weeks to Strombolian-style
the vent localization events month, rarely years.  explosive eruptions.
along dike-driven Their impact zone Note eruption style
fissures completed, gradually growing, changes and regularity.
normally within days of but the changes of Maintain distance from
the onset of the eruption. the scenario can be the cone that is normally
Scoria cones erupt lapilli easily monitored in a km range exclusion
size highly vesicular in real time. The zone around the cone is
pyroclasts (scoria or growth of the scoria  sufficient.
cinder) that are normally cone changes the
lifted to about 1-2 km landscape locally.
height and deposited
around the active vent.

Scoria cones rarely
grow over 100 tall. The
area scoria cones are
average by their size
parameters.

Ballistic impact During scoria cone Low to Ballisticimpactcan ~ Observing the cone
growth the volcanic medium be destructive and growth and the vent
conduit time to time can intensity deadly as heavy geometry changes can
be chocked by rolled back event bomb can hitobject  predict the potential
debris, accumulate lava directly. Normally direction of ballistic
ponds where degassing ballistic bombs shower initiation. Keep
can produce denser lava cannot travel further  out from those zones
pods or have a colder and than few kilometers  that is normally within
denser top on the active from their source few kilometers from the
lava pod within the crater. vents. At the study vent. Hard hat can help
Gas bubble outburst can area ballistic bomb to reduce impact effect if
disrupt those materials fields have been moving in to hazard zone
and initiate ballistic bomb identified about required.
showers around the cone. akm from the

The ballistic field location
heavily depends on the vent
geometry and can change
rapidly.

inferred sources.

253



A Comprehensive Study of Volcanic Phenomena

Volcanic Hazard  Impact Intensity Duration Mitigation
Scenario
Cone collapse, Due to the mechanical Locally Scoria cones Pay more attention on
rafting and erosional effect of intensive are commonly the downslope side of the
an ongoing scoria cone and collapsing due eruption surface where
eruption, part of the cone destructive  to the explosive potential collapse can
can collapse and rafter event. activityand thelava  take place.
away on top of active lava outflow that erode
outflows. In the study area one side of the cone
clear evidence showing at (downflow side).
least 5 minor collapse event Cone collapse can
that left a crater opening take place rapidly
toward the west at the but the situation to
youngest volcano of the reach tipping points
region named as Target can take days to
Volcano. month.
Sub-Plinian If magma flux, riserateand ~ Moderate Ash fall can take When ash fall observed,
explosive the chemical conditionsof ~  intensity place forhoursand ~ use face mask, detach
eruption the fresh magma permit, but high can repeat several aircon filters, or water
magma fragmentation impact times. From the collector filters and move
can reach a level that eventover  regionitisevident out. If you drove in ash
can provide pyroclast large areas.  that sub-Plinian fall replace air filter in
and upward gas thrust stage has been car. Weight of ash fall
movement above the vent reached in an can be substantial, in
lifting pyroclasts up to the eruptive episode proximal areas collapse
range of 5 to 15 km height. that produces of roofs need to be
Fine ash can be drifted potentially at least considered.
away and fall back over the 12 individual ash
land generating typical ash fall event without
plains and tephra blanket significant time
like what observed within break between
Option 4 area. them. The area
impacted can reach
100 km”. In the
study area ash must
have covered the
entire region that
has been stripped
away recently due
to rainfall over
steep terrain, Ash
particles however
can be recognized in
the entire area of the
Option 4 region.
Volcanic gas Surface degassing of Low The region lava Use mask, observe gas
(vog) erupted lava flow that intensity, flows chemistry concentration, and
release CO,, SO,, CO, H,0O high is suitable to have reduce exposure. After
and F as most important impact lava flows with event check fittings and
substances. event substantial vog electricity connections
production. Vog as acid accumulation can
canbe carried away  cause rapid corrosion.
from the active
region over 100 km.
Table1.

Eruption scenario table for a typical expected volcanic eruption for the Option 4 target area showing all the
recognized hazards established across the whole volcanic field of Lunayyir.
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in critical locations identified during the mapping. The volcanic features are clearly
the result of dispersed volcanism representing at least 600 ka eruptive history that
yielded about 50 vents to be formed within the northern region of the Lunayyir
Volcanic Field that is about 5 to 10% of the total vent number of Harrat Lunayyir.

In the study area about 20 volcanic edifices has been recognized as one volcanic
edifice (volcano) commonly associated with fissure aligned chain of vents. Here we
focus on the eruption types and styles as all these information will serve a good base
for developing realistic eruption scenarios without considering their probability

to occur other than recognizing them as most likely and less likely. The identified
volcanic hazard types are either effusive (lava effusion) or light to moderate intensity
explosive eruptions where relatively low viscosity basaltic magma erupted feeding
free flowing lava flows that gradually became stickier and generating complex lava
fields. Explosive eruptions are typically magmatic volatile (gas) driven eruptions with
no sign of phreatomagmatic (magma and water) explosive interaction riven events.
Explosive eruptions range from very mild to moderate explosivity types (Volcanic
Explosivity Index: VEI = 0-2) with a maximum explosivity inferred to be capable to
form sustained eruption column and expanding stabile eruption collum up to 10 km
above the vent reaching VEI of 3-4 [82].

Identification of volcanic eruption types is based on mapping eruptive products,
observing surface texture characteristics of lava flows, and macro and microtextures
of pyroclasts [82]. Recognition of specific eruption types then can be scaled through
desktop works by analogies to extract common parameters that can be used for deter-
mining regions the identified volcanic eruption type may impact, define exclusion, or
buffer zones.

Eruption scenarios are short realistic narratives that summarize the potential type of
eruptions, their timelines and impact. Eruption scenario descriptions are very effective
information transfer tools as they clearly outline the potential events and their impact
[83, 84]. Eruption scenario documentation, or eruption scenario builder is a geology-
based method that is widely used in volcanology, especially in volcanic fields where
probabilistic methods are difficult to implement or simple too complicated to translate
to plain language [85]. The eruption scenarios are drafted based on the collated direct
geological observations and the desktop data analysis of the entire field (Table1). In
this method, we find two types of volcanic eruption scenario such as well-localized
eruption point related and fissure eruptions. Both eruption types have examples in the
past 600 ka history of Lunayyir. Somehow the fissure aligned eruption types however
more common, and probably can be viewed as a likely eruption scenario future erup-
tion expected to follow. We selected 2 locations where we placed a potential future
eruption either point or fissure controlled following the parameters we obtained from
the geological mapping. We run a QGIS-based Q-LAVHA lava inundation simulation
[75] from a point source placed just in the NW flank of the youngest vent of the north-
ern Lunayyir region (Figure 23). In addition, we also run a simulation from a fissure
(about 1.5 km long) following the NW-SE strike in the same location (Figure 24). We
run lava inundation simulation from another point (Figure 25) and fissure (Figure 26)
model from an older vent location that is within a narrow gorge to see how lava would
fill the gorge. In each model we used generous lava flow thickness of 25 m (about twice
as the value of the DEM resolution of 12.5 m) with a buffer of 50 m to let the calculation
able to move lava over of landscape of inaccurate elevation data.
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Figure 23.

Lava flow inundation simulation from a likely point source (vent) showing areas where lava likely could flow.
Q-LAVHA model was using 50 km flow length, Manhattan simulation with lava maximum thickness of 25 m
allowing up to 50 m obstacles to cross. These parameters ave likely overestimates, but these values allow the
simulation not stopping in morphological irregularities likely to be an artifact of the coarse resolution of the
digital elevation model. Note that the lava with these parameters would cover most of the areas currently lava
field in a basin-like morphology.
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Figure 24.

Lava flow inundation simulation from a fissure source (fissure) showing areas where lava likely could flow.
Q-LAVHA model was using 50 km flow length, Manhattan simulation with lava maximum thickness of 25 m
allowing up to 50 m obstacles to cross. Fissure length is about 3 km and oviented in the same NW-SE direction
than other structural elements in the vegion. These parameters ave likely overestimates, but these values allow
the simulation not stopping in morphological irvegularities likely to be an artifact of the coarse resolution of the
digital elevation model. Note that the lava with these parameters would cover most of the areas currvently lava
field in a basin-like morphology. Compare this model with the simulation vesults from a point source. With a
fissure model the lava inundation area can increase significantly.
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Figure 25.
Lava inundation simulation from a vent located in an older vent cluster avea in novthern Harrat Lunayyir. Not
the capability of the lava flow able to be captured in the narrow gorge and move both toward the west and east.
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Figure 26.

Lava inundation simulation from a kilometer long fissure placed in an area of older vent clusters in northern
Harrat Lunayyir. Note that in such scenario lava were able to fill perfectly the East-West valley network.

6. Volcanic hazard scenarios for Harrat Lunayyir

In Table 1 we provided a summary of the volcanic hazard types identified from
the geological record of the Pleistocene to Holocene Lunayyir Volcanic Field. To
visualize the specific hazards with some key parameters a graphic representation is
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given in Figure 27 based on the field observations and limited geological mapping.
While this spectrum of identified volcanic hazards is specific to the northern Harrat
Lunayyir, preliminary field work confirms that an identical scenario set is likely to
apply for the whole volcanic field. The most common volcanic hazard scenarios are
the lava spatter and scoria cone building mild explosive eruptions dominated by
Hawaiian style explosive eruptions with a potential eruption column may reach about
1 km height and directly impacting an area about 500 meters away from their source
vents. Such lava fountain-dominated eruptions are likely form fissures at least 300 m
length with a potential to generate lava curtains along several kilometer long fis-
sures. As the 2009 eruption was labeled as a failed eruption, their nearly 20 km long
fissure could set an upper limit of a fissure length that could be a row of active vents.
However, this scenario cannot be ruled out, its likelihood is rather low to occur. More
common and high impact scenario when a fissure opening with active vents along 500
meters to about 3 km length. From field mapping, vent alignments in such length are
commonly documented and likely to expected to form in future eruptions. Vent local-
ization is a gradual process associated with initial fissure eruption may reach mature
stage and establishment of 1 to few distinct vents that may also go through eruption
style changes and governed by more like Strombolian style explosive eruptions.
Volcanic cones mapped in the field are the testament for the existence of such process
that ultimately led to the growth of scoria cones. Such scoria cones can pose signifi-
cant hazard by ballistic projectiles to even ballistic curtain deposits potentially within
a kilometer from their vent sources. Large cones may reach eruptions styles operate
by sustained eruption columns may be able to push pyroclasts up to 6 km above the
crater and achieve ash dispersal over 250 km if sustain magma supply is given. Such
eruptions are the likely sources of thick (up to meters) tephra cover in proximal set-
tings that can still be in few dm thickness over 3 km from their source vents.

7. Conclusion

In this chapter we provided a comprehensive summary of the volcanic eruption
scenarios extracted from the geological record of the 600 ka old, still active Lunayyir
Volcanic Field. It is a monogenetic volcanic field with dominantly magmatic effusive
and explosive eruption styles that built fissure aligned vents of spatter and scoria
cones following the main NW-SE structural pattern of the Neoproterozoic basement
rocks. The northern Harrat Lunayyir particularly an interesting place as isolated
intermountain basins are filled with transitional type lava flows erupted from local
fissure aligned vents. Narrow gorges also captured lava flows and along morphologi-
cal steps acceleration of lava flows generated slabby pahoehoes while in more distal
areas rubbly pahoehoe textures. Along major obstacles or far from the main flow
axis, lava crystallinity increased generated high viscosity to promote ‘a‘a lava texture
formation. Most of the identified volcanic eruption scenarios and hazards are low
intensity and manageable by careful planning for future eruption, however especially
the lava flows transitional style make an effusive event a potentially high impact event
that cannot be controlled or mitigated effectively. One of the most unique eruption
scenario and volcanic hazard is the potential sub-Plinian or violent Strombolian style
of eruptions. The field observations confirmed the existence of widespread thick
tephra blanket nearly in every region for the greater Harrat Lunayyir, suggesting
that such violent potentially VEI3 to 4 explosive events were common in the eruption
course of the Harrat Lunayyir. Ash falls with the mapped and observed thickness and
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conditions inferred to be capable to be transported over 250 km, and in the proximal
areas accumulate several decimeter thick ash plains.
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